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Foreword

Dear colleagues,

With great pleasure, I present in this monograph the result of many years of scientific and
practical collaboration between the two largest clinical research institutions of the Ministry of
Health of the Russian Federation, the N. N. Blokhin Russian Cancer Research Center and
N. N. Burdenko National Scientific and Practical Center for Neurosurgery, in investigation and
improvement of the methods of differential diagnosis and treatment of focal cerebral lesions.

This fundamental scientific work is based on the results of the diagnosis and treatment of
more than 3000 patients with brain metastases from malignancies with various natures and
different sites. The authors performed a comparative analysis of the comparable number of
cases of primary tumors and other focal brain lesions in order to develop effective approaches
for differential diagnosis, prognosis, and treatment for conditions that differ by their nature but
have similar clinical and neuroimaging manifestations.

Neuroimaging is one of the most rapidly developing areas in radiology. Until recently by
historical standards, we were able to look inside the skull only during surgery, and only a very
limited area of a surgical wound was available for such an inspection. In order to extend these
boundaries, to make visible the entire brain and its surrounding structures, CT and MRI tech-
nologies were developed in the late 1980s, and the first patients, who underwent these studies,
were patients with focal brain lesions.

Until now, neuro-oncology traditionally has been a separate branch of clinical oncology.
Today the key fundamentals of cancer therapy are based on the consensus regarding manifesta-
tions of oncological diseases in the organism, including the brain, from the point of view of
development, prognosis, and modern treatment options (surgery, radiation, and drug
therapy).

Primary brain tumors have their patterns of growth and development; they rarely metasta-
size and often are the object of professional interest of neuro-oncologists and neurosurgeons.
At the same time, the secondary tumors in the brain—tumor metastases—represent a common
issue for oncologists with any specialization.
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Foreword

The reality confirmed by statistics is that the number of patients with metastatic brain
lesions is growing, due to improved quality of treatment of cancer patients—patients live lon-
ger and, as expected, this increases the long-term risk of distant metastases.

Brain metastases are indicative of advanced cancer. Until recently, therapeutic measures for
patients with brain metastases were limited only to providing symptomatic relief to the patient.
It would be wrong to assert that a bias toward the symptomatic treatment for patients with
advanced tumors is completely eliminated, but nevertheless the success of modern oncology
reduces the level of hopelessness and despair: a breakthrough in drug treatment and radiation
therapy technology allows for a full response therapy even for patients with multiple
metastases.

At the same time, a successful treatment cannot be imagined without a preceding qualita-
tive investigation aimed at assessing the state of all organs and systems, including the brain.
This is also applicable to interim investigations to assess the effectiveness of the therapy.

The comprehensive approach used by the authors to study this issue appears to be particu-
larly valuable. Biological characteristics of metastasis and invasion of secondary tumors into
the brain substance are presented in detail. A number of specific manifestations of brain metas-
tases are described based on the morphology of the primary tumor. Some technical capabilities
of neuroimaging are presented that are to be used in the diagnostician’s everyday practice. The
authors provide excellent illustrations for the variants of manifestations of brain metastases
from various primary tumors using radiation diagnostic technologies: from direct angiography
to CT, MRI, and PET.

Differential diagnosis of focal lesions and ways of solving differential diagnostic difficul-
ties in the context of secondary brain tumors are also presented in this monograph. The authors
pay particular attention to identification, verification, and differential diagnosis of treatment-
induced changes in the brain tissue at the tumor lesion, caused by different treatments. The
issue of identifying post-radiation changes (necrosis) after various radiotherapy regimens con-
cerns almost half of cases of patients who received this treatment, and this area (evaluation of
antitumor treatment) is reflected in this monograph.

The professional authority of the authors is beyond argument. Valery Nikolaevich Kornienko
(academician, professor, corresponding member of the Russian Academy of Sciences), Igor
Nikolaevich Pronin (professor), and Mikhail Borisovich Dolgushin (professor) are known
Russian neuroradiologists. It is significant that this treatise by highly respected authors is a
logical continuation of a series of monographs previously published by the team.

The represented monograph will be very useful not only for entry-level specialists in diag-
nostic radiology but also for experienced and wordly wise colleagues, as well as neurosur-
geons, surgeons, oncologists, neurologists, chemotherapists, and radiation therapists.

Mikhail Davydov

Academician of the Russian Academy
of Sciences, Chief Oncologist

of the Russian Ministry of Health,
Director of the N. N. Blokhin

Russian Cancer Research Center,
Honored Scientist, Doctor

of Medicine Sciences,

Moscow, Russia



Preface

The monograph presented to the professional audience is the result of many years of study of
one of the most complex issues in oncology—the diagnosis of metastatic brain lesions. Clinical
and research work that allowed to accumulate our unique clinical material was carried out in
close cooperation with the personnel of the N. N. Blokhin Russian Cancer Research Center
and N. N. Burdenko National Scientific and Practical Center for Neurosurgery and is based on
the analysis of over 3000 clinical cases.

The first part of the monograph is devoted to the epidemiology and etiopathogenesis of
tumor lesions in the brain, biological bases and pathophysiological mechanisms of primary
and metastatic tumors, factors and conditions that contribute to “unauthorized” crossing of the
blood-brain barrier, clinical manifestations, and treatment of patients with metastatic brain
lesions.

The second part presents a comprehensive range of modern diagnostic methods and tech-
niques in the service of a neuroradiologist. We describe the physical and mathematical founda-
tions of a qualitative and quantitative analysis of findings obtained using high-tech applications
and characterize radiological semiology and basic parametric properties of metastases in the
brain from various primary tumors, obtained using both standard CT and MR sequences, as
well as the entire arsenal of supplemental CT and MR applications. The PET method is also
adequately presented: in particular, its possibilities in the diagnosis of intra- and extracranial
diseases.

The third part is devoted to the analysis of characteristics of pathophysiological processes
occurring in the brain substance when it is affected by metastases from primary tumors of vari-
ous origins and morphogenesis. We provided the information related to the methods of use of
parametric data obtained by means of modern diagnostic technologies: a “map” for establish-
ing a justified differential diagnosis aimed at the indication of intracerebral metastases and
identification of their organ and tissue of origin. This section is illustrated by many typical
clinical examples.

The fourth part is devoted to neoplastic and non-neoplastic diseases characterized by focal
changes in the brain substance. In a basis — the analysis of the diagnostic data obtained by
means of routine and modern diagnostic technologies. Approaches to the recognition of specif-
ics of focal lesions among possible biological varieties, as well as the principles of differential
diagnosis, are described. Specifics of the diagnostic information that should be considered for
the justified construction of a differential diagnostic series are also discussed.

The book is intended for radiologists, oncologists, neuroradiologists, neurosurgeons, neu-
rologists, scientists, and, of course, young medical specialists starting their professional career
in the field of clinical medicine such as postgraduate students, residents, and medical
students.

Moscow, Russia Mikhail Dolgushin
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Partl

Etiology, Pathogenesis, Symptoms
and Treatment of Brain Metastates



Prevalence of Brain Metastases

From the standpoint of radiology, the brain is a unique organ,
whose substance enclosed in a rather thin bone “shell” could
be differentiated as gray and white matter due to its relative
homogeneity and immobility as early as on images obtained
using the first models of CT scanners. Subsequently, imaging
techniques, particularly MRI, allowed for a more accurate
visualization of cerebral structural features and better identi-
fication of pathological changes in the brain structure than
with CT. Requirements of clinicians for quantitative and
most importantly qualitative content of the obtained diagnos-
tic findings are constantly growing. In terms of diagnostic
requests of modern medicine, a mere statement of the fact of
visualization of a focal brain lesion is definitely not enough
in most cases. The actual clinical situation is such that a for-
mal description of syntopical features of focal brain lesions
is the distant past of continuously developing neuroimaging
methods. Today, there is a demand for technology allowing
to obtain information that brings findings of noninvasive
radiation diagnostic methods as close as possible to the exact
interpretation of the histologic nature of lesions, an objective
assessment of the characteristics of their blood supply, etc.,
without any techniques with traumatic access to abnormal
sites.

In neuroimaging, a differential diagnostic series in focal
brain lesions includes primary tumors, metastases of tumors
from other sites, and ischemia. It is important to remember
that an X-ray pattern in metastatic brain lesions is character-
ized by a variety of manifestations and dynamic develop-
ment of secondary tumors, which is essential for the
interpretation of diagnostic evidence in patients without his-
tory of tumors. The right selection of treatment tactics for
such patients directly depends on the reliability of neurora-
diological findings that should indicate the secondary nature
of intracranial neoplasms as accurately as possible.

This monograph is based on the analysis of clinical cases
of more than 3000 patients with metastatic brain lesions,
including the steps of the primary and differential diagnosis,
as well as various stages of treatment at the N.N. Blokhin

© Springer International Publishing AG 2018

Russian Cancer Research Center and N.N. Burdenko
Research Institute of Neurosurgery. We did our best to high-
light the ways of solving the main problems related to both
the issues of primary and differential diagnosis (including
modern methods of determining a true site of primary tumor
and the disease extent in general), as well as some aspects of
diagnosis of treatment-induced changes in the brain tissue,
developing after surgery, radiotherapy, and antitumor drug
treatment, involving capabilities of the entire range of mod-
ern diagnostic methods (computed, magnetic resonance, and
positron emission tomography).

A metastasis (from the Greek petdotaocig, “transference,
removal, change”) is a distant secondary focus of a patho-
logical process caused by the transfer of its origin (tumor
cells, microorganisms) from the primary site through the
body tissues. In the modern sense, a metastasis usually char-
acterizes local spread of cancer cells (Encyclopedia).

The fact that malignant tumors can metastasize into the
brain has long been known; however, such metastases used
to be identified very rarely; therefore, the treatment of such
patients was associated with considerable difficulties. In
1888, Cowers divided intracranial lesions by their frequency
into six categories, with metastatic carcinoma being on the
third place by its frequency. Also in 1888, Bramwell noted
that brain metastases could originate from any organ system
but in particular from the lungs and that the latter, in turn,
were a certain “filter” for metastases of tumors from other
sites. In 1889, Paget proposed the theory of metastasizing,
according to which the brain substance was presented as a
great culture medium for foreign organisms. He suggested
that metastasizing was not a spontaneous process but
occurred only in cases where there was a specific interaction
between the migrating tumor cells and a recipient organ—
the seed and soil hypothesis.

Further study of the issue did not result in any significant
advances, and many tumors described as carcinoma actually
had a metastatic nature. Only in 1927, Globus and Selinsky
published their paper that described clinical and pathological

M. Dolgushin et al., Brain Metastases, DOI 10.1007/978-3-319-57760-9_1
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1 Prevalence of Brain Metastases

manifestations of the disease in 12 patients with brain metas-
tases, and already in 1933, a symptomatic classification was
developed based on clinical manifestations of brain metasta-
ses that may differ from other manifestations of intracranial
tumors. This classification became the first differential diag-
nostic algorithm for brain neoplasms. From that moment on,
approaches to the treatment of secondary tumors in the brain
began to differ from those generally accepted.

The quantitative criterion gives particular relevance to
the issue of metastatic brain lesions: it is a fair assumption
to say that patients with metastatic brain tumors already
make up more than half of the entire cohort of neuro-onco-
logical patients. The majority of patients receive a complex
therapy with an emphasis on radiosurgical treatment. As
such, surgical removal of metastatic brain tumors becomes a
more and more rare treatment strategy and is performed
either for solitary lesions or after failure of other methods of
cancer treatment. The key point in deciding on the tactics of
treatment becomes criteria of patient’s objective status, the
presence and extent of metastatic involvement of other
organs. For this reason, patients with metastatic brain
lesions cannot be regarded solely as neuro-oncological
patients: the extent of neoplastic lesions in the body and foci
of metastatic lesions, whose manifestations are dominant in
the clinical picture of the disease, should be taken into
account.

According to Langer and Mehta (2005), the number of
new cases of metastatic brain lesions in malignant tumors
identified in the USA each year is more than 170,000, and,
according to Smedby et al. (2009), it tends to increase.
Analyzing the statistics of the incidence of malignant tumors
in Russia and taking into account average results of coopera-
tive studies on the incidence of cerebral metastases, it can be
assumed that it is actually 70,000 persons a year. A number
of factors may contribute to an increased incidence of cere-
bral metastases, including introduction of high-tech neuro-
imaging techniques and increased life expectancy of cancer
patients. Based on WHO prognoses, the number of cancer
cases will continue to grow from 14 million in 2012 to 22
million in the next decade.

According to the international project GLOBOCAN 2012
of the WHO International Agency for Research on Cancer
(IARC), including statistics from 184 countries around the
world, the most frequent carcinomas in the male population
are as follows: lung cancer (16.7% of all cancers), prostate
cancer (15.0%), colorectal cancer (10.0%), gastric cancer
(8.5%), and liver cancer (7.5%). At the same time, mortality
among men is 23.6% from lung cancer, 11.2% from liver
cancer, and 10.1% from stomach cancer. Lung cancer in the
male population has the highest incidence rate—34.2 per
100,000—and the highest mortality rate, 30.0 per 100,000
persons. The incidence rate of prostate cancer that occupies
the second place among all cancers is 31.1 per 100,000 per-

sons, but its mortality is significantly lower—7.8 per 100,000
compared to lung cancer. In the women’s population, breast
cancer has the highest incidence (25.2%). It is followed by
colorectal cancer (9.2%), lung cancer (8.7%), cervical can-
cer (7.9%), and stomach cancer (4.8%). Note that the mortal-
ity from breast cancer has decreased to 14.7% as compared
to 2011 and mortality from lung cancer in women accounts
for 13.8%.

Taking into account both sexes, according to GLOBOCAN
2012, the most prevalent are lung cancer (13.0%), breast
cancer (11.9%), colorectal cancer (9.7%), prostate cancer
(7.9%), and gastric cancer (6.8%). The incidence of cancer
increases dramatically with age. Thus, the incidence of can-
cer in the pediatric population (0—14 years of age) is 10 per
100,000; it becomes 150 per 100,000 by 40—44 years of age
and more than 500 per 100,000 by 60-64 years of age
(GLOBOCAN 2012).

The highest cancer rates are reported in industrialized
countries of North America, Western Europe, as well as in
Japan, the Republic of Korea, Australia, and New Zealand.
Medium incidence is observed in Central and South America,
East European countries, and Southeast Asian countries,
including China. The lowest rate is reported in Africa and in
western and southern parts of Asia, including India. In the
industrialized countries of Europe, in the USA, and in
Canada, the prevalent cancers are prostate cancer, breast can-
cer, lung cancer, and colorectal cancer. In Eastern and Central
Asia with the most densely populated regions (57% of the
global population, including 19% for China, 18% for India),
lung cancer and gastrointestinal carcinoma are most com-
monly identified in the male population. In female popula-
tion from these regions, breast cancer, lung cancer, cervical
cancer, colorectal cancer, and gastric cancer prevail. Table 1.1
shows the statistical data on cancer incidence in the world
population and in Russia, according to the WHO for 2012
(GLOBOCAN 2012).

The risk of malignant tumor metastasizing increases with
the age of patients. Thus, according to Walker et al. (1985),
one case of metastasizing per 100,000 is detected in indi-
viduals younger than 35 years of age, and 30 cases per
100,000 are detected in persons over 60 years of age. Brain
metastases are often identified in elderly patients. Thus,
according to Raizer et al. (2007), up to 60% of metastatic
brain lesions are detected in patients aged 50-70 years of
age, which correlates with the highest incidence of malig-
nant neoplasms; 70% of deaths from cancer in the USA are
reported in patients older than 65 years of age (Yancik and
Ries 2004). However, several authors point out that there is a
higher risk of brain metastases in young patients with carci-
noma with any site than in older patients, which indicates a
more aggressive course of the disease (Graus et al. 1986;
Tasdemiroglu and Patchell 1997; Schouten et al. 2002;
Pronin et al. 2005).
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Table 1.1 Cancer statistics in Russia and worldwide (WHO 2012)

Incidence Morbidity
Primary site RF/total Abs. (%) ASR(W) Abs. %
Lungs RF 55,805 12.2 24.0 5,450,888 17.2
Total 1,824,701 13.0 23.1 1,589,925 19.4
Breast RF 57,502 12.5 45.6 24,544 8.3
Total 1,671,149 11.9 43.1 521,907 6.4
Melanoma RF 8717 1.9 4.1 3632 1.2
Total 232,130 1.7 3.0 55,488 0.7
Colorectal RF 59,928 13.1 24.5 39,907 13.5
Total 1,360,602 9.7 17.2 693,933 8.5
Kidneys RF 19,313 4.2 8.9 9025 3.1
Total 337,860 2.4 44 143,406 1.7
Stomach RF 38,417 8.4 16.0 32,854 11.1
Total 951,594 6.8 12.1 723,073 8.8
Esophagus RF 7263 1.6 3.1 6499 2.2
Total 455,784 32 5.9 400,169 4.9
Pancreas RF 14,512 3.2 6.0 16,371 55
Total 337,872 24 4.2 330,391 4.0
Cervix RF 15,342 33 15.3 7371 2.5
Total 527,624 3.8 14.0 265,672 32
Uterine body RF 20,972 4.6 16.1 5477 1.9
Total 319,605 2.3 8.3 76,160 0.9
Ovaries RF 13,373 2.9 11.3 7971 2.7
Total 238,719 1.7 6.1 151,917 1.9
Prostate RF 26,885 5.9 30.1 11,480 39
Total 1,094,916 7.8 30.7 307,481 3.7
Testicles RF 1330 0.3 1.8 399 0.1
Total 55,266 0.4 1.5 10,351 0.1
Thyroid RF 10,174 22 52 2020 0.7
Total 298,102 2.1 4.0 39,771 0.5
Liver RF 6812 1.5 2.9 8521 2.9
Total 782,451 5.6 10.1 745,533 9.1
Gallbladder RF 3411 0.7 1.3 2834 1.0
Total 178,101 1.3 2.2 142,823 1.7
Larynx RF 6421 14 2.9 4309 1.5
Total 156,877 1.1 2.1 83,376 1.0
Bladder RF 13,853 3.0 5.7 6843 23
Total 429,793 3.1 53 165,084 2.0
Other RF 78,352 17.1 - 54,352 18.4
Total 2,814,748 19.7 - 1,755,115 21.5
All cancers RF 458,382 100.0 204.3 295,357 100.0
Total 14,067,894 100.0 182.0 8,201,575 100.0

Note. ASR (W)—Standardized incidence of cancers in the world (% per 100,000)

Brain metastases in children occur in 4—13% (Vannucci
and Baten 1974; Graus etal. 1983; Posner 1995; Tasdemiroglu
and Patchell 1997; Paulino et al. 2003; Kebudi et al. 2005;
Yoshida 2007; Salvati et al. 2010). The average time of MTS
development after the identification of the primary tumor is
327 days. The most common tumors in children under
15 years of age are lymphoma, osteosarcoma, rhabdomyo-
sarcoma, and Ewing’s sarcoma (Graus et al. 1983).

Embryonal tumors typically metastasize in patients aged
15-22 years. Rhabdomyosarcoma metastasizes more fre-
quently than Ewing’s sarcoma. According to Rodriguez-
Galindo et al. (1997), melanoma metastases in the brain
developed in 18% of cases (analysis of 44 pediatric cases).
Brain metastases are the most common tumor-related
abnormality in the central nervous system and the most com-
mon intracranial tumor lesion that surpasses the number of
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primary brain tumors by several times. An autopsy identifies
brain metastases in 20-40% of patients with metastatic
cancers.

Walker et al. (1985) reported that the risk of brain metas-
tases from malignant tumors is higher in males than in
females (9.7 and 7.1 per 100,000, respectively). Lung cancer
most often metastasizes in men (6.1 and 2.2 per 100,000,
respectively), while in women, breast cancer metastasizes
most often. However, one recent study by Nieder et al. (2010)
that analyzed the changes in the epidemiology of brain
metastases within the last two decades revealed the preva-
lence of the female population. The authors attribute this fact
to an increase in the lung cancer incidence among women
lately.

Based on the results of numerous studies on the diagnosis
and treatment of brain metastases, we can confidently say
that lung cancer is the most common cause of secondary
tumor brain lesions (Baker et al. 1951; Nugent et al. 1979;
Emami and Graham 1997; Andre et al. 2004; Smedby et al.
2009; Nieder et al. 2010).

Frequency of brain metastases by primary tumor site is
provided in Table 1.2.

The greatest increase in the number of patients with brain
metastases over the past two decades may be associated not
only with an increased epidemiological factor of specific his-
tological forms of cancers (Barnholtz-Sloan et al. 2004;
Pestalozzi et al. 2006; Pelletier et al. 2010) but also with a
broader introduction of high-tech diagnostic equipment.

Findings of numerous authors indicate a decrease in the
detection rate of solitary metastases from 63% to 29%
(Delattre et al. 1988; Gaspar et al. 1997; Sperduto et al. 2008;
Eichler et al. 2008; Nieder et al. 2010) and a significant
increase in multiple (three or more) metastases from 17% to

Table 1.2 Frequency of brain metastases of malignant tumors with
various sites (according to Nussbaum et al. 1996)

Primary Frequency of Single Multiple
tumor site metastasizing (%)  metastases (%) metastases (%)
Lung 40 48 52
Breast 17 49 51
Melanoma 11 49 51
Kidney 6 56 44

GIT 6 67 33
Uterus/vagina 5 53 47
Unknown origin 5 70 30
Ovary 2 57 43
Bladder 2 64 36
Prostate 2 82 18
Testicles 2 55 45
Other 4 65 47
TOTAL 100 53 47

36% (Villa et al. 2011; Nieder et al. 2010; Fabi et al. 2011)
over the past two decades. In general, about 10-20% of brain
metastases represent a single lesion, and more than 80% rep-
resent multifocal brain lesions.

Recent studies show that simultaneous diagnosis of intra-
cranial metastases and identification of the primary tumor is
a more common diagnostic tactics, especially if MRI is used
(Heon et al. 2010; Villa et al. 2011; Vuong et al. 2011,
Zakaria et al. 2014). Whole-body studies based on new MRI
technologies in patients with newly diagnosed metastatic
brain lesions allow to suggest the site of the primary tumor
and assess the disease extent in general as part of one
investigation.

Metastases with an unknown primary origin (UPO) make
up 5-10% of cases. In these cases, the primary origin may be
cancer of unknown primary origin or rare metastatic tumors.
Thus, Brehar et al. (2013) identified multifocal brain metas-
tases with UPO; immunohistochemistry diagnosed endo-
crine cancer that rarely metastasizes to the brain. Araujo
(2013) identified several sub- and cortical space-occupying
lesions in both cerebral hemispheres. The investigations con-
ducted, including chest CT, showed no abnormalities. Due to
the impossibility of performing spectroscopic and perfusion
studies, a stereotactic biopsy was performed that verified by
the diagnosis of primary papillary lung adenocarcinoma. In
general, cancer from UPO is a complex still unresolved issue
in clinical oncology.

1.1 Lung Cancer Metastases

Lung cancer (LC) is one of the most common human malig-
nancies. Worldwide, about one million of people develop
lung cancer each year; the tumor occupies the first place in
the structure of cancer among men in Russia. According to
numerous authors, lung cancer metastasizes in 18 to 65% of
cases (Baker 1942; Abrams et al. 1950; Baker et al. 1951;
Nugent et al. 1979; Takakura et al. 1982; Graf et al. 1988;
Burt et al. 1992; Ceresoli et al. 2004), with 40% of the total
number of lung metastases constituting metastases of small
cell cancer (SCLC) and adenocarcinoma: these tumors are
two times more likely to metastasize than other lung cancers
(Cox et al. 1986; Sen et al. 1998).

According to Alexander et al. (1996), brain metastases
are identified in 10% of SCLC patients at their initial presen-
tation to a healthcare provider and are identified during treat-
ment in more than 20% of patients. Autopsy findings indicate
that 40 to 60% of SCLC patients have brain metastases at
time of death. High risk of cerebral metastases was the main
reason for the inclusion of prophylactic cranial irradiation
(PCI) in the treatment program for patients with SCLC and a
mandatory MRI or CT with contrast enhancement (Babchin
et al. 1974a, b; Idrisov 1980; Halimova 1982; Ragayshene
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1985; Kristijansen 1989; Lester et al. 2005; Slotman et al.
2007; Gustavo et al. 2009).

Several authors noted that supratentorial intracerebral
metastases with multiple characters (60-70%) are most often
(80-93%) observed in SCLC and they are combined with
distant metastases in other organs and tissues, most often in
bones, liver, and lungs, in 50-93% of cases (Posner 1977;
Oneschuk and Bruera 1998; Vecht 1998, Tomiak 2001;
Nieder et al. 2010; de Groot and Munden 2012).

1.2  Breast Cancer Metastases

Breast cancer (BC) is the most common malignancy in
women. While studying the epidemiology of MTS in breast
cancer and assessing the economic costs, Pelletier et al.
(2008) noted an increase in the proportion of cases with
brain metastases from 6.61% in 2002 to 11.78% in 2004.
Brain metastases of breast cancer usually develop between
the second and third years from the time of the diagnosis
(van Eck et al. 1965; Nussbaum et al. 1996; Yawn et al. 2003;
Sperduto et al. 2012a, b). In metastatic breast cancer, chemo-
therapy is effective in 70-80%, while patients with treatment
failure die from distant metastases. Autopsy identifies brain
metastases of breast cancer in 30% of cases (Chissov and
Davydov 2008). The average life expectancy of patients with
stage IV breast cancer is 18-24 months, but the real figure
depends on the site of metastatic lesions. The 5-year survival
rate of patients with breast cancer with distant metastases is
19%, with the disease having the worst prognosis in cases of
visceral metastases (Zimm et al. 1981).

1.3  Melanoma Metastases

Melanoma is the third by the frequency of metastasizing into
the brain. Melanoma metastases constitute 5-21% of the
total cases of secondary brain malignancies, in spite of the
fact that the proportion of melanoma in the structure of the
latter is only about 4% (Greenlee et al. 2001). According to
Douglas and Margolin (2002), melanoma is characterized by
the maximum metastasizing rate: up to 20% of patients with
stage IV disease have brain metastases (Amer et al. 1978;
Douglas and Margolin 2002). Melanoma metastasizes more
often in men than in women. In recent years, the number of
melanoma cases has been increasing, and the tumor is more
common at a young age (Durnov et al. 2000).

Typically, the primary tumor is located in the skin (97%);
2-3% of cases are melanomas of vaginal mucosa, anorectal
skin and mucosa, and choroid. In 1% of cases, primary mela-
noma is located in the CNS and usually develops in the cho-
roidal plexus or the pial membrane of the fourth ventricle or
around the brainstem (especially in the ventral regions), as

well as in the upper sections of the spinal cord, since these
areas contain the greatest concentration of melanocytes
(Gebarski and Blaivas 1996; Arbelaez et al. 1999; Saparadin
et al. 2012).

1.4 Renal Cancer Metastases

Renal cancer quite often metastasizes to the brain: a series
of autopsies in patients with kidney adenocarcinoma
showed brain involvement in 11% of cases (Saitoh 1981).
According to Harada et al. (1999), among 325 patients
treated for kidney cancer at the Osaka University Hospital
from 1957 to 1993, 5.5% of cases were with brain metasta-
ses. Metastatic lesions in the meninges and cranial bones in
renal cancer occur more frequently than with other histo-
logical types of tumors; their growth is quite active, since
secondary tumors often mimic meningioma. It should be
noted that “aggressive” relapses with involvement of the
meninges and cranial bones, even on a complex treatment,
are more often observed with renal cancer metastases than
with other metastatic tumors. Multiple brain metastases of
renal cancer are more typical for a young age (p < 0.001)
(Bianchi et al. 2012).

1.5  Gastrointestinal Cancer Metastases
There has been an increase in the colorectal cancer (CRC)
rate within the last decades in many countries around the
world, including Russia. According to Vogel et al. (2000),
due to active screening programs, 80% of patients have
tumors that can be surgically removed. Metastases of
colorectal cancer account for 1.8 to 4.8% of all metastatic
brain lesions (Vogel et al. 2000). According to Temple et al.
(1982), the incidence of secondary brain metastases reaches
10% in patients with colorectal cancer. The main risk factor
for colorectal cancer is elderly age: the likelihood of CRC
increases significantly after the age of 55 and becomes maxi-
mum after 70-75 years of age (Boyle and Leon 2002; Faivre
et al. 2002; Papapolychroniadis 2004).

Gastric cancer patients with brain metastases amount to
not more than 1% of all cases of brain metastases, both
according to autopsy findings and clinical manifestations
(Zimm et al. 1981; Graf et al. 1988). Brain metastases
develop 1-23 months after the diagnosis of gastric cancer,
with the overall survival of patients with metastatic brain
lesions of about 9 weeks (York et al. 1999).

In most cases, brain metastases develop in patients with
large primary esophageal tumors and metastatic involvement
of distant lymph nodes. Metastases of esophageal cancer
amount to less than 1% of all malignant tumor MTS in the
brain (Zimm et al. 1981; Graf et al. 1988).
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Metastatic Tumors
of the Reproductive System

1.6

Prostate cancer metastasizes to the brain in 0.6—4.4% of
cases (Catane et al. 1976; Castaldo et al. 1983). On
average, prostate cancer metastasizes to the brain
28 months after the initial diagnosis. Small cell carci-
noma of the prostate and transitional cell carcinoma of
the prostate are associated with development of brain
metastases more often than adenocarcinoma (Zimm
et al. 1981; McCutcheon et al. 1999; Hatzoglou et al.
2014).

The incidence of brain metastases from festicular cancer
is not more than 2% (Guenot et al. 1994). Brain metastases
of endometrial cancer are identified very rarely (0.3%). Low-
grade endometrial carcinoma with signs of vascular invasion
can metastasize to the brain even before clinical manifesta-
tions of the primary tumor develop (Martinez-Manas et al.
1998). Henriksen (1975), based on findings of autopsies per-
formed on patients who died from endometrial cancer, dis-
covered cranial metastases in 5% of cases, including brain
metastases in 3%.

Independent studies by Behney (1933) and Brunschwig
and Pierce (1948) in the analysis of 181 patients with cervi-
cal cancer did not found any brain metastases, while
Holzaepfel and Ezell (1955) revealed metastatic brain lesions
in 1.5-2.3% of cases. The time interval from the detection of
primary cervical tumor to the detection of metastatic brain
lesions may reach 8 years (30 months on average).

Findings by Hardy et al. (1990), related to a small number
of ovarian carcinoma cases, showed brain MTS in 11.6% of
cases. Mayer et al. (1978) found brain metastases in 0.9% of
567 autopsies of patients who died from ovarian cancer.

1.7  Metastases of Thyroid Cancer

The frequency of metastatic brain lesions in thyroid cancer (TC)
is 0.1-5.0% (Jyothirmayi et al. 1995; Altimari-Romero et al.
1997), while the average time to the development of secondary
brain lesions varies from 1 to 12 years. According to Salvati
et al. (1995), the time from detection of the primary tumor to
detection of brain metastases of thyroid cancer is 2.8 years for
papillary cancer and 1.2 years for anaplastic cancer.



The Mechanism of Development
of Brain Metastases

Before primary tumor cells are transferred to the brain, they
grow into the surrounding lymph and blood vessels. Once in
the lymph vessels and, rarely, blood vessels, single tumor
cells or groups of cells migrate with the current of blood or
lymph. A tumor embolus must preserve its viability after it
overcomes the action of the immune system or another
humoral body defense system, turbulence, and circulation,
and only then it “settles” in the capillary bed of the recipient
organ, penetrates its parenchyma, proliferates, and forms
micrometastases. Not all tumor cells that get into the lymph
or blood flow will eventually provide the basis for the growth
of a metastatic tumor. Thus, according to Liotta and Kohn
(2003), the number of tumor microemboli that eventually
form metastases is about 0.01%. The potential to metastasize
depends on the number of tumor cell emboli and the specif-
ics of interaction between the latter and homeostatic mecha-
nisms of the host (Fidler 1997; Langley and Fidler 2013).

The development of most cancers is associated with the
need for a blood supply sufficient to meet the needs of
increased tumor metabolism. This, in turn, leads to the for-
mation of additional, abnormally shaped and branched vas-
culature, so-called abnormal tumor vasculature (Shweiki
et al. 1992; McDonald and Choyke 2003; Pronin et al. 2005;
Bulakbasi et al. 2005). According to Li et al. (2000), as early
as 24 h after an injection of 20-50 tumor cells to animals,
healthy vessels surrounded by the tumor begin to deform and
take a convoluted shape. All the above conditions result in
the formation of a relatively independent vascular structure
of a metastasis, different from the normal intracranial vascu-
lature. Thus, vascular proliferation and tumor angiogenesis
are the most important factors in the biology of secondary
brain malignancies (Chaudhry et al. 2001; Fitzgerald et al.
2008).

Leenders et al. (2003) pointed out that the process of
metastasizing is highly specific and involves some succes-
sive transformations. After implantation of the embolus cell
and primary cell growth, the tumor tissue should become
vascularized (it is usually noticeable when the tumor mass
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reaches 1 mm? in diameter). Vascular endothelial growth fac-
tor (VEGF) that primarily affects the activity of tumor vascu-
lature formation also affects the surrounding tissue, which
results in the formation of anastomoses between the vascula-
ture, the tumor, and the body. This factor can promote initial
tumor growth even without “own” tumor angiogenesis
(Kusters et al. 2003).

A metastatic tumor growing in the brain parenchyma cer-
tainly interacts with various protective mechanisms and
structures, particularly, with the structures of the blood-brain
barrier (BBB). In contrast to primary lesions, metastatic
tumor cells should reach brain microvessels, “attach” to their
endothelium, and then penetrate into the brain parenchyma,
start active proliferation, and produce a number of factors to
promote angiogenesis. Formation of a local metastasis starts
with the interaction of tumor cells and BBB endothelial cells,
which occurs with active contribution of growth factors
(Nicolson et al. 1996; Kim et al. 2004). Inhibition of VEGF
and activation of anti-angiogenic factors greatly reduce the
chance for a metastatic tumor to “catch” in the brain tissues.
It should be noted that certain of these endogenous factors,
on the contrary, “help” metastatic cells to grow into the brain
matter. Analysis of cases with patients treated with adjuvant
chemotherapy showed that administered drugs may affect
the BBB, so that the probability of metastasizing into the
brain increases (Bouffet et al. 1997; Kolomainen et al. 2002;
Bendell et al. 2003).

The main elements of the BBB structure are endothelial
cells. Intercellular gaps between endothelial cells, astrocytes,
pericytes, and BBB are smaller than the gaps between the
cells in other tissues. These three cell types represent the
structural basis of the BBB (Fig. 2.1). Cerebral vessels are
characterized by the presence of tight junctions between
endothelial cells and the absence of both fenestrations and
intercellular gaps between them. Tight junctions between
endothelial cells inhibit intercellular (paracellular) passive
transport. Thus, the endothelial lining of the brain capillaries
is continuous. Another difference between the cerebral capil-

M. Dolgushin et al., Brain Metastases, DOI 10.1007/978-3-319-57760-9_2
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Fig. 2.1 The structural BBB
unit. A distinctive
characteristics of the
relationship between a
capillary and the brain
substance is a close contact
of endothelial cells, as well as
presence of pericytes with a
contractile function, which
prevents large blood elements
from penetration outside the

capillary

ad

Astrocyte

Pericyte nucleus

Mitochondria of endothelial
cell

Tumor cells

Intercellular space

lary endothelium and the peripheral capillary endothelium is
a low content of pinocytosis vesicles. All of this is aimed at
preventing the penetration of various unwanted substances
from the bloodstream into the brain tissue.

Every second to fourth endothelial cell has a contact
with a pericyte. Pericytes are mainly located at the points
of contact of endothelial cells. Pericytes are present in
almost all arterioles, venules, and capillaries of the body.
The level of their coverage of the endothelial capillary
layer correlates with the permeability of the vascular wall.
Pericytes are tightly bound to endothelial cells. This bind-
ing occurs through three types of contacts: gap junctions,
focal adhesions, and membrane invagination from one cell
to the cavity of another. Gap junctions directly connect
cytoplasm of two cells, while being permeable to ions and
small molecules. This is typical only for cerebral peri-
cytes. They perform the macrophage function in the cere-
bral capillary network. Accordingly, the cytoplasm of
cerebral pericytes contains a large number of lysosomes.
The ability of pericytes to perform phagocytosis and anti-
gen presentation was confirmed in tissue culture (Peppiatt
et al. 2006).

Pericytes also synthesize a number of vasoactive sub-
stances and play an important role in angiogenesis.
Macrophage properties of pericytes constitute a “second line
of defense of the brain” from neurotoxic molecules that have
overcome the barrier of endothelial cells. Thus, they are an
important part of the cerebra immune system, which, along

with other factors, significantly hinders penetration of meta-
static cells into the brain substance.

In particular, the above properties of neoplastic growth of
colorectal cancer are controlled by the genes responsible for
angiogenesis, invasion, and metastasizing that promote pro-
duction of so-called matrix metalloproteinases (MMPs) by
tumor cells (Delektorskaya et al. 2007; Ganusevich 2010;
Said et al. 2014). The MMP1, MMP2, and MMP9 expres-
sion was demonstrated to represent an unfavorable prognos-
tic factor for colon cancer. Similar associations were found
for other protease family—uPA (urokinase-type plasmino-
gen activator). Glycoprotein CD44 performing the adhesive
function and apparently promoting the attachment of tumor
cells in anatomically distant tissues and organs is one of the
best known markers of metastasizing (Pasche et al. 2002;
Kahlenberg et al. 2003).

In case of invasion of melanoma cells, for example, neu-
rotrophins—proteins that support the viability of neurons
and stimulate their growth and activity—facilitate local
destruction of the basement membrane of the BBB cells and
promote the release of angiogenic factors by increasing the
production of extracellular matrix (ECM) degradation
enzymes, such as heparanase. Heparanase produces an effect
on the growth of melanoma and other malignant tumors and
promotes their invasion into distant organs. There is an
increased number of neurotrophins on the tumor-brain inter-
face (Nakajima et al. 1988; Yano et al. 2000; Vlodavsky and
Friedmann 2001; Denkins et al. 2004).
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Findings of Wikman et al. (2012), who studied the pro-
files of chromosomal aberrations (whole genome) in primary
breast cancer and brain metastases using comparative
genomic hybridization (CGH) to microarrays, showed that
brain metastases in general contain the same chromosomal
aberrations as the primary tumor, but their occurrence is a
few times higher. A statistically significant difference was
obtained for nine different loci with an increased EGFR
(7p11,2) content and amplification—epidermal growth fac-
tor receptor from the tyrosine kinase group—and a decrease
in 10g22,3-qter as the most relevant and significant aberra-
tions in the metastasis (p < 0.01, false positives <0.04). An
allelic mismatch in 10q was confirmed in 77 primary tumors
and 21 metastases. A mismatch in the PTEN locus (phospha-
tase and tensin homolog), an enzyme that suppresses the
tumor cell activity, was greater in metastases (52%) and in
primary tumors with a brain relapse (59%) as compared to
primary tumors (18%, p = 0.003) or a non-brain relapse
(12%, p = 0.006). A decrease in PTEN expression is most
common in HER-2 negative metastases (64%). Furthermore,
expression of a micro-PHK PTEN was decreased in brain
metastases as compared to the primary tumor. PTEN muta-
tion was often detected in metastases. These findings demon-
strate that brain metastases contain a very complex set of
genomic aberrations, suggestive of a possible role of PTEN
and EGFR in their formation.

The ability of invasive growth and metastasis growth rate
are associated with its original nature. This theory is based,
according to Radinsky et al. (1998), on the following three
principles. First, tumors are biologically heterogeneous and
contain subpopulations of cells with a variety of angiogenic,
invasive, and metastatic properties. Second, metastatic pro-
cess depends on the activity of invasion, embolization, sur-
vival of the tumor embolus cell in the circulation, and its
entrapment in distant capillaries and spread with cell divi-
sion in the parenchyma of the target organ. Third, a great
deal depends on the multiplicity of invading cells, their abil-
ity to oppose the homeostatic mechanisms of the host. The
tumor can “attract” inflammatory cells that provide more
favorable conditions for a further growth of metastases and
“affect” the BBB (Egeblad and Werb 2002). During the
development of a metastatic tumor in the brain, its volume
increases, and it invades into the brain tissue underdriven by

growth factors produced by astrocytes (provided the tumor
cell has specific receptors) (Gavrilovic and Posner 2005).

Not all metastatic cells actively develop after their inva-
sion. Some of them die, while another become “silent” for
years. This phenomenon of “silence” is the most characteris-
tic of metastatic melanoma and breast cancer (Chambers
et al. 2002).

Close interaction of metastatic tumors with the surround-
ing brain tissue almost always results in edema. Cerebral
edema in metastases is caused by morphologic vascular dis-
orders (increased permeability) followed by fluid egress into
the brain substance and modification in the BBB structure,
resulting in the penetration of plasma proteins, large mole-
cules, and water-soluble substances into the extracellular
space of the brain parenchyma (Bradbury 1983; Weissman
1988; Zedeler et al. 1992; Broadwell and Sofroniew 1993;
Sierra et al. 1997; Zhang and Olsson 1997; Bliznyukov et al.
2001).

There are several papers studying the effect of K+, Na+,
and CI- channel inhibitors on migration of tumor cells in
publications. According to Sontheimer (2011), ion chan-
nels, in particular K+, affect the degree of activity of abnor-
mal growth, while inhibitors of these channels cause a tumor
growth delay. The coordinated activity of K+ and CI chan-
nels activates the growth of tumors. After an increase in
intracellular Ca+2 levels, these channels activate the release
of K+ and Cl-ions with bound water, which results in the
inhibition of tumor grows (Cuddapah and Sontheimer
2011).

A microscopic picture of cells and tissue structure of
metastases can be very similar to that of the primary tumor
(renal cancer, pigmented melanoma, follicular thyroid carci-
noma). At the same time, it may be somewhat different, for
example, amelanotic metastases of primary pigmented mela-
noma (Bishop 1991; Sawaya et al. 2004). This process
increases the autonomy of tumor cells and results in the het-
erogeneity of the cell population in general. In addition, each
subset has its own growth characteristics and ability to
invade. Over time, tumor cells evolutionarily become more
resistant to the immune system and may transform based on
the changing conditions (Maxwell et al. 1999). A variety of
histological forms is, respectively, reflected on diagnostic
images.



Clinical Symptoms

Before the advent of instrumental methods, including
radiation ones, diagnosis of metastases, as well as of other
intracranial tumors, was based on clinical symptoms.
Neurological symptoms in metastatic brain lesions, as in
case of primary tumors, are diverse and, above all, are deter-
mined by the lesion site, their number, size, and presence of
perifocal edema, indicating a vascular barrier breach in the
tumor tissue. Majority of cerebral metastases are located in
the cerebral hemispheres (80%), cerebellar hemispheres (up
to 17%), and brainstem (3%) (Tikhtman and Patchell 1995).
According to Delattre et al. (1988), among the various areas
of the cerebral hemispheres, the largest part of the metastatic
lesions is accounted for the frontal (21%), parietal (19%),
and temporoparietal-occipital (19%) lobes rather than for the
temporal and occipital lobes. Typical focal symptoms (pare-
sis, hemianopsia, aphasia, impaired hearing, vision, etc.)
accompany the developing overall clinical picture with
intense headache, often with nausea, vomiting, and impaired
consciousness and later with increased intracranial pressure
(Table 3.1).

An acute or subacute onset with progressive cerebral
symptoms is characteristic of the presence of metastatic
brain lesions. Thus, according to Hochberg and Pruitt (1980),
metastatic tumors at the area of a transition of gray matter
into the white matter—the area most frequently affected by
metastases—are mostly characterized by occurrence of acute

Table 3.1 The main clinical symptoms of metastatic brain lesions
(Posner 1995)

General symptoms % | Focal %
Headache 49 | Hemiparesis 59
Mental disorders 32 | Cognitive disorders 58
Weakness 30 | Sensory disturbances 21
Ataxia 21 | Congested optic disk 20
Seizures 18 | Ataxia 19
Speech disorders 12 | Movement disorders 18
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symptoms that manifest for a few days or weeks, as
compared with primary tumors with the same location.

Focal symptoms primarily caused by compression of the
adjacent brain regions by the metastatic lesion become pro-
nounced and increase with the tumor growth, development
of edema/swelling of the brain tissue, and displacement of
nearby structures. Often, the clinical picture is aggravated by
the development of ischemia due to vascular occlusion with
a metastatic embolus. However, the developing local symp-
toms are milder than those with primary malignant brain
tumors.

The principal symptom of a brain tumor lesion is progres-
sive headache. Early headache in brain metastases is usually
acute and localized and is often accompanied by nausea and
vomiting. As compared to primary tumors, headaches are
more intense, which may result from the development of
early toxicity effects on the brain tissue and its membranes
(Romodanov et al. 1973).

Early symptoms of brain metastases also include pro-
nounced mental disorders (impaired consciousness, cogni-
tive decline), occurring in 64-95% of cases, which, according
to some authors, is more characteristic of metastatic brain
lesions (Babchin et al. 1974a, b; Abasheev-Konstantinovsky
1973; Levine et al. 1978; Passik and Ricketts 1998). Thus,
according to Finegold (1977), headaches, vomiting, stagnant
nipples optic nerves, slow heart rate, dizziness, and general
seizures occur much more frequently in primary intracere-
bral tumors, while mental disorders are more common in
metastatic tumors. According to Kalkun (1963), mental dis-
orders manifest as asthenia, lethargy, apathy, sleepiness,
slow associative processes, memory impairment in 82% of
cases. Confusion is noted in 65% of cases (Mehta et al.
2003). The development of a delirious state in function of the
duration and severity of the process, according to Lawlor
et al. (2000), is observed in 10-70% of cases.

One of the main focal symptoms is motor insufficiency,
rarely (34%) Jackson’s seizures (Kalkun 1963). Thus, in
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subcortical metastases, focal manifestations occur as motor
and sensory disorders and may have remitting intensity.
Local and generalized seizures may occur in 40% of patients,
while being the first manifestation of metastases in 10% of
patients (Steblov and Mandelbeym 1962; Smirnov 1962;
Ragayshene 1985; Kristijansen 1989; Flowers and Levin
1993; Emami and Graham 1997; Nakagawa et al. 1997,
Helfre and Pierga 1999). It was noted that convulsive disor-
der is more common in metastatic renal cell carcinoma and
melanoma that are radioresistant tumors. Gaidar et al. (2005)
attribute this to their predisposition to hemorrhage.

Meningeal symptoms are more common with metastatic
lesions in the occipital lobe and cerebellum (Christiaans
et al. 2002; Kaal et al. 2005a, b). A symptom such as “stag-
nant nipples optic nerves” develops at later stages of the
disease with progression of intracranial hypertension
(Babchin et al. 1974a, b; Likhterman 1979; Kurennaya 1986;
Soffietti et al. 2002; Davey 2002).

According to Steblov and Mandelbeym (1962), autopsies
of patients who died of tumors with brain metastases always
identified clear signs of increased intracranial pressure: men-
ingeal tension. During the lifetime, this manifested as obvi-
ous meningeal symptoms resembling those in meningitis,
smoothness of sulci, flattening of gyri, venous congestion,
edema, and swelling of the brain substance, occasionally an
expansion of the brain ventricles.

Cases with small lesions located in the cortical parts of
the frontal and parietal regions are clinically less significant.
However, the most expressed clinical picture is observed in
brainstem lesions.

Lesions in the meninges may involve cranial nerves with
corresponding symptoms. Secondary malignancies with
the characteristic involvement of meninges include mela-
noma, lung adenocarcinoma, breast adenocarcinoma, and
gastrointestinal tract adenocarcinoma. It should be noted
that meningeal symptoms are detected more frequently in
brain metastases than in primary tumors (42% and 19%,
respectively). The clinical picture of a metastatic lesion in
the dura mater and the skull bones is distinguished by basal
(due to the presence of metastases in the dura mater of the
basal parts of the brain) and convexital (due to the localiza-
tion of metastases in the dura mater covering the convex
surface of the cerebral hemispheres) syndromes (Krasovsky
1958).

Metastasizing into the sellar structures completely mim-
ics the clinic picture of pituitary adenoma with signs of
weight loss and hypopituitarism (Kovacs 1973). This has
been noted to be much more common in breast cancer
(Cairncross et al. 1980; Hirsch et al. 1982; Marin et al. 1992).
Due to the blood supply specifics of the sellar structures, the
neurohypophysis is initially affected.

Involvement of the temporal bone manifests by the dam-
age to the branches of the facial nerve or impaired hearing.

Metastasizing into the pineal region rarely occurs, with
the involvement of the pineal gland (1.5-3.8% of all metas-
tases) and other deep structures, manifests as a severe intra-
cranial hypertension syndrome, and is often accompanied by
hydrocephalus (Ortega et al. 1951; Chason et al. 1963;
Kashiwagi et al. 1989; Schuster et al. 1998). Local symp-
toms caused by the tumor compression of the midbrain struc-
tures can manifest as oculomotor disorders and other
syndromes due to selective involvement of deep structures
(Konovalov and Pitskhelauri 2004).

Small metastases are characterized by asymptomatic
course, which is also possible if meninges are involved
(Kalkun 1963; Laigle-Donadey et al. 2005; Gavrilovic and
Posner 2005). It was noted that clinical manifestations of
lung cancer metastases in the brain can be less pronounced.
According to Snee and Rodger (1985), autopsies detected
metastases in the brain in 44%, with the third of patients not
being clinically diagnosed during their lifetime. Most often
the frequency of MTS detection in the brain is underesti-
mated due to asymptomatic course, with up to a third of all
cases of metastatic brain lesions being diagnosed only at
autopsy after patient’s death (Posner 1977).

The clinical picture of multiple metastases first of all
depends on the activity of growth of certain tumor lesions
and their impact on the surrounding tissue. The clinical pic-
ture of multiple metastases is mostly characterized by
depression, apathy, fatigue, drowsiness, lack of euphoria,
subsequent confusion, and all kinds of hallucinations and
delusions due to the toxic effects of cancer metabolites
(Smirnov 1962; Alperovich 1975). According to Sheehan
et al. (2005), multiple brain metastases do not clinically
manifest in 26%.

It is not uncommon when the primary tumor located out-
side the central nervous system is asymptomatic in patients
with metastatic brain lesions (Gavrilovic and Posner 2005),
and intracranial symptoms prevail, especially, if the frontal
lobes are affected (Abrakov 1955; Adamovich-
Razumovskaya and Goryukova 1958; Kalkun 1963;
Gavrilovic and Posner 2005). This is very typical for bron-
chogenic cancer that is clinically asymptomatic for a long
time. Findings from studies by Ryabukha et al. (2010) in
cases with brain metastases of lung cancer with various his-
tological structures showed the following relationship: mani-
festations of cerebral metastases in undifferentiated cancer,
squamous cell cancer, adenocarcinoma, and small cell carci-
noma occurred before clinical manifestations of the primary
tumor in 100%, 56.55%, and 44.4% of cases and in only one
(1) case, respectively. In cases when metastases were diag-
nosed after the detection of the primary tumor and average
time to their clinical manifestation slightly differed, the aver-
age duration was 10.2, 11, and 11.4 months in metastases of
squamous cell carcinoma, adenocarcinoma, and small cell
cancer, respectively. The authors noted that women had a
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more aggressive course of metastatic brain lesions—cerebral
metastases manifested clinically before the primary tumor in
80% and were multiple in 50% of cases (while in men in
32.2% of cases). In cases when the primary tumor manifested
earlier, the average time to clinical manifestations was
5 months.

The clinical picture can significantly deteriorate as a
result of a hemorrhage (intratumoral, intracerebral) that
occurs on average in 14% of total cases with metastatic brain
lesions (Maiuri et al. 2000; Biswas et al. 2006). The risk of
hemorrhage is primarily related to the histological structure
of the tumor lesion. The greatest number of hemorrhages is
characteristic of aggressive metastatic tumors—metastases
of melanoma (50%), renal cell carcinoma (70%), lung cancer
(adenocarcinoma), and rarely metastases of colorectal can-
cer and ovarian cancer (Navi et al. 2010; Heon et al. 2010).

Acute insult-like clinical course of the disease is charac-
terized by the highest level of hemorrhages of up to 70%
(Kondziolka et al. 1987). A cerebral hemorrhage is often the
first clinically significant manifestation of cancer: according
to Mandybur (1977), 2/3 of patients with cerebral metastases
were diagnosed with cancer only after the detection of a
hemorrhage.

When analyzing clinical manifestations of metastatic
brain lesions from malignant tumors with various sites, a sig-
nificant increase in treatment-induced neurological disorders
should be noted, resulting from extensive use of modern
methods of cancer treatment (chemotherapy, radiation ther-
apy, etc.). Moreover, an increase in the life expectancy of
cancer patients resulted in the growth of late toxic effects
manifested by certain neurologic deficits, such as cognitive
decline and memory impairment after radiotherapy.



Basic Principles of Treatment of Brain

Metastases

The objective of treatment of brain metastases, in addition to a
probable prolongation of life by monitoring the intracranial
disease progression, is to reduce the severity of neurological
symptoms or prevent their occurrence in order to preserve
patient’s quality of life as long as possible. Due to the treatment
success in general, the duration of life of cancer patients
increases and, therefore, increased the frequency of detection
of tumor metastases in the brain. Effective therapy and local
control of brain metastases are of paramount importance for
prognosis and ensuring a satisfactory quality of life (Law et al.
2002; Chiang et al. 2004; Opstad et al. 2004).

The choice of treatment, whether surgical removal of
metastases, radiation exposure (hypofractionated radiation
therapy, radiosurgery, whole-brain radiotherapy), or drug
therapy, is based on an assessment of three main parameters:
patient’s general status, morphological structure of malig-
nant tumor, and the number and characteristics of sites of
metastatic lesions. The key point for the clinician when
selecting the treatment tactics is the expected extent of radi-
cal treatment; therefore, the possibility of surgical removal
of the tumor(s) is estimated during the first phase.

4.1 Surgery

In 1926, Grant published his experience in resection of a
metastatic tumor in the brain. In his opinion, a surgery for
brain metastatic tumors is not only contraindicated but also
“may harm patients.” Pessimism regarding the surgical treat-
ment of cerebral metastases began to decrease after the pub-
lication by Oldberg (1933), who described three cases of
removal of brain metastases with long-term positive out-
comes: one patient with breast cancer metastases lived for
2 years after the surgery. In 1951, Stortebecker, based on the
analysis of 125 cases of patients who underwent surgery for
brain metastases, concluded that the removal of metastases
increased the life expectancy of patients. Randomized trials
in 1990s of the last century showed a significant increase in
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the life expectancy of patients with solitary metastases, who
underwent a surgical removal of secondary tumors and sub-
sequent brain radiotherapy, as compared with patients who
received only brain radiotherapy (Patchell et al. 1990a, b;
Vecht et al. 1993; Mintz et al. 1996). The most favorable out-
comes with a median survival of patients from 10 to
15 months after the surgical removal of intracranial metasta-
ses were achieved for breast cancer (Defesche 1982; Wronski
et al. 1996; Cappuzzo et al. 2000; Iwadate et al. 2000). Good
outcomes of complex treatment in patients with solitary
brain metastases with additional implantation carmustine
wafers into the resected tumor bed and subsequent radiother-
apy were published in the paper by Ewend (2001).

Despite the occurrence of alternative methods within the
last decade and changes in the treatment paradigm for intra-
cranial metastases, the role of surgery for certain groups of
patients with metastatic brain lesions is fundamental for cre-
ating optimal conditions for the further complex antitumor
treatment (Kalkanis et al. 2010; Caroli et al. 2011; Patel et al.
2012; Mut 2012; Owonikoko et al. 2014).

A surgical resection followed by whole-brain radiother-
apy (WBRT) is currently the standard treatment for resect-
able solitary cerebral metastases. The presence of brain
metastases with an untreated or undetected primary tumor is
not a contraindication for surgery (Kryuchkov and Yartsev
1974; Lang and Sawaya 1996; Nakagawa et al. 1997; Iwadate
et al. 2000).

The key factors affecting the survival of patients include the
histological tumor structure and the extent of administered
(adjuvant) treatment for postoperative cerebral metastases,
the disease extent and the duration of a disease-free period,
and the patient’s age and neurological status (Sundaresan
and Galicich 1985; Pieper et al. 1997; Lagerwaard et al.
1999; Hatiboglu et al. 2011; Zaitsev et al. 2015). The best
overall survival rates are achieved in patients with high per-
formance status (>80 on the Karnofsky scale) and control of
extracranial tumor process. It should be remembered that
low performance status in some patients may be due to the

M. Dolgushin et al., Brain Metastases, DOI 10.1007/978-3-319-57760-9_4
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mass effect and can be improved as a result of a surgical
removal of the tumor.

In case of multiple brain metastases, the role of surgery is
limited to obtaining a biopsy or eliminating mass effect
symptoms caused by large lesions (Loshakov 2005; Paek
et al. 2005; Stark et al. 2005). There are some retrospective
findings showing the benefits of a surgical tumor resection
(best overall survival) for certain patients with a good prog-
nosis and limited (23 lesions) brain metastases (Mintz et al.
1996; Schackert et al. 2000).

Surgical treatment is indicated in the presence of meta-
static lesions causing:

— Clinical manifestations of mass effect, accompanied by
signs of intracranial hypertension

— A dislocation of midline brain structures

— An extensive perifocal swelling spreading to the nearby
lobes and the opposite hemisphere

— A threat of blocking the cerebrospinal fluid pathways

Accordingly, a surgical intervention solves the following
issues: the maximum extent of tumor removal, while observ-
ing the principles of anatomical justification and functional
safety, exact determination of the histological tumor struc-
ture, reduction of the tumor impact on the unaffected brain
structures, and restoration of impaired liquor circulation.
The main factor determining a favorable outcome of the sur-
gical treatment is complete removal of metastases. To this
end, the best methods of postoperative assessment are CT
(2-7 days) or MRI studies with contrast enhancement
(1-2 days).

Removal of intracerebral metastases is indicated with a
limited (<3) number of focal lesions and the presence of a
resectable lesion greater than 3 cm in diameter. In case of
solitary metastases (one metastasis in the brain and absence
of extracranial manifestations), surgical treatment is indi-
cated if the latter are >3 cm. When metastases are <3 cm,
located in functionally important areas, and symptomatic
(neurological symptoms) and there is no response to the ste-
roid test (administration of 824 mg of dexamethasone per
day for 5 days), a surgical removal can be considered.
However, when choosing between surgical and radiosurgical
methods, one should consider a higher probability of persis-
tent residual neurological deficit after the surgery.

In cases of radioresistant metastases (kidney cancer, mel-
anoma) sized up to 3 cm, surgical treatment is preferable. In
case of solitary metastases and extracranial manifestations of
the disease, indications for surgical treatment are similar to
the indications for treatment of solitary metastases. Surgical
treatment is the most effective, provided control of extracra-
nial metastases and presence of systemic treatment reserves.

Surgical treatment is also possible in multiple brain
metastases and with at least one >3 cm lesion determining

the severity of patient’s condition. Favorable outcomes
depend on the control of extracranial manifestations and/or
existence of systemic treatment reserves.

Surgery of brain metastases is characterized by removal
of a metastasis as a single unit with the surrounding perifocal
and perivascular area. This removal method reduces the risk
of local recurrence up to 5%, in contrast to piecemeal
removal, where the risk of local recurrence is 40%.

Surgery is also indicated in case of local recurrence of a
brain metastasis or active progression of post-radiation
necrosis. Surgical removal of an abnormal lesion is also pos-
sible in active pseudotumor course of post-radiation necrosis
with mass effect and development of persistent disabling
neurological symptoms. In this case, the point of surgery is
to remove (not radically) the major part of the necrotic tissue
in order to eliminate the mass effect.

Thus, despite a broad discussion on the role of surgical
treatment of brain metastases and selection of alternative
methods, we believe that to date surgery has no alternatives
in identification of the histological tumor structure, rapid
elimination of the tumor mass effect, perifocal edema, man-
agement of clinical symptoms caused by the tumor, and
improvement of patient’s neurological status in general. As
noted above, surgery helps create conditions for continued
complex treatment of patients.

4.2  Radiosurgery

Radiosurgery (RS) in many cases is a direct alternative to
surgical treatment. The choice in favor of radiosurgery is
based mainly on the size of the locally irradiated area, which
depends on the volume of the largest metastatic lesions or a
total volume of the adjacent tumor foci forming a
conglomerate.

According to RTOG 90-05 (Shaw et al. 2000), the maxi-
mum permissible doses of ionizing radiation during radio-
surgical treatment of brain metastases (MTSs) are as
follows:

e 15 Gy—for MTSs with the maximum diameter of
3-3.5 cm (recommended level 1)

e 18 Gy—for MTSs with the maximum diameter of 2-3 cm
(recommended level 1)

e 24 Gy—for MTSs with the maximum diameter of 2 cm
(recommended level 1)

Radiosurgical treatment is limited by the brain tissue vol-
ume irradiated with the dose 12 Gy, which should not exceed
15 cm?®. This rule approximately corresponds to the limita-
tion of an irradiated lesion size (not more than 14 cm?),
which is a more useful parameter when considering the pos-
sibility of radiosurgery. When the volume is difficult to
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calculate, the maximum lesion diameter of <3 cm (14 cm?)
is an alternative to the volume calculation.

A direct indication for radiosurgery is the presence of a
limited number of metastases (<3 foci) (lesions with the
maximum diameter <3 cm). Patients with multiple (3—10)
MTSs can also be candidates for radiosurgery (Golan et al.
2015).

Radiosurgical treatment as a separate method of treatment
requires careful monitoring of patients in order to early
detect a possible relapse and subsequently repeat the radio-
surgical treatment. The usual practice is to perform follow-
up using thin-slice (1 mm) MRIs of the brain and intravenous
administration of gadolinium-containing contrast agent at
least once in 3 months.

Another treatment option is a combination of radiosur-
gery and whole-brain radiotherapy (WBRT) that is often
used in case of multiple metastatic lesions (more than 10
MTSs). In this case, radiosurgery is performed on lesions
with the diameter greater than 1 cm, followed by (in
1-2 weeks) WBRT. For this combination, the recommended
radiation dose is reduced by 20-25% from the usual dose.

Hypofractionated stereotactic radiotherapy is recom-
mended for the treatment of large, inoperable lesions or con-
glomerates (>3 cm in diameter).

An important feature of radiosurgical treatment is the
possibility of repeated treatment, both for local relapses and
for the treatment of “new” distant metastases.

4.3 Hypofractionated Stereotactic

Radiotherapy

Stereotactic radiation therapy (SRT) of brain metastases can
be considered an effective method to achieve a certain level
of local control for large (>3 cm in diameter) MTSs. This
level for large tumors can probably be improved using higher
doses of radiation with a large number of factions in a hypo-
fractionated mode. In phase II of a prospective study,
Ammirati et al. (2010) confirmed the effectiveness of CPT
regimen with total boost dose (TBD) = 30 Gy in 5 fractions.
A biologically equivalent dose (BED) was calculated as
40 Gy (SBD = 2 Gy) for acute effects and as a 60 Gy
(SBD = 2 Gy) for delayed effects, assuming the ratio of
o/p = 10 Gy for acute effects and o/f = 2 Gy for delayed
effects (Mehta et al. 2010). This study allowed to use equiva-
lent (for BED) fractionation modes: 3 fractions of 8 Gy,
TBD = 24 Gy; 5 fractions of 6 Gy, TBD =30 Gy; and 7 frac-
tions of 5 Gy, TBD = 35 Gy.

According to published studies and our own experience,
adjuvant CPT on the resected tumor bed in certain clinical
situations may replace preventive WBRT. Using high TBD
on the minimum volume of surrounding normal brain tissue
around the removed metastasis bed improves local control by

70% (for WBRT) to 85.5% (for stereotactic radiation ther-
apy) and has low neurotoxicity (Golan et al. 2015).

Indications for hypofractionated stereotactic radiotherapy
are as follows:

* Metastases larger than 2.5-3 cm in diameter

* Metastases located in critical brain structures

e The bed of a removed single metastasis in the postopera-
tive period

* Metastatic lesions at the skull base, orbit, and posterior
pole of the eye

A promising option is so-called staged radiosurgery when
a 3 cm lesion is initially irradiated with a recommended dose
of 10-12 Gy with a view to achieve a short-term reduction of
the metastasis and to decrease the risk of local radiation
necrosis. The effect of such treatment is unstable; therefore,
within 1 month after the first treatment session, provided a
reduction in the tumor volume, the second stage of treatment
is performed with a higher recommended dose, to reinforce
the desired effect. Preliminary results are encouraging but
require a more detailed further study.

4.4  Whole-Brain Radiation Therapy
Whole-brain radiation therapy (WBRT) is used in cases of
multiple metastatic lesions (>10 MTSs) and presence of
metastatic dissemination in the pia and dura mater or the
cerebrospinal fluid pathways, regardless of the number of
metastatic foci. In case of brain metastases from radiosensi-
tive tumors (breast cancer, lung cancer), the use of WBRT is
appropriate in the presence of >5 metastatic lesions in the
brain. In patients with small cell lung cancer (SCLC), pre-
ventive WBRT reduces the development of metastases in the
brain. An optimal radiation schedule in this case is consid-
ered SBD 2.5 Gy x 10 fractions. Increasing SBD to 36 Gy is
accompanied by a significant increase in neurotoxicity (espe-
cially in patients older than 60 years of age). SBD in WBRT
should not exceed 30 Gy in case it is used concomitantly
with chemotherapy.

The available evidence suggests that changes in the radia-
tion schedule and WBRT fractionation do not result in sig-
nificant differences in median overall survival, local control,
or frequency of neurocognitive changes after the treatment in
comparison with the “standard” WBRT fractionation regi-
men: TBD 30 Gy, SBD 3 Gy (10 fractions), or TBD 37.5 Gy,
SBD 2.5 Gy (15 fractions). Increasing the SBD above 3 Gy
results in an increase in the frequency of neurocognitive
impairment in patients.

WBRT is also used as a separate treatment (either as pre-
vention or as therapy) or in combination with surgery or
radiosurgery. In case surgical treatment is impossible, WBRT
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can be used as an independent treatment method or in com-
bination with stereotactic radiotherapy (radiosurgery or
hypofractionation, based on the clinical situation).

4.5 Drug Therapy

In view of low survival rates, it is urgent to study new drugs
and treatment regimens for patients with metastatic brain
tumors, in combination with radiation therapy and surgery.

At the first stage, patients with brain metastases undergo
molecular genetic studies of the tumor, (1) MGMT methyla-
tion (melanoma patients); (2) EGFR mutation of exons
18-21; (3) ALK translocation and KRAS mutation (in
patients with non-small cell lung cancer); (4) BRAF muta-
tion (melanoma patients); and (5) KRAS, NRAS, and BRAF
mutations (in patients with colorectal cancer), and immuno-
histochemical studies: (1) MGMT expression (melanoma
patients) and (2) Her-2/neu expression (in breast cancer
patients).

The immediate effectiveness and long-term results of
drug treatment in patients with metastatic brain tumors can
vary widely depending on the morphology and biological
properties of the primary tumor and the drug therapy
regimen.

Thus, in non-small cell lung cancer, the best results are
achieved with EGFR inhibitors (erlotinib, gefitinib) in
patients with EGFR mutations in exons 18-21 (75% of com-
plete and partial responses in the brain, median survival of
18 months).

In patients with small cell lung cancer, chemotherapy
regimens with irinotecan and cisplatin showed high efficacy
in the treatment of brain metastases (87.5% of complete and
partial responses), with the median survival of 11 months.

In patients with disseminated melanoma, best results are
observed with a combination chemotherapy regimen (temo-
zolomide and cisplatin): 34.4% of complete and partial
responses in the brain, median survival of 8 months, with
12.5% of patients living for more than 3 years (this subgroup
of patients lacks MGMT expression in the tumor). The use of
targeted therapy (vemurafenib, dabrafenib, trametinib + dab-
rafenib) in melanoma patients with BRAF mutation allows

to achieve complete and partial responses in the brain in
30-40% of patients, with a median survival of 8 months.

In the group of patients with breast cancer, the most sig-
nificant progress is achieved in the subgroup of patients
with Her-2/neu overexpression (up to 50% of complete and
partial responses in the brain, with the median time to pro-
gression of 11 months and the median survival of
17.5 months).

In patients with renal cell carcinoma, the use of targeted
therapy (sorafenib, pazopanib, sunitinib, etc.) can increase
the median survival up to 10 months as compared to a median
survival of 5 months in patients treated with cytokines. The
majority of patients (54.5%) experienced stabilization of the
disease in the brain.

First-line systemic antitumor therapy (chemotherapy and
targeted therapy) is indicated in patients:

* With asymptomatic brain metastases
e Sensitive to systemic treatment (chemotherapy and tar-
geted therapy):
— With  breast
overexpression)
— With small cell lung cancer (positive for EGFR muta-
tion or ALK translocation)
— With small cell lung cancer and ovarian cancer

cancer  (positive  for  Her-2

Table 4.1 shows the regimens of current drug therapy
options for brain metastases.

The effect of drug treatment is evaluated out every two to
three cycles for chemotherapy or every 2-3 months for tar-
geted therapy. Treatment is administered until the detection
of disease progression. In case of targeted therapy for an iso-
lated metastatic brain lesion or tumor progression in the
brain, targeted therapy can be continued in combination with
local tumor control (neurosurgical treatment, stereotactic
radiotherapy/radiosurgery, whole-brain radiation therapy) in
the brain.

In the case the first-line treatment consists of a surgical
removal of a brain metastasis, it is recommended to investi-
gate morphological and biological characteristics of the
tumor removed for subsequent planning anticancer drug
therapy.
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Table 4.1 Regimen of anticancer drug therapy in patients with brain metastases depending on the site and biological characteristics of the pri-

mary tumor

Lung cancer

Small cell cancer (SCLC)

* Irinotecan +cisplatin

* Irinotecan +carboplatin

 Topotecan

* Etoposide + carboplatin

EP regimen: etoposide + cisplatin

VAC regimen: vincristine + doxorubicin + cyclophosphamide

Adenocarcinoma (negative for EGFR
mutations, ALK translocations)

* Paclitaxel + carboplatin (in the absence of brain hemorrhages,
chemotherapy in combination with bevacizumab)

* Pemetrexed + cisplatin

* Pemetrexed

* Pembrolizumab (PD-L1 expression >50% — first-line treatment)

* Pembrolizumab (PD—L1 expression 1-50% — second-line treatment)
¢ Nivolumab (second-line treatment)

Squamous cell cancer

» Gemcitabine +cisplatin
» Gemcitabine + carboplatin

Adenocarcinoma (EGFR mutation in exons
19 and 21)

* Gefitinib
¢ Erlotinib
* Afatinib

Adenocarcinoma (translocation ALK)

¢ Crizotinib

Breast cancer

In the absence of Her-2 overexpression

* Capecitabine

» Gemcitabine + cisplatin

« Paclitaxel + carboplatin

FAC regimen: cyclophosphamide + doxorubicin + 5-fluorouracil (for
treatment-naive patients)

AC regimen: doxorubicin +cyclophosphamide (for treatment-naive
patients)

CMF regimen: cyclophosphamide + methotrexate + 5-fluorouracil (for
treatment-naive patients)

Overexpressing Her-2 (Her-2+++ by
immunohistochemistry or FISH+):

» Capecitabine +lapatinib

 Capecitabine + lapatinib + trastuzumab

* Trastuzumab + chemotherapy with taxanes (for treatment-naive) or
change of chemotherapy regimen (for previously treated)+local tumor
control in the brain (whole-brain radiation therapy or radiosurgical
treatment)

¢ Pertuzumab + trastuzumab + taxanes + local tumor control (whole-brain
radiation therapy or radiosurgical treatment)

¢ Trastuzumab emtansine (T-DM 1) +1local control of tumor (whole-brain
radiation therapy or radiosurgical treatment)

Melanoma

Negative for BRAF mutations

* Temozolomide

» Fotemustine

e Lomustine

» Temozolomide + cisplatin
e Ipilimumab

* Nivolumab

* Pembrolizumab

Positive for V600 BRAF mutations

* Vemurafenib

* Dabrafenib

* Dabrafenib + trametinib

* Vemurafenib + cobimetinib

(continued)
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Table 4.1 (continued)

Renal cancer

First-line treatment

* Sunitinib

* Pazopanib

* Sorafenib

¢ Bevacizumab (+ interferons)

Second and subsequent lines of treatment

* Sunitinib

* Pazopanib

* Sorafenib

* Temsirolimus

* Bevacizumab

* Everolimus + lenvatinib
* Axitinib

* Nivolumab

* Cabozantinib

Colorectal cancer

* Capecitabine

» CapeOx regimen: capecitabine +oxaliplatin

* FOLFIRI regimen: irinotecan + leucovorin + 5-fluorouracil
* Raltitrexed

* Bevacizumab (in combination with chemotherapy) Negative for KRAS,
NRAS, BRAF mutations:

» Cetuximab (in combination with chemotherapy)
¢ Panitumumab (in combination with chemotherapy)
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with Brain Metastases

1. Patients with a single MTS

Single MTS

A l
Patients with

favorable prognosis
of overall survival

Patients with

unfavorable prognosis
of overall survival
’ }
Operable MTS, > 3 cm Inoperable MTS, > 3 Inoperable MTS, <3 Symptomatic
and/or mass-effect cm w/o mass-effect cm w/o mass-effect > treatment
Surgical resection
and WBRT .
(recommended level 1) Ra;}%ﬁ?@gﬁﬂor WBRT andstereotactic
therapy (radiosurgery
—>1 and/or hypofractionation)
Surgery and in certain clinical cases
stereotactic therapy of
the resected tumor bed WBRT and stereotactic
(recommended level 3) therapy (radiosurgery
and/or hypofractionation
w/or without WBRT)
2. Patients with limited (two to three lesions)MTSs
2-3 MTSs
A\ Y
Patients with Patients with
favorable prognosis unfavorable prognosis
of overall survival of overall survival
!
y Y Y
Operable MTS, > 3 cm Inoperable MTS, > 3 Inoperable MTS, < 3 Symptomatic
and/or mass-effect cm w/o mass-effect cm w/o mass-effect ——— treatment
Surgical resection Radiosurgery w/or WBRT and
and WBRT without WBRT stereotactic therapy
——— L_»| (radiosurgery and/or
- hypofractionation) in
Surgery and stereotactic WBRT and stereotactic certain clinical cases
therapy of the rese(_:t(_ad therapy (radiosurgery
tumor bed and remaining and/or hypofractionation
lesions wior without WBRT)
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Introduction to Neuroimaging
Techniques in the Diagnosis of Brain

Cancer Metastases

Before the advent of X-ray imaging, cases of metastatic
brain lesions were considered rare; furthermore, the direct
application of this diagnostic method revolutionary for that
time did not allow to identify brain tumors on radiographs,
with exception of defects in the skull bones indirectly
indicative of their tumor origin (Oppenheim 1901). In the
early twentieth century, air encephalography (1919) was
put into practice, followed by cerebral angiography (1931),
allowing to detect changes in the brain vasculature and
identify tumor vessels by their contrast enhancement
(Dandy 1919 and Monitz 1927). In 1936, the method of
electroencephalography (EEG) discovered as early as in
1875 was first applied to determine locations of brain
tumors.

The advent of computed tomography (CT) in the late
1970s of twentieth century for the first time made possible
direct X-ray imaging of brain tumors. However, only the
introduction of CT contrast agents provided an opportunity
for detection and identification of metastases among other
brain tumors (Konovalov and Kornienko 1985a, b; Hardy
et al. 1990; Khanjanasthiti et al. 1989). New opportunities in
the diagnosis of brain metastases of malignant tumors with
various locations occurred with the advent of magnetic reso-
nance imaging (MRI) (Sze et al. 1990; Kuhn et al. 1994;
Akeson et al. 1995; Schellinger et al. 1999). The develop-
ment of radioisotope diagnosis, in particular single-photon
emission computed tomography (SPECT) and positron
emission tomography (PET), expanded the scope of the
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resulting visual information about tumors in various organs
and tissues of the body and estimates of metabolic disorders
in the brain substance and allowed to identify metastatic
lesions, including those in the brain (Kitajima et al. 2009;
Abdelmalik et al. 2013). It should be noted that X-ray imag-
ing and cerebral angiography were the first imaging tech-
niques used in neuro-oncology (Arutyunov and Kornienko
1971).

Among a variety of diagnostic techniques currently in use
for investigation of internal human tissues and body fluids, it
is impossible to single out one that best displays all the infor-
mation necessary for clinicians, characterizing brain metas-
tases. According to most neuroradiologists, a comprehensive
diagnosis is required to assess brain metastases, including
cerebral angiography, CT, MRI, single-photon emission
computed tomography, and positron emission tomography
(Kornienko and Pronin 2010; Abdelmalik et al. 2013). These
techniques do not duplicate each other, since they differ in
their “specialization”; therefore, each of them is used as part
of the diagnostic system to solve only those problems where
it has an advantage over the others: one is used to identify the
primary foci; the other one for the detection of metastatic
lesions, evaluation of their structure, and relationship with
surrounding tissues; and the third one to clarify tumor growth
and blood supply patterns. In addition, they allow to study
changes in tumor growth, carry out a postoperative monitor-
ing of patients, and evaluate the effectiveness of cancer
treatment.
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Radiography

During the “pre-CT period,” the diagnosis of brain lesions
was based on the analysis of clinical symptoms, X-ray
images, EEG data, radionuclide studies, cerebral angiogra-
phy, air encephalography, ventriculography, and lumbar
puncture (Moniz 1934; Engeset and Kristiansen 1940;
Shlifer 1941; Lima 1950; Ecker and Riemenschneider 1955;
Decker 1960; Robertson 1967). Despite such a large arsenal
of diagnostic methods, diagnostic errors occurred quite a lot.
Thus, according to Nisce et al. (1971), autopsies did not
detect any brain tumors in 48 of 136 patients who underwent
radiation therapy for brain metastases diagnosed based on
the conclusions of radiological diagnostic methods. Of
course, it is impossible to detect a tumor in the brain paren-
chyma and estimate its volume, structure, as well as the num-
ber of lesions based on X-ray findings. However, metastases
in the bone structures of the skull can be diagnosed by X-ray
imaging. Thus, metastases of malignant tumors of various
origins in the cranial vault can be comparatively easily found
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on X-ray in frontal and lateral views. Figure 6.1 shows bone
lesions of the cranial vault in breast cancer metastases.
Metastatic changes in the cranial bones sometimes require
X-ray images in special views in addition to the standard
ones.

According to Kopylov (1968), the greatest difficulties in
the differential diagnostic radiology of cranial tumors
occurred in cases of destructive solitary metastatic lesions.
The true nature of these lesions, according to the author,
can be recognized based mainly on findings of general clin-
ical examinations or repeated X-ray examinations. The
presence of several destructive lesions with various sizes,
often irregularly shaped without any noticeable reactive
changes in the surrounding bone tissue, creates a suffi-
ciently characteristic pattern of malignant metastases.
Recently, in the era of CT and MRI, craniography and
spondylography in the diagnosis of metastatic lesions are
practically not used.
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Fig. 6.1 Breast cancer metastases in the frontal lobe. Radiography. indirect evidence of a space-occupying lesion in the frontal lobe of the
Images in frontal (a) and lateral (b) views in the squama of the frontal  brain, growing into the frontal bone (arrows)
bone show an irregularly shaped area of bone destruction, which is an



Cerebral Angiography

CAG is an X-ray technique of studying the vascular brain
and spinal cord system, whose first stage is an artery punc-
ture (usually the femoral artery) and its subsequent cathe-
terization (Bryusova 1951; Galperin 1962; Arutyunov and
Kornienko 1971; Krayenbuhl et al. 1979). Under fluoro-
scopic control, a catheter is inserted in the vascular pool of
interest (selective angiography) or a separate vessel (super-
selective angiography) of the brain, followed by intra-arte-
rial administration of a contrast agent with serial shots of
the skull in the corresponding view (frontal, oblique, lat-
eral). When studying the characteristics of the vascular
structure of brain tumors based on cerebral angiography,
Olivecrona and Tonnis (1954) noted that when metastases
are located convexitally, their architectonics can have a pic-
ture similar to the architectonics of meningiomas. The
authors failed to discover differences in metastases of dif-
ferent origins based on the characteristics of vasculature
architectonics. Subsequently, some researchers reported
that the vascular pattern of melanoma metastases in the
brain was characterized by a “porous structure” with clear
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outlines; however, in cystic lesions, abnormal vasculature
was sometimes not detected, but vessel dislocation might
be observed (Rosner et al. 1986). According to CAG find-
ings, solid metastases in the brain have a relatively homo-
geneous pattern of accumulation of a contrast medium,
while the vasculature of glioblastomas is characterized by
the presence of multiple arteriovenous shunts; therefore,
the contrast agent accumulation pattern in these lesions is
nonuniform (Kornienko and Pronin 2008a, b; Dolgushin
2012).

Figure 7.1 illustrates the results of an X-ray angiographic
study of a melanoma metastasis in the brain: a marked tumor
vasculature and a large draining vein running toward the
superior sagittal sinus.

CT and MRI filled up the arsenal of high-tech diagnostic
tools in the late 1970s and 1980s of the twentieth century and
allowed to have a fresh look at current issues of neuro-
oncology. Today, there is a possibility to investigate the loca-
tion and structure of brain tumors and their relationship with
the surrounding tissues.
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7 Cerebral Angiography

Fig. 7.1 Melanoma metastases in the right temporal region of the
brain. An angiography (a—c) shows a marked tumor vasculature and a
large draining vein (arrow). A CT scan (d) with contrast enhancement
shows a rounded formation with annular contrast agent accumulation

closely adjacent to the meninges. On T1 contrast-enhanced and
T2-weighted MRI (e, f) images, the tumor is accompanied by a minimal
peritumoral edema and has a moderately low T2 signal but a heteroge-
neously increased T1 signal



Computed Tomography (CT)

X-ray computed tomography (CT) has replaced X-ray pro-
jection techniques. CT provides images of brain cross sec-
tions in “digital” quality. In CT, an X-ray tube and detectors
mounted on the opposite side in relation to the object move
in a circle, with the object under study being in the center.
During the movement of the tube, detectors sequentially
record a plurality of projection data—ray sums—from dif-
ferent directions. Each ray sum includes the result of X-ray
attenuation from each element of the object—a voxel—
through which an X-ray beam passes from the tube to the
detector.

The first layered sections of the object (phantom) were
built based on repeated measurements of the total X-ray
attenuation by Cormak in 1963, using an algorithm devel-
oped by him, which is now used in CT scanners. This is an
algorithm to restore an object from its projections (filtered
back projection).

The first device for X-ray examinations of the head was
presented by Ambrose and Hounsfield (1973) at the annual
congress of the British Institute of Radiology. The first CT
scanner—an “EMI scanner” that produced a digital image
of the head cross section—was built in England in 1972.
Using it, Hounsfield and Ambrose clinically tested a new
method. In 1973, Hounsfield published a detailed descrip-
tion of his “computer cross-scan system (axial scan),” as he
called this method, as opposed to the so-called longitudinal
scanning.

The first CT scanner used an algebraic method to calcu-
late the X-ray attenuation coefficients u (x, y) to find the
X-ray attenuation in each cell layer—a voxel. Hounsfield
proposed to display on the screen attenuation coefficients yir
(x, y) in each volumetric pixel (voxel) of a layer in the form
of so-called CT densities or X-ray attenuation values in the
tissue, taken with respect to piy.., for water:

Hr = e 01 000HU

water

CT, =

density

(8.1)

Units of measurement of CT density, or a CT number, are
called Hounsfield units (HU) in honor of the creator of the
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CT method. The CT density of water and any tissue with
high water content, whose pit & f,.. on the Hounsfield scale,
corresponds to the value zero. The air has a negative CT den-
sity. The CT density of water and air in Hounsfield units is
not dependent on the X-ray energy and takes specific, fixed
values, 0 HU for water and 1000 HU for air, which are estab-
lished when calibrating a CT scanner. Lung tissue and fat,
due to their lower density relative to water and smaller atten-
uation (Uiung issue < Hwaer)s also have a negative CT density.
Most tissues in the human body have a positive CT density.
An element with the highest atomic number largest in the
composition of bones and calcifications is calcium (CT den-
sity of 2000-3000 HU). The values of CT density of bone
structures depend on the mineral composition of the bones.

Modern CT scanners use a range of CT densities from
1024 to 3071 HU. The greatest and the lowest values of p on
an image correspond to white and black areas, respectively,
while intermediate values correspond to shades of gray.
Images of transverse (axial) cross sections of an object are
composed of individual elements—pixels—whose bright-
ness in Hounsfield units is calculated by a computer based on
the value of projection ray sums recorded when scanning an
object.

Cormak and Hounsfield received the Nobel Prize in
1979 in Physiology or Medicine for the development of the
method of computer tomography and creation of a CT scan-
ner. CT has made breakthrough changes in neuroradiology,
making possible the resolution between normal and abnor-
mal tissues of the brain parenchyma with similar density
(density resolution). This technique became known as the
most important invention since the discovery of X-rays by
Roentgen.

Currently neuro-oncology widely utilizes the so-called
multislice scanners (MSCT) that use a multilayered matrix
system of detectors and produce the data registration simul-
taneously for several spiral trajectories. The transition from a
scanner with a single row of detectors and the period of tube
rotation of 1 s to a scanner with a four-row detector system
and the period of tube rotation of 0.5 s resulted in a potential
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eightfold increase in the efficiency of the X-ray use in scan-
ning. The effectiveness of scanning of a 16-slice helical
scanner increases 38 times. Currently, the number of detec-
tors in scanners may be 256, 320, or more, i.e., scanners have
become multidetector systems. Since during the scanning, a
multislice scanner records the data for a certain area (vol-
ume) of the patient’s body, these devices are sometimes
referred to as three-dimensional CT scanners. The main
advantage of multislice CT is high resolution (thin slices)
and high speed of scanning. An important point is a reduced
irradiation dose for the patient, which is achieved by decreas-
ing the force of the anode current of the tube, reducing the
exposure time, as well as using specialized image recon-
struction algorithms to effectively reduce noise when record-
ing the signals.

With a native (without contrast enhancement) CT study,
metastases often look like isodense lesions or lesions with a
low density relative to the density of the normal brain matter.
In most cases, it is extremely difficult to determine a clear
boundary between the tumor edge and gray matter, as the
tumor “merges” with the deformed cortical brain substance.
The boundaries between an edema and a tumor are better

Fig.8.1 A single breast
cancer metastasis in the brain.
Brain CT in the axial view
before (a, b) and after (c, d)
administration of the contrast
agent. Along with an
expressed perifocal edema
(a), there is a large space-
occupying lesion in the right
parietal region. Prior to the
introduction of the contrast
agent, the lesion borders
merge with the gray matter
and are visualized only after
an intravenous injection of the
contrast agent

visible on CT slices, since the latter has a higher CT density
relative to the edema area.

Today, the use of intravenous contrast enhancement is an
integral part of CT examination protocols for patients with a
suspected tumor in the brain. The current generation of diag-
nostic CT contrast agents consists of nonionic X-ray contrast
agents containing 240-370 mg of iodine per 1 ml. The use of
contrast enhancement significantly improves the sensitivity
and specificity of CT examinations (Kornienko and Pronin
2006). According to Evert (2005), CT without contrast
enhancement achieved positive results in only 3 of 38
patients with brain metastases and only due to the detection
of perifocal edema in the brain substance.

Previously, it was thought that the use of CT with contrast
enhancement allows detection of lesions in the brain in almost
100% of cases (Potts and Abbott 1980). However, as real prac-
tice shows, this is not the case; exceptions are lesions of less
than 5 mm in diameter and lesions located convexitally
(Fig. 8.1). According to our data, a large part of metastatic
lesions almost always accumulates a contrast agent (~100%).
However, even if a metastasis has a relatively large (up to 2 cm)
size, especially if it is located in the convexital brain regions and
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Fig. 8.2 A breast cancer
metastasis in the brain. Brain
CT before (a) and after (b)
the administration of the
contrast agent. In the
projection of the left occipital
region, there is a hypodense
area (edema); a tumor lesion
has a CT density similar to
the CT density of the brain
substance. After
administration of the contrast
agent, a parasagittal tumor
lesion (arrows) is clearly
visualized

Fig. 8.3 A squamous cell
lung cancer metastasis in the
brain. Brain CT before (a)
and after (b) the
administration of the contrast
agent. In the projection of the
basal parts of the left temporal
region, there is a hypodense
lesion, while the tumor is not
visualized. After
administration of the contrast
agent, the metastasis has a
clear rounded shape and signs
of central necrosis, which, on
the background of an edema,
gives a picture of ring
enhancement (arrows)

with a minimum edema of the brain matter, it can be difficult to
determine the tumor without contrast enhancement (Fig. 8.2).

Determination of the contrast enhancement border in cystic
tumors (a thin solid component) is also difficult with small (less
than 1 cm) sizes of metastases and in case of their proximity to
the bone structures, in particular, with basal locations (Fig. 8.3).

With intravenous contrast enhancement, ring enhance-
ment—a pathognomonic sign for most metastatic tumors—
can be observed, which manifests as an increased density of
the boundaries of a solid part of the tumor relative to the
central necrotic areas on the background of the hypodense
edematous brain substance. This sign is often not related to
the size of metastatic lesions (Fig. 8.4).

In multiple brain metastases, lesions with central necrosis
and hemorrhages (a high-density area on CT) can be
observed along with homogeneous solid lesions (usually
small). The cause of a hemorrhage is likely to be the damage
to the blood vessel walls located in the tumor tissue (Fig. 8.5).

A perifocal edema of the brain substance in metastatic
lesions can manifest in different ways, regardless of the struc-
ture and size of lesions, which may be associated with differ-
ences in the time of lesion occurrence, specifics of their blood
supply, their proximity to the venous structures, and specifics of
their own angiogenesis. The analysis of 958 CT observations
showed that there was a severe, moderate, and insignificant
(mild) perifocal edema, significantly larger than the tumor area
in 76% of cases, with an equal size or smaller than the size of
the metastasis in 23%, respectively, and only in 1% of cases, the
edema was completely missing (Dolgushin 2012) (Table 8.1).

According to our data, in case of multiple metastases, a
perifocal brain edema is not detected around some lesions and
detected around other ones, even in the same patient (Fig. 8.6).

An interesting but inexplicable fact is that a perifocal
edema can sometimes be absent altogether, despite the large
size of a metastasis: most often, this is typical of a tumor
located in the posterior fossa (Fig. 8.7).
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Fig. 8.4 A kidney cancer
metastasis in the brain. In
brain CT, the metastasis in the
brain matter is well visualized
both before (a) and after (b)
intravenous administration of
the contrast agent. The
metastatic lesion has
hyperdense characteristics
before administration of the
contrast agent (a). After
contrast enhancement (b),
there is a pronounced
inhomogeneous accumulation
of the contrast agent in the
tumor

Fig. 8.5 Multiple lung
cancer metastases in the brain.
High-density areas can be
seen on a CT scan before
contrast enhancement (a) (due
to hemorrhages in the tumor
tissue). (b) After intravenous
contrast enhancement, a large
number of tumor lesions of
various sizes can be observed

Table 8.1 Severity of perifocal edema on CT in patients with meta-
static brain lesions (n = 958)

Perifocal edema (%)
Moderate

Severe Mild Absence Total (n)

728 (76) 172 (18) 46 (4.8) 12 (1.2) 958

Routine CT is not the method of choice for the diagnosis
of metastatic brain lesions in general, since even studies with
contrast enhancement do not fully visualize the true picture
of the disease spread. Selection of CT imaging for primary
diagnosis is a single option only in clinics where there is no
MRI scanner. It should be remembered that the objectives of
CT studies are not only to suggest (confirm, exclude) the sec-
ondary nature of brain lesions but also to search for a possi-
ble primary source of the tumor lesions in other organs and
tissues. The assumption of the metastatic character of brain
lesions requires an expansion of a CT imaging area, includ-
ing studies of the chest, since, according to some authors, the
lungs are a sort of a “transfer post” for metastases before
they spread into the brain (Nersesyants et al. 1951, 1955).

In recent years, the method of brain CT has been signifi-
cantly enriched by additional protocols and techniques that
include 3D visualization, angiography, and perfusion studies.

8.1 3D Imaging Technology
3D imaging technology for constructing images improved
the quality of neurosurgical diagnostics in general (Turkin
and Belov 2000; Kornienko and Pronin 2009a, b, c, d, 2012).
An important advantage of this technique is the possibility to
assess bone changes (Fig. 8.8). CT allows to clearly visualize
the extent of bone involvement and destruction of bone tis-
sue. Three-dimensional processing allows to obtain addi-
tional information to clarify the location of an abnormal
lesion in relation to the surrounding tissues and helps sur-
geons plan the extent of a surgical intervention and the sub-
sequent bone reconstruction.

Most often, breast cancer (47-85%), prostate cancer (54—
85%), and thyroid cancer (28-60%) metastasize to the cranial
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Fig. 8.6 Lung cancer
metastases in the brain. Brain
CT in the axial view before
and after administration of the
contrast agent. In the
projections of the frontal
areas, multiple metastatic
tumors are observed in the
right hemisphere of the brain
with a pronounced perifocal
edema, while there is no
edema in the left one, in spite
of the larger size of the lesion
(a, b). Furthermore, contrast
enhancement allows to
identify micrometastases (a)
(arrows)

&

Fig. 8.7 Multiple breast cancer metastases in the brain. CT with contrast enhancement (a—c). In the projection of the basal parts of both cerebellar
hemispheres, there are tumor lesions with necrosis in the center and a contrast-enhanced thin peripheral part. There is almost no perifocal edema

Fig. 8.8 A breast cancer metastasis in the cranial bones in a male
patient. Brain CT in the axial projection (a) and a 3D reconstruction of
the skull (b, ¢). There are significant destructive changes in the squama

of the frontal bone, mostly on the left. 3D images well determine the
lesion size and the involvement of the frontal, parietal and temporal
bones. No changes in the brain substance (a) are identified
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bones, followed by kidney cancer (33—40%), lung cancer (32—
40%), melanoma (12%), ovarian cancer (9%), esophageal
cancer (5-7%), and colorectal cancer (8-13%) (Dolgushin
2012). The cranial bones are affected in 20% of all cases of
bone metastases. Hematogenous metastasizing into the verte-
bral bodies and cranial bones can occur not only through the
systemic blood flow but also through the vertebral venous
plexus, via a valveless system of venous anastomoses running
along the spine from the brain to the lesser pelvis. Tumor cells
are brought by bloodstream into the bone marrow. They
secrete a variety of factors that start to affect osteoclasts,
increasing their activity and accelerating the process of bone
destruction (osteolytic metastases). Hence, bone thinning and
vertebral fractures occur even at low physical activity. In some
tumors (e.g., in prostate cancer), osteoblasts are activated,
which leads to excessive growth of bone tissue (osteoplastic
metastases). The type of a metastasis, osteolytic or osteoblas-
tic, depends on the osteoclast to osteoblast activity ratio.

Multiplanar reconstructions based on SCT, along with 3D
images, increase the informative value of diagnostic data on
the relationship between a metastatic tumor with brain struc-
tures, vault bones, and bone structures of the skull base, the
posterior cranial fossa.

8.2 SCT Angiography (CTA)

SCT angiography (CTA) is successfully competing with sub-
traction angiography in the detection of vascular abnormali-
ties. Unlike direct cerebral angiography, in head and neck
vascular CTA, a contrast agent flows through the venous sys-
tem. High-density and spatial resolution of spiral CT allows
to construct volumetric (3D) models of the vascular system.
Modern helical CT scanners have a high spatial resolution of
anatomical details (512 x 512 image matrix) and high tem-
poral resolution—the duration of one data acquisition cycle
takes less than 0.5 s. Administration of 60-80 ml of a con-
trast agent in CTA is performed using an automatic injector
at 4-5 ml/s rate. Dynamic 4D SCT allows to simultaneously
receive data for both angiography (arterial blood flow) and
perfusion CT (capillary blood flow). The scanning in SCT
angiography is carried out with a minimum slice thickness
(0.5-1.25 mm). Isolation of sections corresponding to arte-
rial or venous phases from a dynamic series allows to con-
struct cerebral arterio- and venograms in different projections,
independent of each other. CTA, similar to cerebral AG, pro-
vides information on the sources of tumor blood supply and
their relationship with the major cerebral arteries, which
allows to plan a surgical access and an extent of tumor
resection.

A dynamic series of sections for the capillary phase of the
contrast agent transit allows to evaluate the pathophysiologi-
cal specifics of perfusion in metastatic lesions, obtaining
quantitative estimates of hemodynamic perfusion parameters
(cerebral blood flow (CBF), cerebral blood volume (CBV),
mean transit time (MTT) of blood through the vascular net-
work, and microvascular permeability PS), as well as to
monitor the effectiveness of the cancer treatment and to carry
out postoperative monitoring. A quantitative evaluation as
part of diagnostic studies in brain tumors is relevant for mod-
ern neuroradiology and especially neuro-oncology.

8.3  Perfusion CT (PCT)

A new trend in using the possibilities of computed tomogra-
phy is a quantitative assessment of changes in density char-
acteristics of the tissue following intravenous bolus
administration of a contrast agent—CT perfusion. An impor-
tant factor in this regard is the possibility of obtaining multi-
lateral  quantitative  characteristics related to the
hemodynamics in the brain tissue, its tumors, and their adja-
cent areas. Perfusion methods estimate and quantify blood
flow feeding the brain tissue through the capillary system. A
theoretical rationale for evaluating the basic parameters of
cerebral blood flow, such as velocity (CBF) and volume
(CBYV) of the latter using intravascular bolus administration
of a contrast agent (CA), was developed in the 1950s of the
twentieth century (Meier and Zierler 1954; Kety and Schmidt
1948). With the advent of CT, Axel (1983) proposed a
method for measuring cerebral perfusion via dynamic scan-
ning: registration of CT slice images i = of the same location
as the contrast agent bolus passes through the vasculature.

At present, for the data processing of dynamic CT series,
specialized workstations or modern personal computers with
the perfusion parameter-processing software are used; they
perform the required calculations for each voxel with the
possibility of constructing parametric CBV, CBF, MTT, and
PS maps.

The first clinical use of CT perfusion was undertaken to
assess the extent of ischemic brain damage in stroke by visu-
alizing the brain hypoperfusion areas on parametric CBF and
CBYV maps within the first minutes after the onset of an acute
ischemic attack (Lev and Nichols 2000; Konig 2003).
Extension of the PCT scope allowed to obtain additional
information (to detect areas of hyperperfusion) for the diag-
nosis of brain tumors and their differentiation from other
focal lesions based on their hemodynamic features (Eastwood
and Provenzale 2003; Pronin et al. 2005, 2007; Dolgushin
et al. 2015).



8.3 Perfusion CT (PCT)

The so-called principle of the central volume underlies
study methods of tissue perfusion, which is the law of con-
servation of mass in relation to the cerebral circulation.
According to this principle,

CBV = MTT xCBF, (8.2)

where CBYV is cerebral blood volume passing through 100 g
of a substance, measured in ml/100 g of the brain tissue;
CBF is a cerebral blood flow in ml/100 g/min; and MTT is
mean transit time in seconds.

The classic method of visual perfusion analysis is the
construction of perfusion maps, where the brightness (and
color) is proportional to the value of the selected quantitative
perfusion parameter—MTT, CBF, and CBV.

Methods of CT evaluation of tissue perfusion use shape
and temporal characteristics of the contrast enhancement pro-
file in supplying arteries and draining veins in the brain tissue
after intravenous bolus administration of a contrast agent
(Fig. 8.9). To obtain similar time dependences, a series of
sequential CT scans at predetermined levels is performed.

A PCT algorithm involves performing a standard plain
CT to determine location of sections for a perfusion study. A
contrast agent with a high iodine concentration (350-370 mg/
ml) in an amount of 40 ml (plus 20 ml of saline after CA
administration) is administered via a bolus injection in the
cubital vein of a patient using an automatic syringe at 4 ml/s
(administration rate of 4 ml/s is sufficient for most dynamic
data processing programs). CA administration per protocol

Fig.8.10 The curve of CT
density characteristics as
bolus of a contrast medium
passes. The “concentration-
time” curves for arteries and
veins are indicated by arrows
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Fig. 8.9 The scheme of vasculature at the tissue level is represented by
a system of randomly oriented arterioles, capillaries, and venules (from
Meier and Zierler 1954)

starts 5 s before the scanning. Data logging is performed for
40-50 s, at intervals of 1 s and with the X-ray tube voltage of
80 kV. If necessary, a “post-contrast” CT is performed; how-
ever, the appropriateness of the latter should be considered in
each individual case, as an additional CT scanning increases
the radiation dose for the patient (Wintermark et al. 2004;
Konstas et al. 2009).

CT density values recorded in a perfusion study depend
on the amount of contrast agent contained in the tissue at the
moment. The curve of CT density changes in each slice
voxel as bolus of a contrast medium passes is characterized
by the concentration-time dependence. The shape of this
curve in the artery and vein determines an inlet (arterial) and
outlet (venous) function, respectively (Fig. 8.10). According
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to the concentration-time curve, hemodynamic tissue param-
eters CBV, CBF, and MTT are calculated.

Perfusion maps and quantitative measurement of the data
are constructed in the “off-line” mode on specialized work-
stations; the algorithm of their construction can be found in
the relevant literature (Kornienko et al. 2007; Miles et al.
2007). The main algorithm is based on the deconvolution
method, the essence of which is that if we look at some tissue
volume at time t, the amount of CA in the volume C(¢) will
consist of the volume V(¢) of the substance brought by arte-
rial blood flow at this tissue site at the moment, plus a part of
W(t) of the contrast agent that was brought earlier but had not
yet “left” the investigated tissue volume. The volume V(¢)
brought in this short time interval Af should be equal to the
product of CA volume in the artery by F = CBV via this
volume:

V(t)=FxC,(t)xAt (8.3)

The volume W(r) can be represented by the sum of earlier
“infusions” F x C,(t—At) x At, multiplied by a factor
R(t— Ar) (“residual function”) indicating the percentage of
these earlier infusions that did not have time to leave the given
volume (i.e., 0<R(t— Ar)<1). As a result, the CA concentra-
tion in the tissue can be determined using the following
equation:

C(t)=V (t)+w (t)=F, - [Cy (u)-R(t—u)-du=C, ®F, -R(t) (8.4)

where the mathematical symbol ® represents the convo-
lution operation, or “convolution,” and the function R(f)
is considered monotonically decreasing, and R(0) = 1.
The equation must be solved to find the flow F and
“residual function” R(#), which has been called
“deconvolution.”

Duration of the flat portion in the graph R(¢) (Fig. 8.11) is
the minimum transit time of blood through the vascular sys-
tem, and the area under the curve R(f) corresponds to the
mean MTT value. Cerebral blood flow volume CBYV is the
product of CBF and MTT.

Of greatest interest in evaluating the specific features of
metastatic tumors is their solid component that contains the
greatest number of viable tumor tissue, having all the proper-
ties of the primary tumor to the maximum extent. This part
of the neoplasm usually intensively accumulates contrast
agent.

tmin Transit time, ms

Fig. 8.11 R(?) is the “residual function,” indicating which part of the
earlier CA infusion has not yet left this volume. Duration of the flat
portion in the graph R(7) is the minimum transit time of blood through
the vascular system, and the area under the curve R(f) corresponds to
the mean MTT value

The development of most cancers is associated with the
need for a blood supply sufficient to meet the needs of
increased tumor metabolism. This, in turn, results in the for-
mation of additional abnormally formed or branched vascu-
lature, which is reflected in increased perfusion parameters.
Data received from perfusion CT (n = 126) allowed us to
analyze the perfusion values in metastatic tumors in the brain
based on the nature and location of the primary source
(Dolgushin et al. 2015).

8.4 CBV (Cerebral Blood Volume)

Using perfusion maps, mean and maximum CBV values
are measured in the solid portion of metastatic tumors
depending on the location of their primary source
(Fig. 8.12).

Comparative CBV values for brain metastases from vari-
ous primary sources are listed in Table 8.2 (Dolgushin et al.
2007, 2015).

Maximum CBV values were obtained for brain metasta-
ses of kidney cancer (21.01 = 6.21 ml/100 g), followed by, in
a descending order, melanoma, breast cancer, and lung can-
cer (15.03 + 9.75-11.27 = 3.21 ml/100 g) and uterine and
colorectal cancer (8.94 + 3.33-8.14 + 3.71 ml/100 g). The
lowest CBV value was obtained for ovarian cancer metasta-
ses (5.34 + 1.45 ml/100 g).
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Fig.8.12 CBV maps of brain CT perfusion in patients with metastases
of kidney cancer in the right frontal region (a), melanoma in the right
frontal region (b), lung cancer in the left frontal region (c), breast can-
cer in the right subcortical nuclei and in the parietal region (d), cervical
cancer in the left frontal region (e), and ovarian cancer in the left hemi-

Table 8.2 CBYV values in a solid structure of brain metastases from
primary tumors with different locations (n = 126)

Location of the Average values Standard deviations
primary tumor (ml/100 g) (ml/100 g)

Breast 11.57 5.79

Lung 11.27 3.21

Kidney 21.01 6.21

Colon 8.14 3.71

Melanoma 15.03 9.75

Ovary 5.34 1.45

Uterus 8.94 3.33

sphere of the cerebellum (f). There is a marked increase in CBV values
in tumor foci characterized by intense staining in red or yellow-red in
all cases, except for the metastasis of ovarian cancer (f) green color,
which reflects a relatively low CBV value

8.5 CBF (Cerebral Blood Flow)

This hemodynamic parameter represents the velocity of
blood flow in the capillary network and is the next important
factor quantifying tumor hemodynamics (Fig. 8.13).

Comparative CBF values of brain metastases from a vari-
ety of primary tumors are listed in Table 8.3.

The maximum CBF values were obtained for melanoma
metastases (113.35 + 24.25 ml/100 g/min), followed by, in a
descending order, metastases of uterine, breast, lung, colorec-
tal, and kidney cancer (102.59 + 16.35-72.13 +35.35 ml/100 g/
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Fig.8.13 CBF maps of brain CT perfusion in patients with metastases
of kidney cancer in the right frontal region (a), melanoma in the right
frontal region (b), lung cancer in the left frontal region (c), breast can-
cer in the right subcortical nuclei and in the parietal region (d), cervical
cancer in the left frontal region (e), and ovarian cancer in the left hemi-

Table 8.3 CBF values in the solid structure of brain metastases from
primary tumors with different locations (n = 126)

Location of the Average values Standard deviations
primary tumor (ml/100 g/min) (ml/100 g/min)
Breast 92.04 29.93

Lung 85.03 19.56

Kidney 73.93 27.59

Colon 72.13 35.35

Melanoma 113.35 24.25

Ovary 49.51 19.6

Uterus 102.59 16.35

min). The lowest CBF value was obtained for ovarian cancer
metastases (49.51 £ 19.60 ml/100 g/min) (Dolgushin et al.
2007).

8.6 MTT (Mean Transit Time)

Another important perfusion indicator is MTT that char-
acterizes the transit of CA through a capillary network of
a unit of volume of the solid part of the metastasis
(Fig. 8.14).

sphere of the cerebellum (f). There is a marked increase in CBF values
in tumor foci characterized by intense staining in red, except for the
metastasis of ovarian cancer (f) green color, which reflects relatively
low CBF values

MTT shows not the duration of the contrast agent transit
through a pixel but the CA delay time in the tumor tissue.
Mean MTT values in the solid part of the brain metastases
from primary tumors with different locations are listed in
Table 8.4 (Dolgushin et al. 2007).

Table 8.4 shows that metastases of uterine cancer
(5.36 £ 0.74 s) and melanoma (MTT =7.22 + 2.1 s) pass the
blood the fastest (low MTT values). The slowest blood tran-
sit is through the tissue of kidney cancer metastases
(18.38 = 1.37 s), with these values being more than twofold
higher than MTT values of melanoma metastases. It should
be noted that the choice of an area for the measurement of
MTS values for melanoma perfusion is complicated in cases
where there are foci of hemorrhages in the tumor structure.

When measuring and analyzing the mean transit time of
the blood through the unit volume of the tissue (MTT), take
into account that the greater the numerical value, the slower
the blood with contrast agent (CA) passes through the tissue
per unit of time.

An important condition for obtaining the required image
quality for further quantitative data is to select the largest
artery on the affected side for reading the parametric data
(Kornienko and Pronin 2009a, b, ¢, d). Often, when tumors
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Fig.8.14 MTT maps of brain CT perfusion in patients with metastases
of kidney cancer in the right frontal region (a), melanoma in the right
frontal region (b), lung cancer in the left frontal region (c), breast can-
cer in the right subcortical nuclei and in the parietal region (d), cervical
cancer in the left frontal region (e), and ovarian cancer in the left hemi-

Table 8.4 Mean transit time (MTT) of contrast agent via a solid por-
tion of the capillary network in the brain metastases from primary
tumors with different locations (n = 126)

Location of the primary Mean values

tumor (s) Standard deviations (s)
Breast 7.60 3.11

Lung 8.83 2.85

Kidney 18.38 1.37

Colon 7.72 3.26

Melanoma 7.22 2.1

Ovary 10.58 6.27

Uterus 5.36 0.74

are located in the cortical areas of the frontal and parietal
regions and the plane of sections is planned in parallel to
the base of the anterior cranial fossa, or, if necessary, when
studying several tumor sites located in different brain
regions (upper sections of the parietal region and basal tem-
poral area), a situation may arise in which the arteries in the
section do not meet the necessary requirements (a small
diameter, a tortuous course). In such cases, “oblique” slices

sphere of the cerebellum (f). There is a decrease in MTT values in
tumor foci, characterized by weak staining of melanoma tissue (b),
which reflects the high level of blood flow. MTT values in other metas-
tases are higher

are justified, being achieved by placing the patient’s head at
a certain angle relative to the axis of the passing beam and
tilting the CT scanner gantry, which does not result in the
loss of the study quality and distortion of the results of the
quantitative data analysis. In turn, obtaining thin post-con-
trast enhancement sections allows to transform the images
obtained in conventional axial sections if necessary.
Typically, the choice of venous structures is not an issue,
because large venous sinuses can be easily found at certain
levels of tomographic sections.

The introduction into clinical practice of modern multi-
ple row detector spiral CT scanners (64, 128, 256, 320, and
more) allows to minimize these issues with the choice of
arteries due to a large primary coverage of anatomical
zones.

Figure 8.15 presents a case of the patient with lung
cancer metastases in the brain, who underwent a CT per-
fusion study with his head turned to the right. Such
patient’s position gives a possibility to select an artery
located in the depth to read the arterial parametric data.
On a CT section, the lesion prior to the administration of
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Fig.8.15 A relapse of
melanoma metastasis in the
left frontal region. On a CT
scan with the patient’s head
turned to the right, the lesion
is indistinguishable from
cerebral convolutions before
the administration of the
contrast medium (a); after an
intravenous injection of the
contrast agent (b), there is an
intense accumulation of the
latter in the tumor. On a CBV
perfusion map (c), arrows
indicate the superior sagittal
sinus displaced right and a
tumor. A strictly axial
reformat of post-contrast
enhancement series of images

(@)

the contrast medium is isodense and is surrounded by a
pronounced perifocal edema. The CT perfusion study per-
formed with the head turn allowed to more accurately
select the region of interest (ROI) (arrow) on the oblique
section. The superior sagittal sinus on the section is dis-
placed to the right (arrow), with the tumor site being dis-
played in the center of the image and sufficiently spaced
from the bone structures, with which the metastatic lesion
would merge in case of a conventional positioning of the
patient’s head (Fig. 8.15d).

A comparative assessment of perfusion parameters in
multiple lesions showed the following relationship: CBV
and CBF values in a larger lesion were usually higher than
those in smaller lesions (Fig. 8.16). MTT values did not dif-
fer significantly.

8.7  CT Perfusion in Evaluating the Results
of Treatment of Patients with Brain

Metastases

The CT perfusion method is available, does not require
extensive training, and is currently successfully used in the
monitoring of radiosurgical (RS) treatment of patients with
metastatic brain lesions.

In our clinical practice, the CT perfusion method was
used not only for primary diagnosis of metastatic brain
tumors but also for assessing post-radiation changes at any
stage of patient treatment (n = 78). Thus, dynamic changes
in the main perfusion parameters (CBV, CBF, and MTT)
allowed us to monitor the effectiveness of radiation ther-
apy already at an early stage (up to 2 months) after the
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Fig.8.16 Multiple
melanoma metastases in the
brain. CT with contrast
enhancement (a) shows
multiple, large lesions in the
left frontal and right parietal
regions, accompanied by a
perifocal edema. On perfusion
maps CBV (b), CBF (c¢), and
MTT (d), unevenly increased
CBF and CBV are observed
in solid tumor fragments,
while MTT values are
heterogeneous

completion of radiation therapy, whereas other neuroimag-
ing methods (CT and MRI with contrast enhancement)
proved to be ineffective in assessing the dynamic changes
occurring in the irradiated tumor in the early period after
the treatment completion.

Changes in the main perfusion parameters within the first
month after the radiosurgical treatment are shown in
Fig. 8.17. Analysis of CBV, CBF, and MTT values in this
group of patients (n = 12) showed that within 3 weeks after
the treatment, a slight decrease in CBF and CBV values and
an increase in MTT (p > 0.05) in the solid component of the
tumor were noted.

The results of CT perfusion studies carried out 1, 4, and
6 months after the radiosurgery in patients (n = 46) with

metastases in the brain are shown in Figs. 8.18, 8.19, and
8.20. The mean CBYV values in the solid part of metastases
were CBV =7.03 + 1.48 (ml/100 g). One month after, there
was a decrease in CBV values down to 5.2 + 1.4 (ml/100 g)
and a further decrease down to 1.3 £ 0.7 ml/100 g over the
next 3 months in CBV values. A control CT perfusion study
6 months after the treatment revealed a further decrease in
CBYV values down to 1.04 = 0.12 ml/100 g.

Analysis of CBF values showed changes with time similar
to those for CBV. Figure 8.19 shows a graph of changes in CBF
values 1, 4, and 6 months after the radiosurgical treatment.

The vector of changes in MTT values differed from the
above results of CBV and CBF data analysis and had a multi-
directional nature. So, 1, 3, and 6 months after the radiosurgical
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Fig. 8.17 Mean values of 100
main CT perfusion
parameters: before, 3 days
after and 21 days after the
completion of the radiation
therapy. A moderate decrease
in CBV and CBF was
observed within the first
3 weeks after‘ treatment, while [ csv
MTT values increased T
10 T =i [l csF
- CImTT
14

Before treatment 3 days After radiation therapy 21 days After radiation therapy

Fig.8.18 The mean CBV
values in the solid part of
metastases within the first
6 months after the
radiosurgical treatment. A
significant decrease in the
values

CBV, mean values, mi/100 g

] ]
Before treatment 1 month after 4 months after 6 months after
elore freaime treatment treatment treatment

CBF, mean values, ml/100 g /min

Fig.8.19 The mean CBF
values in the solid part of
metastases within the first
6 months after the
radiosurgical treatment. A
significant decrease in the
values

Before treatment 1 month after treatment 4 months after treatment 6 months after treatment
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treatment, there was nearly a twofold increase in MTT values
from 7.62 + 2.42 (s) to 13.2 + 3.08 (s), a decrease down to
3.6 £2.12 (s), and values were 5.4 + 2.4 (s), respectively.

Abrupt changes in MTT values may be associated with
the BBB state and development of associated post-radiation
necrotic processes (Fig. 8.20). The initial increase in MTT
values probably indicates a destruction of the tumor micro-
vasculature and a slower blood flow through its tissue.
Apoptosis and related post-radiation vascular changes are
reflected in the decrease in CBV and CBF values and an
increase in MTT values in the CT perfusion study. An
increase in MTT values in the tumor structure is characteris-
tic of the post-radiation changes (Fig. 8.21).

A dynamic decrease in CBV and CBF values and an
increase in MTT were indicative of the post-radiation nature
of changes in 100% of cases (Fig. 8.22). In this case, the
mean CBV and CBF values in the solid part of metastases
(more than 3 months) decrease by more than threefold
(p <0.04 and p < 0.02, respectively) in the later period after
the radiosurgery, and the time of the contrast agent transit
through tumor tissue (MTT) increased almost twice
(p < 0.06).

MTT, mean values, s

The resulting perfusion characteristics shown in Fig. 8.22
reflect the positive (“expected”) dynamics in post-radiation
changes—a reduction in tumor size and a decrease in the
edema surrounding the brain tissue (in MR study), while
improving the patient’s clinical condition. The data obtained
were used for further comparative assessment of dynamic
changes, while deviations of perfusion parameters from
those specified above were considered as predictors of dis-
ease recurrence or treatment failure. It should be noted that,
in routine follow-up CT and MRI with contrast enhance-
ment, radiographic manifestations such as a reduction in the
volume of the contrast-enhanced part and a decrease in
edema around the metastases were observed 2—-3 months
later with respect to the changes in CT perfusion
parameters.

Actively proliferating metastases tend to have increased
CBYV and CBF values and low MTT values, which character-
izes a rapid blood flow in this lesion. Therefore, we consid-
ered that high CBV and CBF values or their increase with
time, with an increasing size of a portion of abnormal con-
trast enhancement on MR scans, indicates extended tumor
growth (Fig. 8.23).

Fig.8.20 The mean CBF
values in the solid part of
metastases within the first
6 months after the
radiosurgical treatment.

Multidirectional changes in Before treatment

6 months after
treatment

4 months after
treatment

1 month after
treatment

parameters
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Fig. 8.21 Multiple lung cancer metastases in the brain. Perfusion
maps of changes in CT perfusion parameters for 6 months after radia-
tion therapy. Before treatment (a—c), there were high CBF and CBV
values and mean MTT values in the solid component of the metastasis
located in the right frontal area. These values indicate a significant
blood supply to the tumor. On CT perfusion maps, the metastatic lesion
is shown in bright red and yellow (yellow arrows). One month after the

treatment (d—f), CBV and CBF values decreased, while MTT signifi-
cantly increased (bright red—green arrow). The size of metastatic foci
decreased. Four months after the treatment (g—i) lesions were not visu-
alized, indicating the “alignment” of perfusion values between the
tumor lesions and the surrounding brain substance. Six months after the
treatment (j—1), there was a formation of a zone with low CBV and CBF
values (dark areas) and increased MTT (1)
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Fig. 8.22 The mean values of CT perfusion parameters before and
3 months after the radiosurgery. There is a marked decrease in CBF and
CBYV and an increase in MTT values

Fig. 8.23 Multiple breast cancer metastases in the brain. (a) MRI
before the treatment (Gamma Khnife), (b) 6 months after the treatment
(tumor shrinkage), (¢) 7 months after the treatment (a slight increase in
the lesion size), as well as the occurrence of a “new” small area of
abnormal contrast enhancement in the opposite brain hemisphere (the
arrow). On CT scan after the treatment, there is an intense accumula-
tion of contrast agent along the lesion contour (d); on CBV maps (e),

there is an increase in perfusion values (7.89 m1/100 g), which indicates
the presence of a residual tumor. On the periphery of the previously
irradiated large metastatic lesion and in its projection, MTT values (f)
are also unevenly increased (12.2 s)—post-radiation changes. Based on
the obtained diagnostic findings, a decision was made to include all
detected abnormal brain structures in the radiation treatment plan,
including repeated radiosurgery of the “first” metastasis



Magnetic Resonance Imaging (MRI)

The phenomenon of nuclear magnetic resonance (NMR) was
discovered and studied in the 1950s of the twentieth century.
Two groups of British physicists under the leadership of Bloch
and Pursell determined physical and chemical factors, such as
proton density and the so-called relaxation parameters, times
of longitudinal (T1) and transverse (T2) substance relaxation,
on which the value of the detected MR signal depended. Hahn
(1950) developed an in vitro method for measuring the sub-
stance relaxation parameters using a sequence of radio pulses,
called a pulse sequence (PS) “spin echo” (SE) (Hahn 1950;
Bloch et al. 1946; Pursell et al. 1946).

In 1973 Lauterbour proposed to separate the MR signal
from a layer inside an object with an additional magnetic field
G, changing linearly with distance in the direction of the
main magnetic field of the magnet (gradient magnetic field).
In the same year, Mansfield established a link between the
frequency (phase) change of MR signals and the coordinates
of voxels in the layer. He used two additional mutually per-
pendicular gradient magnetic fields G, and G, to set the coor-
dinates of each element in the tomographic section and
applied the Fourier analysis to extract MR signals from the
registered data from each voxel in a given layer. This approach
allowed to reduce the time obtaining tomographic cross sec-
tions down to a few minutes (Mansfield 1977). Lauterbour
and Mansfield were awarded the Nobel Prize in Physiology or
Medicine Prize in 2003 for the creation of MR imaging meth-
ods that were implemented in modern MRI scanners.

A detailed description of NMR physics and imaging prin-
ciples intended for diagnosticians can be found in many
monographs (Edelman et al. 1996; Konovalov et al. 1997a,
b, c; Rink 2003).

A variety of tissue contrast ranges in MR images provide
a wide set of pulse sequences, which represents greater pos-
sibilities for characterization of various CNS tissues than CT
and is one of the advantages of MRI.

Standard or routine sequences used in the study of patients
with brain metastases are T1, T2, and T2*. T1-weighted
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images are fundamental for detection of impairment and
abnormalities of normal brain anatomy. Volumetric scanning
3DSPGR or VIBE allows to obtain T1-weighted high-
resolution images with a 1.0 mm slice thickness and is cur-
rently used in routine diagnosis of metastatic brain lesions.

T2-weighted images are intended for visualization of
edema and the presence of water in the tissues; SP T2-FLAIR
suppresses the MR signal from free water (e.g., CSF) and
better identifies hydration foci, demyelination, and hemor-
rhages in the brain tissue.

*T2-weighted images reflect the tissue magnetic suscepti-
bility (Haacke et al. 2010, Kornienko and Pronin 2009a, b, c,
d, 2010). The next step in the use of SP gradient echo became
SWI (SWAN) sequences that are used to detect hemorrhages
in metastatic brain lesions (Pronin et al. 2011; Dolgushin
et al. 2012a, b; Haacke et al. 2010).

T1 MRI with intravenous contrast enhancement is often
used in the diagnosis of neoplastic brain lesions, including
metastases. MRI contrast agents (MRCA) are agents based
on a paramagnetic material gadolinium (Gd), which shorten
the T1 relaxation time. As a result, images of tissues that
have accumulated MRCA will be bright in T1-weighted
MRI. The concentration of gadolinium surrounded by a che-
late providing stability of the product in the internal media of
the human body may be from 0.5 mM/ml and 1.0 mM/ml in
MRCA. During the standard procedure (neuro-oncology), a
patient is administered 0.2 ml of the drug at the concentra-
tion 0.5 mm/ml/kg of body weight and 0.1 ml at the concen-
tration 1.0 mM/ml. For a qualitative assessment of MRI
signs of a tumor on tomograms, a subjective scale is gener-
ally utilized: the MR signal in the tumor can be isointense as
compared to the brain matter on the contralateral side,
hypointense or hyperintense. On T1-weighted images, MRI
with contrast enhancement assesses only the degree of an
increase in the MR signal intensity in the tumor (no enhance-
ment, moderate and significant enhancement). A semiquanti-
tative assessment of an increase in the relative tumor intensity
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Fig. 9.1 Brain metastases
from a variety of primary
tumors. Variants of signal
intensity on T1-weighted
images in relation to the brain
substance: (a) hyperintense,
(b) hypointense, (c)
heterogeneous, and (d)
isointense

on MRI with contrast enhancement (CE) is widely used in
neuro-oncology, because of the simplicity of calculations
and the information value of this parameter for neoplastic
and nonneoplastic CNS lesions.

With contrast enhancement, even in the absence of clini-
cal symptoms, metastases are detected in nearly 100% of
cases (Kornienko et al. 2007). The use of intravenous bolus
administration of MRCA allows to utilize the perfusion tech-
nique based on a decrease in the MR signal intensity on the
T2 and T2* MRI in the diagnosis of brain metastases
(Huisman and Sorensen et al. 2004).

Semiotics and differential diagnostic criteria for meta-
static brain lesions, based on the results of the use of routine
sequences (T1, T2, and T2-FLAIR) on the background of
various doses of contrast agent, were discussed in sufficient
detail in numerous publications (Konovalov et al. 1997a, b,
c; Osborn 1994; Sze et al. 1998; Kornienko and Pronin
2008a, b, 2009a, b, c, d).

Standard MRI sequences can detect tumors and intratu-
moral changes (hemorrhage, necrosis) and assess the size of

a peritumoral edema. In T1-weighted image, metastases may
have various signal characteristics with respect to the brain
substance. If the tumor lesion has a lower signal (Fig. 9.1)
than the intact brain substance, edematous brain tissue that is
hypointense in this sequence makes it difficult to clarify the
size, shape, and boundaries of the tumor. In case of a mild
edema and a small metastasis (less than 1 cm in diameter),
the latter may not be detected in T1-weighted image.
According to our data, in T1-weighted image, metastases
mainly (90%) have a hypo- and isointense MR signal in rela-
tion to the brain substance. A hyperintense signal within an
MTS is less common (up to 5.5% of the cases) and is gener-
ally encountered in case of a hemorrhage (metastatic mela-
noma, renal cell carcinoma).

Some metastatic tumors have a number of pathognomonic
imaging manifestations that allow to assume the nature of
the primary tumor with a high probability, even based on
routine investigations. Thus, the characteristic feature of
melanoma in an MRI study is an increased signal in
T1-weighted image before contrast enhancement, since
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Fig. 9.2 Visualization of colorectal cancer metastases in the brain in T2-weighted image. A solid tumor component has a hypointense (a-d) or
iso-hyperintense (e, f) signal in relation to the brain substance. In some cases, there are signs of central necrosis in metastatic lesions

melanin is characterized by paramagnetic properties. A het-
erogeneous and increased MR signal in many observations is
usually associated with the presence of a hemorrhage in the
tumor tissue.

On T2-weighted images, metastases are characterized
by an iso- or hypointense signal relative to the gray mat-
ter from the tumor stroma, an increased signal in the cen-
tral necrotic area and an area of perifocal edema.
Particularly noteworthy are colorectal adenocarcinoma
metastases that were characterized by a marked hypoin-
tense signal in T2-weighted image in 83% of our cases
(Fig. 9.2); some of them showed signs of moderate cen-
tral necrosis; the presence of perifocal edema was noted
in 100% of cases.

Small metastatic lesions without the use of CA can be
detected on T2-weighted images by the presence of a peritu-
moral edema characterized by a hyperintense signal
(Fig. 9.3). In the presence of a chronic or acute hemorrhage
in the metastasis stroma, hypointense areas can be observed,
while the tumor tissue has a heterogeneous MR signal.
However, it must be kept in mind that detection of metastases

may be difficult, especially in small tumors with mild perifo-
cal edema of the brain substance.

T2-FLAIR sequence used in the standard MR protocol
in metastatic brain lesions usually has two purposes: speci-
fication, along with T2 mode, of detected small tumor
lesions without the use of a contrast agent and visualiza-
tion of additional signal changes in the metastatic tissue
structure. Most often, in this sequence, a metastatic lesion
has a hypointense MR signal relative to the gray matter. A
heterogeneous signal is always detected in the presence of
a hemorrhage in the tumor tissue. If an MR signal from
small metastases is isointense, with a mild perifocal edema
of the brain substance, it is difficult to identify the bound-
aries of the lesion and sometimes of the metastasis itself
(Fig. 9.4).

The use of T2-FLAIR sequence is also justified in the
presence of solitary metastases. One of the most common
primary brain tumors is glioblastoma. It is typically slightly
hyperintense relative to the cortex in this sequence, which is
regarded as one of implicit signs of differential diagnosis
when comparing these tumors.
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Fig. 9.3 Brain metastases
from a variety of primary
tumors. Variants of signal
intensity on T2-weighted
images in relation to the brain
substance: (a) isointense, (b)
hypointense, (c)
heterogeneous, and (d)
hyperintense

Contrast enhancement in MRI, as well as in CT, has a
high diagnostic value. Structure of the lesion, spread and
invasion of surrounding tissues, the number of lesions and
hemodynamic characteristics of the tumor are identified best
on the background of contrast enhancement. In case of brain
metastases, the use of contrast agents is an obligatory link in
the standard protocol of any diagnostic CT/MRI study. In
literature, there is still debate over the possibilities and feasi-
bility of the use of high doses of contrast agents for meta-
static brain lesions. According to Sze et al. (1998), in 70
patients with negative results on MRI with a standard con-
trast agent dose out of 92 patients with confirmed or sus-
pected metastatic brain lesions, administering a triple dose of
the contrast agent did not help identify any additional lesion.
Yuh et al. (1992), as well as other researchers, identified
additional lesions after using a triple dose of the contrast
agent in MRI only in a small number of cases (Akeson et al.
1995; Vogl et al. 1995; Tatsuno et al. 1996; Gasperini et al.
2000; Rowley et al. 2008; Attenberger et al. 2009).

A study using Tl-weighted sequence with contrast
enhancement can detect both large and pinpoint lesions of
pathological CA accumulation not visualized with other
types of contrast enhancement. However, according to Mintz
et al. (2004), there is always a danger of a false-positive
result. For example, in case of telangiectases or when the
slice plane is perpendicular to the blood vessel, there is a
possibility of erroneous interpretation of findings in favor of
a nonexistent small metastasis. In such situations, it is advis-
able to use volumetric scanning programs. 3D FSPGR
(T1-weighted sequence) allows to neutralize an increase in
the signal from the blood flow; in some cases, constructing
multiplane images or reformats allows to “remove” the
course of the blood vessel and thus eliminate the seeming
presence of a small metastatic lesion.

MRI with contrast enhancement as compared to CT
allows to obtain the largest amount of diagnostic information
regarding the tumor and conduct differential diagnosis
between focal brain lesions similar in the standard modes by
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Fig. 9.4 Brain metastases
from a variety of primary
tumors. Variants of signal
intensity on T2-FLAIR-
weighted images in relation to
the brain substance: (a)
isointense, (b) hypointense,
(¢) hyperintense, and (d) a
heterogeneous tumor lesion

their visualization characteristics. Metastases, meningiomas,
benign astrocytomas, lymphomas, and neuromas without
contrast enhancement may look similar on CT and
MRI. However, when there is a massive hemorrhage in the
tumor, the use of contrast enhancement is often uninforma-
tive (Fig. 9.5).

Special attention was paid in our studies of patients with
metastatic brain tumors to the specifics of CA accumulation
by metastases of different origins. An MRI study with con-
trast enhancement determined the extent, nature, and time of
CA accumulation and elimination from the area of interest.
The main types of CA accumulation in the tumor tissue were
identified based on the analysis of findings obtained: “tar-
get,” “blurred contour,” “in the form of a rim with clear con-
tours,” “heterogeneous,” “annular,” “annular with a solid
area,” and “homogeneous.” We will use this classification of
CA accumulation hereinafter. The typical visualization fea-
tures for each type of CA accumulation will be review below.

“Target”: CA accumulations as “blurred contour” and “in
the form of a rim with clear contours” were combined in one
group—both types are ring shaped with a “clearing” in the
center, indicating the presence of tumor tissue decay in the
middle area of the lesion. CA accumulation in the form of
“blurred contour” is characterized by the presence on the
periphery of the contrast enhancement of pointed areas (pro-
trusions) that transit into the surrounding brain tissue with-
out any clear contours. In another type of CA accumulation
(“in the form of a rim with clear contours”), MR image of the
lesion is annular but with a dense homogeneous halo with a
clear, sharp boundary between the CA area and the brain
substance (Fig. 9.6). Perifocal edema in metastases of these
types of CA accumulation is very significant. Such metasta-
ses differ by different lesion sizes and various widths of a
“ring” of CA accumulation. We observed CA accumulation
in the form of a “target” in 36.8% of cases of breast cancer
metastases (Dolgushin 2012).



56 9 Magnetic Resonance Imaging (MRI)

Fig. 9.5 Multiple lung cancer metastases in the brain. (a) T1-weighted perifocal edema in the left parietal region. The lesion in the right frontal
image before injection of CA: there is a marked hyperintense (due to the  region is visualized on the background of edema in T2-weighted image
hemorrhagic content) space-occupying lesion with signs of pronounced  (b) and after the administration of a contrast agent (c)

Fig. 9.6 Brain metastases.
Types of contrast agent
accumulation in MRI: (a) a
rounded lesion with signs of
“blurred contour” and (b)
another rounded lesion with
mostly clear contours of
contrast enhancement. In both
cases, there was central
necrosis in the tumor
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Fig.9.7 A brain metastasis.
Types of contrast agent
accumulation in MRI: CA
accumulation of
heterogeneous type in the
tumor stroma. There are no
large areas of necrotic tumor
decay

Fig. 9.8 Brain metastases.
Types of contrast agent
accumulation in MRI: a
rounded lesion in the left
hemisphere of the cerebellum
with signs of annular (thin)
CA accumulation. There is
additionally a small,
homogeneous lesion in the
right hemisphere

A “heterogeneous” type is characterized by separate sites
of CA accumulation with different sizes in different areas of
the tumor (Fig. 9.7). In this type, in contrast to the two
previous types of CA accumulation, clarification areas on the
scan, corresponding to portions of necrotic tumor decay, are
randomly located within the pathological focus. This type of
CA accumulation is also observed in cases of hemorrhages
in the tumor tissue, with the intensity of MR signal from
blood clots sometimes exceeding that of the contrast-
enhanced tissue. The extent of the perifocal edema varies
and depends more on the characteristics of the tumor site and
its size.

“A ring” is characterized by the accumulation of CA in
the form of a thin, closed, annular rim, and we observed it
in our clinical material in 15% of cases. This “ring,” as
such, can have different shapes; therefore, this definition is
quite arbitrary. No hemorrhages into the tumor tissue were
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observed in this type of CA accumulation. The signal from
the central area of metastasis in all scan sequences was
almost homogeneous. In solitary or even multiple brain
metastases, lesions characterized on MRI scans by a similar
type of CA accumulation most often have to be differenti-
ated from brain abscesses. Tumors characterized by CA
accumulation in the form of a “ring” almost completely
lack a perifocal edema surrounding the brain substance
(Fig. 9.8).

“Ring + tissue” in cases where a solid part of the tumor
accumulating CA is adjacent to the annular “rim”: we defined
this type of manifestation of metastases as “ring + tissue.”
An annular cystic component is not in the center but is adja-
cent to the solid part of the tumor. There are sometimes areas
of hemorrhages (in the solid portion). A perifocal edema in
cases of such MR manifestation of tumors is quite significant
(Fig. 9.9).
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Fig. 9.9 A brain metastasis.
Types of contrast agent
accumulation in MRI: a
rounded thin-walled lesion
with annular CA
accumulation in the anterior
tumor fraction and with a
solid portion in the posterior
portion

Fig.9.10 A brain metastasis.
Types of contrast agent
accumulation in MRI: a
rounded lesion accumulating
homogeneously CA. There
are no cystic or necrotic
inclusions

Y

Table 9.1 Variants of contrast agent accumulation in MRI study of focal brain lesions (n = 130)

“Target” Heterogeneous “Ring” “Ring + Homogeneous Total
Type of contrast | “Unclear “Clear tissue
enhancement contour” contour” n Yo
Amount 9.2% 17.7% 13.9% 15.3% 13.1% 30.8% 130 100

A “homogeneous” type of CA accumulation is the most
frequent MRI picture of the tumor lesion (30.8%). It is char-
acterized by uniform accumulation of contrast agent in
metastases represented by a solid lesion, while the degree of
CA accumulation may be different. The brain edema in this
type of MRI manifestations of the tumor is significant
(Fig. 9.10).

Distribution of observations based on the accumulation
characteristics of contrast agent in brain metastases is shown
in Table 9.1.

There is no significant relationship between the type of
CA accumulation and abnormal structure of the primary

tumor. Metastases of different etiologies may be contrasted
in the form of a “target.” The same is applicable to other CA
accumulation patterns. Differences in CA accumulation by
metastases, in our opinion, are due to, first of all, their size,
duration of existence, intensity of the tumor growth, and
metabolic activity of the tumor tissue, which manifests by
the absence or presence of areas of necrosis, decay, and
bleeding in the abnormal focus. The confirmation of this can
be seen in one of our cases, when, in multiple brain metasta-
ses, a few different types of CA accumulation were found, as
well as the detection of the same type of contrast in meta-
static tumors that differed in their histogenesis (Fig. 9.11).



9.1 A Double Dose of Contrast Agent

59

Fig. 9.11 Multiple lung cancer metastases in the brain. Brain MRI
with contrast enhancement in two different patients. (a) Multiple brain
lesions with different variants of MR manifestations of metastatic
lesions. (b) Multiple brain lesions in the form of homogeneous similar
foci with different sizes. In the first case (a), lesions with mixed struc-
ture are identified: solid lesions with a cystic structure and signs of cen-

tral necrosis (arrows). The largest tumor lesion in the right frontoparietal
region also has a cystic structure with the signs of hemorrhagic content
and a liquid “level” (arrow), with the lesion size being an indirect evi-
dence of its “age.” In the second case, all lesions have a solid structure
and intensely accumulate the contrast material (arrows)

Fig.9.12 Multiple metastatic brain lesions. T1-weighted images. Small
lesions homogeneously accumulate contrast agents, with larger ones hav-
ing the form of a “ring.” (a) Before contrast enhancement, tumor lesions
have a homogeneous hypointense signal. (b) After administration of the
contrast agent at the standard dose of 0.2 ml of the product (at the concen-

9.1 A Double Dose of Contrast Agent

A standard dose of CA in the diagnosis of metastatic lesions
in the brain is 0.2 ml/kg of body weight with the concentra-
tion 0.5 mg/ml. In multiple metastatic brain lesions, adminis-
tration of increased doses of the contrast agent sometimes
allows not only to more accurately assess the boundaries of a
tumor detected under standard contrasting conditions but fur-
ther identify small metastatic lesions (Figs. 9.12 and 9.13).

tration 0.5 mg/ml) per kg of body weight of the patient, there is a moderate
increase in the signal from larger lesions. (¢) After administration of a
double dose of 0.4 ml with the concentration 0.5 mg/ml per kg of body
weight of the patient, there is an expressed signal increase from the previ-
ously detected lesions and additional small metastases

In case of involvement of bone structures or meninges, it
is extremely important to use protocols with suppression of
MR signals from fat (fat saturation), which allows to identify
metastases located in the soft tissues and bones of the head in
T1-weighted images with contrast enhancement (Fig. 9.14).

Increasing the concentration of administered CA can
result in its increased accumulation in large brain sinuses (in
particular, in transverse sinuses), which can produce artifacts
on T1-weighted MRI. Areas with emerging artifacts often
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Fig. 9.13 Multiple metastases with sub- and supratentorial location.
On T1-weighted MRI (a—f), following administration of a triple dose of
the contrast agent, there are multiple tumor lesions with a solid struc-

follow the contours of end sections of the transverse sinuses,
which may both overlap with space-occupying lesions with
small sizes and mimic the latter on the background of blood
pulsations and contrast enhancement (Fig. 9.15).

In the event of such a questionable matter, a follow-up
study should be performed with the same positioning of the
sections, but changing the direction of phase-encoding gradi-
ent pulse, so that the artifact will be seen in a different direc-
tion, or sections in other projections should be used.

Difficulties of differential diagnosis using a standard MRI
study with contrast enhancement most often occur in solitary
lesions, when, first of all, intracerebral tumors (usually glio-
blastoma) and brain abscess should be excluded.

ture on different scans. Small (less than 5 mm) metastatic lesions are
also clearly visualized

9.2  Additional MRI Techniques

The so-called volumetric scan sequences are included in
the standard MRI investigation protocols for visualization
of the anatomical features of abnormalities: 3D FSPGR,
BRAVO/VIBE (T1), CUBE (T2), FIESTA (T2), 3D
FLAIR (T1/T2), etc. Volumetric 3D scanning sequences
allow to reduce the total study duration, perform 0.6—
1.0 mm sections, as well as build 2D and 3D reformats
and anatomical 3D models with high anatomical resolu-
tion and isotropic voxel, which is important for navigation
programs and planning the radiation treatment. Today,
due to the possibility to obtain images with diverse tissue
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Fig.9.14 Melanoma
metastases. A relapse of the
metastatic tumor after its
surgical removal. MRI shows
a space-occupying lesion in
the occipital bone, extending
to the adjacent meninges. The
metastasis is characterized by
a hyperintense signal on
T2-weighted and T2-FLAIR
MRI (a, b) and an isointense
signal in T1 (¢); after IV
contrast enhancement on
T1-fat sat MRI (d), there is
intense accumulation of
contrast agent in its structure
(arrow)

Fig.9.15 Brain MRI in the
axial projection of the patient
with a suspected metastatic
brain lesion before (a) and
after (b) administration of
CA. The patient had a history
of colorectal cancer. The
arrow indicates an artifact
from blood pulsation in the
transition region of the
transverse sinus into the
sigmoid one. This artifact can
overlap with the lesion or
mimic it
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contrast, MR imaging is a highly efficient and sensitive
method of detecting not only tumors but also assessing
some intratumoral processes, such as hemorrhages and
arteriovenous shunts.

9.3 3D T1-Weighted Sequence

The pulse sequence 3D FSPGR (or VIBE) in metastatic brain
lesions produces high-resolution MR images with slice
thickness of less than 1 mm. Currently, the use of 3D
T1-weighted images is routine not only in the preoperative
diagnosis but also in the basic protocol for radiosurgery. An
appropriate dose of the contrast agent allows to detect lesions
not visualized by other MR sequences (Fig. 9.16).

MRI possibilities are not limited to standard techniques
and contrast enhancement. Currently, neuroimaging
extensively uses additional diagnostic MR technologies,
such as SWI (SWAN), MR spectroscopy, perfusion MRI,
and diffusion and diffusion tensor MRI, based on the
diversity of tissue contrast types in magnetic resonance
imaging. Most of the additional MR technologies and
investigation protocols based on them not only provide a
picture of anatomical changes but also imply obtaining
quantitative characteristics of a particular pathological
process, associated with the specifics of its metabolism
and hemodynamics.

As known, one of the most effective treatments for meta-
static brain lesions, especially multiple ones, is radiological
methods and, above all, Gamma Knife and CyberKnife. MRI

Fig.9.16 Multiple melanoma metastases in the brain. On T2-weighted
(a), T1-weighted (b), and DWI (d) MRI, metastatic lesions are not visu-
alized in the brain substance. In T2-FLAIR sequence (b), multiple

small foci are determined that are poorly visualized and mimic isch-
emic lesions. After contrast enhancement on T1-weighted MRI, pin-
point metastatic lesions are clearly visualized (e, f)
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with contrast enhancement is a mandatory procedure to eval-
uate the effectiveness of the treatment of cerebral neoplastic
lesions, including after radiosurgery (RS).

A favorable outcome of RS in our material (n = 490,
88.4%) was a reduction in the tumor volume up to a com-
plete disappearance of regions with abnormal contrast agent
accumulation, reduction of the perifocal edema, and regres-
sion of neurological symptoms. When the size of tumors
decreased as a result of radiation treatment, pinpoint con-
trasted areas persisted without any signs of increased perfu-
sion indicators in 95% of 490 cases. In 5% of cases, positive
changes were characterized by a complete disappearance of
areas of abnormal CA accumulation and regression of
edema. Analysis of the extent of reduction of metastatic
lesions in size in the control group (n = 45) showed that a
pronounced and moderate decrease in the tumor size (more
than 50% within the first 3 months) was identified in 85%
and 15% of patients, respectively (Fig. 9.17).

Fig.9.17 Colorectal cancer
metastases in the brain. Cases
of two patients with
incomplete (a, b) and
complete (¢, d) response to
RS treatment. Partial
response: (a) before treatment
and (b) after treatment.
Complete response: (c, d)

3 months after the
radiosurgery

9.4 SWI (SWAN)

In the 1990s of the last century, the use of SP T2* GRE for
visualization of venous structures was started. Such MRI
studies were called BOLD (blood oxygenation level-
dependent) venography (Lee et al. 1992; Reichenbach 2001).
In T2-weighted* images, venous structures were well seen;
however, the images contained artifacts due to magnetic sus-
ceptibility. In 1997, a way was developed to eliminate phase
artifacts at “air-to-brain” and “bone-brain” interface and
display within each voxel local phases of interest in terms of
tissue magnetic susceptibility (Haacke et al. 2007).

Pulse sequences SWI (SWAN) (susceptibility-weighted
imaging) and SWI (SWAN) (T2 star-weighted angiography)
that are based on high-resolution 3D T2* GRE with the pos-
sibility of obtaining an isotropic voxel with full compensa-
tion of flow effects, sensitive to blood products, particularly
to deoxyhemoglobin of venous blood, allowed to obtain
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images “weighted” by the tissue magnetic susceptibility
(Haacke et al. 2010;. Pronin et al. 2011; Dolgushin et al.
2012a, b; Zakharova et al. 2013). Local inhomogeneity of
the magnetic properties of tissues (due to the differences in
their magnetic susceptibility) creates dephasing of proton
precession within each voxel. This dephasing manifests in
the amplitude and phase images in the form of a reduction in
MR signal. SWI (SWAN) uses amplitude images, and SWI
(SWAN) uses both phase and amplitude images. The SWI
(SWAN) sequence is most commonly used. The combination
of amplitude and phase components in the data processing
allows to obtain images, whose contrast is due only to the
magnetic susceptibility—i.e., to map magnetic susceptibility
in order to quantify the magnetic properties of tissues in
terms of the chemical shift in parts per million (ppm).

A decrease in the MR signal intensity in SWI (SWAN)
sequence due to the deoxyhemoglobin presence allows to
visualize some anatomical and primarily venous structures.
Hemosiderin deposits as the main sign of a hemorrhage can
be detected in the SWI (SWAN) sequence, which allows to
visualize the effects of hemorrhages, even in intervals remote
from the event. SP SWI (SWAN) visualizes lesions of micro-
hemorrhages with sizes up to 5 mm (Haacke et al. 2010).

The tissue magnetic susceptibility in the amplitude SWI
(SWAN) images is assessed by the presence of areas of the
MR signal with reduced intensity. Pinpoint hypointense
areas in the parenchyma are regarded as a cross section of the
deformed, abnormal vessels (the form of a “point”). Areas
with the similar signal intensity but larger (>2-3 mm) are
considered microhemorrhages (the form of “lumps” or
“micronodules”). The lack of any hypointense inclusions is
interpreted as a homogeneous solid tumor without abnormal
deformed vasculature and hemorrhages. The signal con-
stancy from hypointense areas in the SWI (SWAN) sequence
after CA administration confirms the presence of a hemor-
rhage (Dolgushin et al. 2012a, b).

Standard parameters of the SWI (SWAN) sequence in the
magnetic field of 3.0 T have the following values: TR,

Fig.9.18 A cancer
metastasis in the left
hemisphere of the cerebellum.
Regions of interest in “raw”
SWI (SWAN) images (a) and
the distribution map of
relative signal intensity (b) for
quantification. (1), the central
area of necrosis; (2),
accumulation area of the
contrast agent; (3), edema
area; (4), contralateral
(symmetrical) side of the
cerebellum

82-91.5 ms; TE, 42.5 ms; flip angle, 20°, and slice thickness,
1.0 mm; size of the region of interest (slab), 60-80 mm; and
study duration, 4—6 min.

For a semiquantitative analysis of the signal nonuniformity
in the structure of lesions, we introduced a uniformity coeffi-
cient (UC), which is characterized as the ratio of the MR sig-
nal intensity from the tumor (affected area) to the signal
strength in the area of white matter on the contralateral side.
UC for a homogeneous structure is close to unity. The relative
value was calculated by dividing the uniformity coefficient in
the tumor by its value on the contralateral side
(rSWAN = SWANumo/SWAN,). Thus, the results showed
that the largest differences in the relative signal intensity
MRSrel. (rSWAN) (high UC values) are identified in the struc-
ture of metastatic tumors with no evidence of a hemorrhage—
a homogeneous form and a variant with tortuous vessels with
MRSrel. from 0.56 to 1.09 and with MRSrel. from 0.63 to
1.09, respectively. The lowest UC values were obtained in the
structure of metastatic tumors with signs of a hemorrhage with
rel. 0.69-0.76 UC for a structure with inhomogeneous mag-
netic properties of CBS which is much lower than 1.

UC can be calculated on a workstation using an image
processing software, such as FUNCTOOL (Advantage
Windows, GE). Regions of interest (ROI) are set in the most
hypointense tumor areas in the boundary area and the con-
tralateral side of the brain (Fig. 9.18). For a more precise
determination of the boundaries of the solid tumor, the SWI
(SWAN) sequence is also repeated after administration of
the contrast agent.

Based on all the findings (Dolgushin 2012), the structure
of metastatic tumors in the SWI (SWAN) sequence before
administration of contrast agent was homogeneously hyper-
intense (34%) or had signs of the presence of deformed ves-
sels—“points” (50%). Hemorrhages (“lumps”) in the
structure of metastatic tumors were detected rarely in 16% of
cases. The next cases of observations show these results.

As noted earlier, brain metastases from the same primary
source may have different shapes and visual appearances on
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Fig.9.19 A breast cancer
metastasis in the brain. On
MRI, there is a lesion in the
right parieto-occipital area,
characterized by an isointense
signal in T2-weighted image
with a pronounced perifocal
edema (a) and intense
homogeneous accumulation
of the contrast agent on
T1-weighted WI with fat
suppression (b). In the SWI
(SWAN) sequence,
hypointense inclusions are not
detected (¢), while the
accumulation of the contrast
agent (d) is most pronounced
on the periphery and in the
center of the lesion (arrows)

CT and MR images. At the same time, despite the rapid,
aggressive growth with severe dislocation of brain structures
and perifocal edema, metastatic lesions may have a homoge-
neous structure. In such cases, hypointense inclusions are
absent in T2 and SWI (SWAN) images; in other words, hem-
orrhages and deformed vascular microstructures remain
undetected. After administration of a contrast agent in such
cases, an increase in MR signal in the SWI (SWAN) sequence
is most pronounced on the periphery and in the central parts
of metastatic lesions, although, in TI1-weighted images,
accumulation of the contrast agent can be more intense in the
peripheral parts of the lesion (Fig. 9.19).

Figure 9.20 presents a case of a patient with glioblastoma
characterized by an isointense signal in T2-weighted images
and a pronounced perifocal edema (a). On MRI, there is a
tumor with hypointense signal in T1-weighted images before
contrast enhancement and intensive CA accumulation on the
periphery (b, c) after its administration. On SWI (SWAN)
MRI (d), a quite large hypointense fragment (bleeding

station) is indicated by the arrow on the background of mul-
tiple point areas with low density (altered blood vessels),
which is not visualized in T1- and T2-weighted images and
does not accumulate a contrast agent.

Using the SWI (SWAN) sequence to verify vascular
changes in the tumor structure provides additional visual
information regarding the properties of the blood vessels in
the tumor and allows to obtain semiquantitative (UC) and
quantitative (magnetic susceptibility maps) estimates.

Thus, the results of the studies on the use of the SWI
(SWAN) sequence in preoperative diagnosis show a great
potential and high sensitivity in demonstrating abnormal cap-
illary network and microhemorrhages in secondary malignant
brain tumors. This opens up new possibilities for the study of
angiogenesis of not only metastatic but primary tumors.

The SWI (SWAN) sequence has worked well in controlled
studies after radiotherapy, since the occurrence of hemor-
rhages in the metastasis tissues after radiotherapy is naturally
associated with damage to the vascular wall (Mitomo et al.
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Fig.9.20 Glioblastoma of
deep portions of the right
frontal region. On
T2-weighted MRI (a), there is
a lesion surrounded by
peritumoral edema; on
T1-weighted MRI (b) and
after intravenous contrast
enhancement (¢), there is an
annular opacification. On
SWI (SWAN) MRI (d), in
infiltrative and necrotic parts
of the tumor, multiple
hypointense lesions are
visualized—small
hemorrhages in the form of
lumps (the arrow), as well as
deformed blood vessels in the
form of small “points”
throughout the lesion with a
bright area on the periphery
of the edema

1986; Remler et al. 1986). The so-called radiation vasculitis
develops, which is accompanied by an increase in the vascu-
lar permeability and vasogenic edema, proliferation of endo-
thelial cells occurs, and then hyalinosis and fibrinoid necrosis
of the arterioles develop. As a result of damage to vasa vaso-
rum (microvessels supplying the vascular endothelium), tel-
angiectasia may be formed, and hemorrhages from them may
occur. In a morphological study, necrotic changes are detected
in the area of radiation necrosis and microhemorrhages from
telangiectatic blood vessels (Werner et al. 1988; Yamaguchi
et al. 1991). The SWI (SWAN) sequence allows to detect
these microscopic changes as hypointense areas with various
shapes (Fig. 9.21). A comparative analysis of T2-weighted
MRI in the control group of patients with metastases after
radiotherapy did not allow to visualize any specific changes
in the MR signal in the said sequences (4545), which would
imply the presence of hemorrhagic inclusions, while SWI
(SWAN) images clearly visualized small hypointense inclu-
sions (microhemorrhages) in all cases.
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Perfusion magnetic resonance imaging methods allow to
obtain a more detailed visualization and quantitative charac-
teristics of cerebral hemodynamics.

9.5  Perfusion MRI Techniques (DSC, DCE,

ASL)

It is known that malignancies are characterized by active
growth and have a high demand for an intensive blood sup-
ply, which occurs already when the tumor reaches 2—4 mm?
(Leenders et al. 2003). This condition can be provided only
by an active formation of a well-developed vasculature in the
tumor (angiogenesis). The rapid growth of the tumor, caus-
ing hypoglycemia and hypoxia, stimulates endogenous syn-
thesis of angiogenic cytokines, with the vascular endothelial
growth factor (VEGF) being the main. Several investigators
have shown that newly formed blood vessels differ from nor-
mal brain vessels (Cascino T. et al. 1983; Roberts 1997;
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Fig. 9.21 Multiple breast cancer metastases in the brain. MRI before
and after radiation therapy. Before treatment, on T2-weighted MRI (a)
and T1-weighted contrast-enhanced MRI (b, ¢), there is a large space-
occupying lesion in the right parietal region that rapidly accumulates
contrast agent. Follow-up scans 2 years after the radiotherapy. There is

Blouw et al. 2003): they are characterized by an extreme
degree of heterogeneity; presence of a plurality of capillaries
with indirect, curved course and fragile walls; presence of
arteriovenous shunts and closely spaced vessels; and alter-
nating areas of brain tissue hypoxia and active neoangiogen-
esis. The walls of the newly formed capillaries are
characterized by high permeability due to the presence of
extended gaps between endothelial cells, partial absence of
the basement membrane, etc. (Nussbaum et al. 1996). The
complex of these factors results in a degradation and increase
in the BBB permeability. The above morphological differ-
ences in normal and tumor blood vessels also determine the
differences in perfusion (hemodynamic) properties of nor-
mal and abnormal tissue.

Different methods are used to assess the hemodynamic
parameters in the cerebral blood flow: positron emission
tomography (PET) with 150, H,®0, and C"O, single-
photon emission computed tomography (SPECT) with
2mTc-HMPAO and '** Xe, computed tomography (CT)

a marked reduction in the lesion size. On T2-weighted MRI (d), an
irregularly shaped fragment with moderately low signal is identified.
After administration of the contrast agent, a small portion of its accu-
mulation persists on T1-weighted MRI (e). On SWI (SWAN) MRI (f),
there are hypointense (hemorrhagic) inclusions (the arrow)

with xenon (Xe) and iodine-containing CA (so-called CT
perfusion), and magnetic resonance imaging (MRI perfu-
sion). There are three main technologies evaluating hemo-
dynamic changes in the tissues by MRI: arterial spin
labeling (ASL), T2-*weighted perfusion MRI (DSC,
dynamic susceptibility contrast), and T1-weighted perfu-
sion MRI (DCE, dynamic contrast enhanced). Perfusion
techniques, being highly informative in assessing the
structures and functions of microvasculature, allowed to
evaluate the architecture of the tumor vasculature, sug-
gesting its probable histological structure (Baert and
Sartor 2005; Cha et al. 2007; Wang et al. 2011; Nechipay
et al. 2015; Griffith and Jain 2015; Pizzinni et al. 2015;
Gaddikeri et al. 2016).

MRI perfusion techniques are based on the change in the
intensity of the MR signal on T1-, T2-, or T2-*weighted
MRI during the transit of a bolus of contrast agent through
the bloodstream (Sorensen and Reimer 2000; Tofts 2004,
Ostergaard 2005; Saremi 2015).
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Concentration of MRCA in the bolus is usually 0.1 mmol/
kg of body weight, the volume of semi-molar MRCA bolus
is 10-15 ml, and the administration rate is 4-5 ml/s.
Following bolus administration of MRCA, the buffer solu-
tion (20 ml saline) is administered at 4.5 ml/s. In perfusion
MRI, similar to perfusion CT, images of each slice (10-15
layers) are repeatedly recorded during the MRCA bolus tran-
sit through the vasculature. Scanning takes 4 to 60 s in T2-/
T2-*weighted MRI (DSC) and 3.2 min in T1-weighted MRI
(DCE). The MRCA bolus transit on successive slices corre-
sponds to a sharp decrease in the MR signal intensity on T2/
T2-*weighted MRI and a sharp increase in the MRCA con-
centration (Fig. 9.22). The curve of intensity changes as
MRCA bolus passes provides the “signal intensity to time”
dependence in each pixel of the slice.

9 Magnetic Resonance Imaging (MRI)

The form of this relationship in pixels of brain arteries,
veins, and tissues (tumor, normal substance) gives, respec-
tively, arterial, venous, and tissue function by which the tis-
sue hemodynamic parameters are calculated: time to peak
concentration (TTP), cerebral blood volume (CBV), cerebral
blood flow (CBF), and mean transit time (MTT). Stages of
transformation of dynamic DSC data when constructing
parametric perfusion maps are shown in Fig. 9.23.

The cerebral blood volume (CBV) and time to peak con-
centration (TTP) can be estimated from the concentration
curve—C(t)—but cerebral blood flow (CBF) and mean tran-
sit time (MTT) are calculated using “deconvolution” algo-
rithms (SVD, etc.) as well as by processing the perfusion CT
data. In contrast to perfusion CT, values of cerebral blood
volume and flow in DCS are presented in relative units:
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Fig.9.23 A schematic
description of perfusion data
processing algorithm in DSC
MR perfusion (from Shiroishi
et al. 2015). AIF—arterial
input function, residual
function
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rCBF and rCBYV with normalization for the respective values
in the brain substance on the contralateral side with respect
to the tumor (Wetzel et al. 2002; Shiroishi et al. 2015).
Parametric maps constructed in an “off-line”” mode on work-
stations allow to visually assess the hemodynamic of a
metastasis or other brain tumors.

On perfusion T2-*weighted MRI, an ideal situation is
believed to be an intravascular spread of CA. In this case,
echo planar pulse sequences (SE, GRE) are used that can
provide temporal resolution of 1-2 s in the curves of inten-
sity change in the MR signal. CA leakage outside the vascu-
lar bed in an impaired BBB affects the shape of the “signal
intensity to time” curve, as the presence of CA in extravascular
spaces results in a reduction in the T1 relaxation time con-
stant and an increase in the MR signal intensity due to the T1
effect. In such cases, dynamic perfusion T1-weighted MRI
(the DCE) or MR DC (dynamic contrast enhancement) are
used.

Dynamic T1-weighted contrast enhancement is also per-
formed using a bolus intravenous injection of the standard
amount of CA with the construction of “signal intensity to
time” curves. This is based on the two-component Tofts and
Kermode model that considers the CA distribution in both
intra- and extravascular space and the kinetics of the contrast
agent transition from one space to another and back (Tofts
and Kermode 1991; Tofts et al. 1999). This allows to calcu-
late the vascular permeability parameters and the extent of
CA spread, K™, V,, and K,,, and construct relevant para-
metric maps. Figure 9.24 schematically shows tissue compo-
nents and direction of CA movement in them. A
two-component Tofts and Kermode model of pharmacoki-
netic exchange includes several components, each of which
is represented by the complex of tissues with their character-
istics: intravascular bed and extracellular, extravascular
(EES—extravascular extracellular space), and intracellular
space (Weidner 1998; Tofts et al. 1999). The MR dynamic
contrast enhancement characterizes them as a whole: CA
exchange occurs only between the intravascular and intercel-
lular spaces (constant K"™™).

Blood

plasma Ct=Ce*Ve

Ktrans
Ve, Ce

Intracellular space

Kep Extracellular space

Fig.9.24 MRCA kinetics. Two-component model (Tofts and Kermode
1991)
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e K" (transfer constant) is the CA diffusion constant
between the blood plasma and extracellular extravascular
space. The K™ value depends on the total surface area
and permeability of the capillary walls per unit of tissue
volume, as well as the blood flow velocity. This parameter
reflects the value of the product of microvascular perme-
ability by the area of vascular damage—PS for its minor
damage. In the normal brain tissue, K™ is almost zero;
however, in a tumor, this parameter may be much higher
than in the surrounding tissues (Bisese 1992).

¢ V. (EES) is the volume fraction of the interstitial extracel-
lular space.

* K., is the constant of reflux from the extravascular extra-
cellular space to the blood plasma (K., = K™*/V,).

These parameters were recommended in 1999 by a group
of researchers, who developed the methodology of dynamic
contrast enhancement (Weidner 1998).

A DCE study involves obtaining “native” maps of T1
relaxation of tissues and dynamic scanning with IV bolus
administration of contrast agent on T1-weighted MRI, for
example, pulse sequences FSE (General Electric Healthcare)
and TWIST (Siemens Healthcare) (Haacke et al. 2005). The
dynamic scan data processing is performed in an off-line
mode on workstations. On a workstation syngo MR (Siemens
Healthcare), the program Mean Curve calculates “signal
intensity/time” curves, and the program Tissue 4D calculates
parameters of vascular permeability (K™, V., K,) with con-
struction of relevant parametric maps. Perfusion parameters
are calculated in regions of interest (ROI) in the solid portion
of tumors (a region that corresponds to homogeneous accu-
mulation of contrast agent). Any cystic, necrotic compo-
nents, areas of hemorrhagic change, and vessels passing in
the tumor depth should be excluded from the region of
interest.

Thus, the data received by MR T1 DK (DCE) method can
be evaluated both qualitatively and quantitatively.
Quantitative estimates allow to isolate substrates that are
associated with the distribution and kinetics of the injected
contrast agent in the tumor. Figure 9.25 shows an example of
CA distribution in the lung cancer metastasis.

Along with MR perfusion studies, based on changes in
T1, T2, and T2* relaxation times of blood with bolus CA
administration (DCE, DSC), there is a non-contrast-enhanced
MRI method of imaging the capillary cerebral blood flow.

The advantage of cerebral blood flow studies by arterial
spin labeling (ASL) is the use of endogenous contrast
enhancement. Arterial spin labeling is performed using spe-
cial radio-frequency pulses that change the magnetization of
the blood in the supplying brain arteries. Labeled spins of
arterial blood inflowing into the brain tissue act as an endog-
enous marker. This blood forms a small bolus volume of
water molecules with modified magnetization, which inflows



Fig. 9.25 A lung cancer metastasis in the brain. MRI in the right pari-
etal lobe in T2-WI (a) and T1-VIBE (b) sequences after IV administra-
tion of contrast agent shows a space-occupying lesion with a necrosis
area in the central parts, pronounced perifocal edema, and uneven CA
accumulation. (¢, d) Parametric maps of K™ and V, (e) “concentration/

with the bloodstream into the capillary network of the brain
tissue with a certain delay—=9. Brain scans performed after
the inflow of s bolus of the endogenous marker produce an
image, whose contrast enhancement will be formed in the
presence of labeled spins. Such an image is called labeled.
The second scan of the same brain region is performed with-
out a previous inversion or saturation of the spins of water
molecules in arterial blood. In this case, the image is called a
reference image and is used to determine the baseline tissue
contrast enhancement. By subtracting the reference image
from the labeled one, slices with tissue contrast enhancement
can be obtained, corresponding to the distribution of labeled
spins in the brain tissue, i.e., perfusion images.

Currently, two versions of the ASL method are used—
continuous and pulse labeling. We used a pseudo-continuous
arterial spin labeling—pCASL (T1)—recommended for
clinical use (Kornienko et al. 2012; Alsop et al. 2015).
Figure 9.26 shows a layout of the labeling plane (red line)
and regions of flow mapping (green contour).
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time” curve (red artery, green metastasis, yellow and blue the intact
brain matter on the affected and contralateral sides, respectively). (f)
The slope of the leading edge of the “signal intensity to time” curve is
proportional to CBV

Registration of reference and labeled images is repeated
sequentially several times, just as it is done in fMRI, averag-
ing the signal intensity for each voxel in the image using the
corresponding screens.

A pseudo-continuous (pseudo-continuous ASL) method
of spin labeling of arterial blood protons using several radio-
frequency and gradient pulses—pcASL—was proposed by
Alsop et al. (2015). It combines high values of labeling effi-
ciency and signal/noise ratio in the perfusion images.
Labeling of protons is performed in a thin layer, through
which pass the arteries feeding the brain. The labeling dura-
tion is 1500-2000 ms. The time interval between the labeling
end and the beginning of the data registration affects the effi-
ciency of labeling; it is known as PLD (post-labeling delay).
PLD corresponds to the end of the bolus transit in the label-
ing plane. Ideally, a PLD duration should be longer than the
maximum arterial transit time (ATT) to the brain tissues, but
attenuation of the MR signal in the arterial blood with T1
time constant makes to search for a compromise solution.
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Fig.9.26 The scheme for
obtaining reference and
labeled images
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Labeling layer

Labeling + background
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Reference + background
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The recommended value for healthy adults is 1800 ms
(3.0 T). The MR signal is registered in 3D mode almost from
the entire brain. The scanning trajectory is an eight-start
helix; a delay between the labeling and registration of refer-
ence data is 1025-1525 ms. The study duration is 5—6 min.

Cerebral blood flow (CBF) maps are constructed in an
off-line mode on a workstation or directly on the MRI scan-
ner. CBF (mean and standard deviation) is measured in
regions located symmetrically in the tumor and the contralat-
eral side, and the ratio of CBF values obtained is calculated.
Figure 9.27 demonstrates the case of multiple lung cancer
metastases in the brain. MRI with contrast enhancement (d)
demonstrates multiple lesions with different sizes, with a
marked contrast enhancement. An ASL SVF map (e) shows
an inhomogeneous moderate increase in the blood flow in
the metastatic lesions.

The comparisons of the results of CBF measurement by
the ASL and DSC methods showed a high degree of correla-
tion of the data obtained by these methods (Jarnum et al.
2010). The ASL perfusion method, counterbalancing the
limitations of CT perfusion (radiation exposure, iodine-
based CAs), allows to obtain quantitative measures of the
cerebral blood flow velocity with a broad anatomical capture
in any region of interest (Fig. 9.28): in areas of the tumor, a
central necrosis, and normal brain tissue (Wolf and Detre
2007; Tourdias et al. 2008; Kornienko et al. 2012; Lowther
et al. 2015). MRI perfusion studies without CA have become
an important feature of modern neurodiagnosis.

At present, the development of neuroimaging methods
transforms into a new quality—from the structural to molec-
ular imaging to study the functional features of the brain.
One of such methods is magnetic resonance spectroscopy.

Magnetic resonance spectroscopy (MRS) is a method of
in vivo determination of the presence in the brain tissues of

——
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chemical compounds involved in metabolic processes in nor-
mal and abnormal conditions. The MR spectrum provides
information on the chemical composition of tissues. The
positions of the MR spectrum peaks characterize the chemi-
cal composition, the peak width reflects the value of T2
relaxation time of compounds, and the peak height and area
under the peak are proportional to the compound concentra-
tion. Thus, MRS provides the possibility of determining the
concentrations of chemical substances present in the tissues.
MRS is a powerful noninvasive method of obtaining in vivo
information on the chemical composition of the brain matter
on the metabolic level.

The MRS is based on the difference in resonance frequen-
cies of identical nuclei in different materials, caused by the
fact that these nuclei are surrounded by various chemical
bonds that affect the local value of the magnetic field strength
and determine the resonant frequency of the nucleus in the
compound. The difference of the nucleus resonant frequen-
cies in a chemical compound from the resonant frequency of
a “free” nucleus is called the chemical shift. The difference
of the resonant frequencies of different compounds is depen-
dent on induction of the external magnetic field and typically
is of the order of tens to hundreds of Hz, while the resonant
frequencies are of the order of tens to hundreds of MHz.
Therefore, the chemical shift is usually measured relative to
the fundamental resonant frequency in parts per million
(ppm). Spectroscopy is based on this difference in chemical
shift of the resonance frequency of the nuclei of different
chemical compounds. MR spectroscopy evolved from an
analytical method of high-resolution NMR spectroscopy that
appeared in the 1950s of the last century. It should be noted
that the emergence of MR imaging was encouraged by the
works of Damadian on spectroscopy of benign and malig-
nant tumors in the early 1970s. Currently MRI scanners
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Fig.9.27 Multiple lung cancer metastases in the brain. On T2-weighted
(a), Tl-weighted (b), and T2-FLAIR (¢) MRI, multiple lesions are
observed with a moderate perifocal edema and hemorrhagic impregna-
tion—an increased signal in T1-weighted sequence (b). In DWI image
(d), the signal from the lesions is mostly isointense. On contrast-

allow to obtain MR spectra based on the resonance frequen-
cies of the nuclei of hydrogen (‘H), phosphorus (*'P), fluo-
rine (*F), sodium (**Na), and potassium (¥*K). In clinical
practice, proton 'H MRS is the most widely used, as almost
all organic compounds include hydrogen atoms and proton
nuclei in water molecules have a high magnetic moment and
form a sufficiently high MR signal.

Proton MRS is the most sensitive method for determining
the presence of metabolites in the nervous tissue even in
small concentrations. The proton MR spectrum has peaks of
compounds such as NAA (N-acetylaspartate) with a peak of
2.0 ppm; Cho, choline (3.2 ppm); Cr, creatine (3.03 and
3,94 ppm); ml, myoinositol (3.56 ppm); Glx, glutamate and
glutamine peaks (2.1-2.5 ppm); Lac, lactate peak (1.32 ppm);
and Lip, lipid complex (0.8—1.2 ppm).

enhanced T1-weighted MRI (e), there is a pronounced accumulation of
the contrast agent in the lesions. The CBF map in the ASL sequence (f)
shows a heterogeneous weak nature of the blood flow increase in metas-
tases (arrows)

Currently, MR spectroscopy uses two main approaches:
single-voxel (SV) MRS and multi-voxel MRS (2D/3D MRS
or chemical shift imaging). Multi-voxel MRS allows to
obtain spectra for multiple parts of the brain with a single
scan.

Figure 9.29 shows a proton spectrum of the white matter of
the brain in a healthy person, obtained in single-voxel MRS in
a magnetic field of 3.0 T. The highest peak is NAA.
N-acetylaspartate is a form of aspartate accumulation in neuro-
nal cells; it is synthesized in the mitochondria. Creatine, phos-
phocreatine (Cr), is involved in the cell energy metabolism; it is
a supplier of phosphate groups for the conversion of ADP to
ATP. Choline (Cho), a cell membrane component, displays the
total reserves of choline in the brain tissue. Myoinositol (ml) is
contained in glial cells and participates in the osmolar status
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Fig.9.28 A cancer metastasis from an unidentified primary source. On
MRI, in the right parietal region, there is a space-occupying lesion with
an irregular shape, with signs of a pronounced perifocal edema. In
T2-weighted (a) and T2-FLAIR (b) images, the signal from the metas-
tasis is mainly isointense. In SWI (SWAN) (c) images, there are marked

regulation. GIx is a total peak of glutamate and glutamine.
Glutamine, an amino acid and a precursor of glutamate in
astrocytes, is an excitatory neurotransmitter. Low peaks of glu-
tamine and glutamate are present in the spectra in case when
MRS uses short times TE = 30-35 ms. Lactate (Lac) is an
anaerobic glycolysis product absent in a healthy tissue.

When selecting a region for MR spectroscopy, the tumor
location relative to the bone structures, great vessels, and
cerebrospinal fluid spaces should be taken into account.
Incorporation of these structures in the study region brings
additional local inhomogeneity of the magnetic field, which
results in a reduction in the signal/noise ratio. Excitation of
nuclear substances that make up the body fat is one of the
main issues in MR spectroscopy, since the signals of these
nuclei introduce interferences and noise in the MR spectrum
of the region of interest. Various methods, including manually

isolated hypointense inclusions in the solid part of the metastasis that is
characterized by a sharp increase in the blood flow values on the ASL
(d) maps. After the administration of contrast agent (e, f), its intense
accumulation in the tumor occurs, and another small necrotic lesion is
further visualized

setting the saturation bands, are used to suppress the signal
from the fat. During registration of spectroscopy data, the
area under saturation bands does not receive excitatory
impulses. A standard MRS protocol allows the use of 10-12
saturation bands. Six of them have standard positions in the
anterior, posterior, right, left, top, and bottom planes around
the region of interest. Four additional bands are set manually
by the operator around the study region of the brain through
their rotations and translations. It is recommended to posi-
tion these bands in regions adjacent to the adipose tissue,
bone structures, and blood products.

Since the concentration of the studied metabolites is
10,000-fold lower than the concentration of water in the brain
tissue, the high MR signal from the water is masking weaker
signals from metabolites. Therefore, before registering the
spectrum, it is necessary to suppress the signal from water.
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Metabolite Name Chemical
shift, ppm
NAA N-acetylaspartate 2.0
NAA Cr phosphocreatine 3.2
Cho Choline 3.03; 3.94
Cr i ml Myo-inositol 3.56
Gl
¥ Glx Glutamate and glutamine 2,1-2,5
Lac/Lip
M Lac Lactate 1.32
Lip Lipid complex 0.8-1.2.
4 3 2 1

Fig. 9.29 Single-voxel PMRS of a brain region in the normal white matter. The NAA peak is most pronounced. Lip and Lac peaks are virtually

indistinguishable at the noise level

Fig. 9.30 A kidney cancer metastasis in the brain. On T1-weighted MRI (a), there is a rounded lesion in the left frontal lobe of the brain. On
PMRS (b) there is a decrease in major peaks characteristic of normal brain tissue and a sharp increase in peaks of the Lip-Lac complex

This suppression is performed automatically when setting up
the apparatus before MRS (PreScan).

An important criterion for setting the apparatus before
MRS, in addition to the correct choice of a square of study, is
the value of the spectral line width that should not exceed
4-7 Hz in the field of 1.5 T and 15-25 Hz in the field of 3.0 T.

Figure 9.30 shows the MR spectrum of a renal cell carci-
noma metastasis. The lesion is characterized by an a low

raised signal on T1-weighted MRI. On PMRS, there is a
marked decrease in peak heights from major metabolites of
normal nervous tissue, while the spectrum contains a pro-
nounced peak of the Lip-Lac complex.

On PMRS, there is an increase in peaks of lactate (Lac)
and lipids (Lip) and in 10% of cases a moderate peak of cho-
line (Cho) in the central part of metastases (usually, an area
of tumor decay). In our opinion, the presence of Cho is most
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likely related to an error in the study, since the voxel volume
in small lesions may involve the adjacent brain substance.

Multi-voxel MR spectroscopy (MMRS) allows to per-
form a differentiated study of the ratio of metabolites in
various elements of the tumor, in the boundary area, and in
an intact part of the brain using a single scanning. This
approach allows to perform a more accurate assessment of
tumor areas with necrotic changes and identify their solid
part, which can be used for a biopsy. Figure 9.31 shows the
results of multi-voxel MR spectroscopy in a patient with
colon cancer metastases in the brain. The lesion is charac-
terized by a reduced signal on T2-weighted MRI (a) and
intensely and unevenly accumulates the contrast agent (b).
The graphs of multi-voxel spectroscopy show a pro-
nounced peak of the Lip-Lac complex in the central por-
tions of the lesion, and the Cho peak appears in the
peripheral portion of the latter. In the peritumoral area, the
peak height of the Lip-Lac complex decreases and reaches
the Cho peak level.

The spectra obtained in multi-voxel and single-voxel
spectroscopy are not crucially different. In order to deter-
mine the concentrations of metabolites present in the MR
spectra, a specialized processing of spectroscopy results is
required. The form of the spectrum allows to qualitatively
compare the composition of metabolites in normal and
abnormal tissues. For the semiquantitative analysis, the peak
height ratios of major metabolites are used.

Multi-voxel spectroscopy is often accompanied by
expressed “noise” due to local inhomogeneity of the mag-
netic field. It is not always possible to obtain the quantitative
information of the necessary quality. Artifacts emerging in
such cases are provoked by hemorrhagic inclusions with
paramagnetic properties that accompany the post-radiation
response, as well as plenty of free water in the edematous
area and leukoencephalopathy.

The metabolite peak ratios in the solid structure of meta-
static tumors in the brain are shown in Table 9.2. As can be
seen, the Lac peak can be almost ninefold higher than the

Fig. 9.31 A colorectal cancer metastasis in the left frontal region of
the brain. On T2- (a) and T1-weighted contrast-enhanced MRI (b), a
large lesion with a pronounced perifocal edema and the typical reduc-
tion in the T2-weighted signal are detected in the left frontal region. On

MMRS (d), there is a pronounced Lip-Lac complex in the central por-
tions of the lesion. In the perifocal area, there is a decrease in the Lip
peak and occurrence of the Cho peak
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Table 9.2 Mean values of metabolite ratios in proton magnetic resonance spectroscopy of metastases (n = 78)

Metabolite ratio Cho/Cr NAA/Cr

ml/Cr Lac/Cr

Mean, standard 2.82 +0.37 1.71 +0.37

deviation

1.47x£0.37 8.82x1.47

Lac

Lip

UWAM

P

ppm

Fig.9.32 MRI scan and the spectrum of the radiation necrosis area in
the left parietal-occipital region (a) and a large solid metastasis of lung
cancer in the right temporal region (b). The spectra show similar

creatine peak, while the choline peak is almost threefold
higher than the creatine peak. The peaks of NAA and ml are
not pronounced, and their height is slightly higher than that
of the Cr peak.

MR spectroscopy showed no significant specificity for
differentiation of metastatic brain lesions of various etiolo-
gies. Changes similar to PMR spectra in metastases were
observed in glioblastoma and other tumors with necrotic
decay (Fig. 9.32). Thus, the use of single-voxel PMRS does
not allow to differentiate MTSs from malignant glial tumors
as characteristics of single-voxel PMR spectra and images of
both are similar in standard MR sequences.

9.6 Diffusion-Weighted MRI

A distinctive feature of MRI is the possibility to visualize not
only the movement of blood through the capillary network
but also thermal or Brownian motion of water molecules in
the brain tissues. Diffusion is the basic physical process
occurring in the metabolic cell reactions. Chaotic (Brownian)

signs—a pronounced Lac and Lip peak—while peaks of other metabo-
lites are not determined

motion of molecules (thermal motion, speed of the order of
10~*mm?/s) ensures theirkinetic energy. Phenomenologically,
diffusion properties in an isotropic medium are characterized
by Fick’s law that relates the vector of molecule flow with
their concentration gradient (Murase 2015). The diffusion
coefficient D acts as a proportionality coefficient. The higher
the diffusion coefficient, the faster the solution mixing. The
higher the value of the diffusion coefficient, the greater the
distance that the average molecule can move within the same
time. The unit of measurement of the diffusion coefficient is
mm?/s—a circle area—where the molecule may be present
for 1 s.

The movement of water molecules in living tissue
occurs both within a single cell (restricted diffusion) and
in the intracellular spaces among the structures that limit
the movement of molecules, leaving some freedom for
maneuvering between obstacles (free and hindered diffu-
sion). In general, the magnitude of the diffusion coefficient
depends on the composition and microstructure of the
material in which water molecules diffuse. At body tem-
perature, in a large volume of water (free diffusion) as
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compared to the size of a water molecule (2 nm), the diffu-
sion coefficient is (2-2.5) x 107> mm?/s. In real biological
environment, the following natural barriers hinder free
movement of protons: cell membranes and large protein
molecules, which water molecules can encounter over
time. Therefore, in practice, the actual value or apparent
diffusion coefficient (ADC) is calculated, which is less
than the magnitude of the diffusion coefficient for pure
water at body temperature.

The first diffusion-weighted MR image was obtained in
1985 (Le Bihan and Breton 1985); however, DWI came in
clinical practice with generation III MR scanners (Le Bihan
et al. 1991). In order to obtain diffusion-weighted DWI MRI
scans, modern scanners use echo planar pulse sequences
“spin echo” with two additional diffusion gradients (DG)
(before and after the 180-degree RF pulse). The first DG in
SP adds a phase to precessing protons in the slice; the second
one reads the changes since the precession direction changes
after the 180-degree RF pulse. Phase changes in stationary
protons in macromolecules, caused by the action of two
DGs, are fully compensated by the time of data registration.
The MR signal from these protons at the time of registration
corresponds to the tissue T2 and is equal to the signal
recorded in the same SP SE EPI in the absence of DG, i.e.,
when b = 0 s/mm?. Protons involved in the diffusion motion
of water molecules receive different phase addendums by
action of two DGs, and, at the time of registration, the MR
signal from them will be reduced in comparison to the MR
signal of T2-weighted images. Regions of tissue with slow
diffusion on DWI will look brighter than the regions of tissue
with a high rate of diffusion movement. A marked decrease
in the visual MR signal intensity occurs when the signal
phase changes by two- to threefold.

When b = 500/mm?, the diffusion of protons can be visu-
ally assessed with an average diffusion coefficient of
5.0 x 1073 mm?s. For b = 1000 s/mm?, the optimum condi-
tions for measuring the MR signal reduction will be slower
in diffusing protons with ADC of about 2.5 x 10~ mm?/s, i.
e., almost as in water-free. Using even higher b values, the
rate of diffusion movement in cell compartments can be esti-
mated (Le Bihan and van Zijl 2002). In our studies, we used
the value of the diffusion factor = 1000 s/mm?. As a result of
each DW MRI study, a series of T2-weighted MRIs (without
DG) and several series of T2- and diffusion coefficient-
weighted MRIs are obtained (Basser and Pierpaoli 1998;
Pronin et al. 2000). The extent of weighing by the diffusion
rate is determined by the value of a so-called diffusion fac-
tor—b—that is dependent on the DG duration and the time
delay between the two:

b=y*G¥"5* (A-58/3), 9.1)

where y is the gyromagnetic ratio, Gisthe amplitude of the
diffusion gradient, ¢ is the length of each diffusion gradient,
A is the interval between the two diffusion gradients.

The unit of measurement for b is s/mm?. The b value is a
parameter of the DWI pulse sequence protocol. The MRI
signal value depends on the direction along which DG acts.
In diffusion MRI, for each DG direction, the first measure-
ment is performed without DG, i.e., for b = 0 s/mm? (A),
and with DG, for b = (500-7000) s/mm?. In this case, DW
MRI measures the MR signal, whose intensity is dependent
on T2 in the tissue —S(0) and simultaneously on T2 and the
speed of diffusion of water molecules along the movement
direction of the diffusion gradients S(b). Taking the loga-
rithm of the measured MR signals, the value of the diffu-
sion coefficient can be obtained directly along the DG
direction:

InS(b)=1nS(0)-bD. 9.2)

For biological tissues, S(b) is typically measured for
three directions of DG action (R-L, A-P, S-I), and the diffu-
sion coefficient values calculated using three equations are
averaged (summed up and divided by 3). This average
value of the diffusion coefficient in the standard DW MRI
is called an apparent diffusion coefficient (ADC). Thus, the
standard DW MRI allows to calculate for each voxel the
average diffusion coefficient for three directions, i.e., to
map ADC. Using the map of the average diffusion coeffi-
cient or ADC, the ADC in the region of interest is measured
(Fig. 9.33).

Based on the feasibility of using DWI in the differential
diagnosis of cerebral metastases, we sought to identify those
areas of the tumor that would have a marked qualitative dif-
ference and allowed to differentiate the metastases from pri-
mary brain tumors. For example, it is known that cells of
glial tumors diffusely grow into the normal brain tissue, in
contrast to metastases that normally grow expansively and
only mechanically affect the brain tissue. Therefore, in all
studies performed, we focused not on the features of the
tumor stroma diffusion but on the area adjacent to the edge
of the abnormal lesion (the edema region not accumulating
the contrast agent).

Figure 9.34 shows the regions of study of the diffusion
coefficient with factor b = 1000, the central area of necrotic
changes, the area of contrast agent accumulation, the
edema area directly adjacent to the tumor, and the vaso-
genic edema area and contralateral (symmetrical) side of
the brain.
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Fig. 9.33 A metastasis of colorectal cancer. On T2-weighted (a),
T1-weighted (b), and T1-weighted contrast-enhanced (¢) MRI, there is
an oval-shaped space-occupying lesion with a pronounced perifocal
edema and intense accumulation of contrast agent in the posterior seg-
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Fig.9.34 Regions of interest ADC in DWI images of metastases in the
brain. (1), the central area of necrosis; (2), the area of the contrast agent
accumulation; (3), the vasogenic edema area; (4) the edema area,
directly adjacent to the tumor; and (5), the contralateral (symmetrical)
side of the brain

ments of the corpus callosum. Parametric diffusion maps: ADC or aver-
age diffusion coefficient (d), the fractional anisotropy map (e), and the
color structural anisotropy map (f) show a deformation of the tracts of
the corpus callosum

Table 9.3 Average values of DWI MRI in brain metastases
(ADC x 107 mm?s)

The nearest

peritumoral Vasogenic
Region of study Tumor stroma | area edema area
Obtained ADC 1.15+£0.2 1.37+0.2 1.56 £0.2
values (in
103 mm?/s)

On diffusion MRI, metastatic tumors are characterized by
heterogeneous changes on DWI and ADC maps. Solid
lesions usually have an increased and homogeneous MR sig-
nal on DWI, and ADC values are significantly lower than
those for glial tumors. Table 9.3 shows the results of measur-
ing ADC in the stroma of metastases in the near peritumoral
area and in the area of vasogenic edema. Metastases, unlike
glial tumors, have a lower DWI signal in the edema area,
which is likely due to the denser structure of the brain tissue
and less free movement of water molecules in the edema area
around the primary tumor site.

In case of hemorrhagic inclusions in the metastatic lesion,
the intensity of the MR signal may increase from iso-
hyperintense to hyperintense (in our material—27% and 9%,
respectively), Fig. 9.35.
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Fig.9.35 A lung cancer
metastasis in the brain. On
MRI, there is an oval-shaped
space-occupying lesion with
signs of mild perifocal edema
in the left frontal region. On
T2-weighted MRI (a), the
tumor is heterogeneous with
hypo- and hyperintense
inclusions. On T1-weighted
(b) and DWI (¢) MRI, the
signal from the formation is
primarily increased due to a
hemorrhagic content. After
the administration of contrast
agent in T1-fat sat sequence,
its fragmentary accumulation
along the medial contour of
the tumor (d) is observed

In such a situation, it is impossible to differentiate the
metastases based on DW MRI.

Further information can be obtained by diffusion tensor
MRI (Lu et al. 2003). The authors noted the difference in the
diffusion values in the area of perifocal edema, suggesting a
different degree of diffusion of extracellular water molecules
and probably of various degrees of infiltration of the sur-
rounding tissues by tumor cells. In addition, the expansive
growth of metastases results in a displacement (dislocation)
of adjacent white matter tracts, while in glioma they undergo
destruction.

9.7 Diffusion Tensor MRI (DT MRI)

The dependence of the diffusion speed on the direction is
called diffusion anisotropy. Water molecules in the white
matter of the brain easily diffuse along the nerve fibers, but
their movement across the fibers is limited by an imperme-
able myelin sheath. In order to visualize the anisotropy of

water diffusion in the tissue, diffusion tensor MRI is used.
The mathematical apparatus of tensors is used to describe the
diffusion properties that change with the direction.

Diffusion isotropy means that the diffusion motion of
molecules does not depend on the orientation of the
medium and the molecule does not go beyond the sphere
with radius D, where D=(D,,+D,,+D,,)/3=ADC, during
the observation.

Diffusion anisotropy suggests that due to the orientation
of the elements of the medium during the observation, the
molecule does not go beyond the boundaries of the “diffu-
sion ellipsoid” with semiaxes.

The degree of “organization” of the conductive tracts into a
single tract is assessed using anisotropy factors or indices, for
example, by a fractional anisotropy ratio—FA (Basser and
Pierpaoli 1996; Pronin et al. 201 1; Zakharova et al. 2013). The
values of anisotropy coefficients or indices range from O to 1.

On the maps of fractional anisotropy, the diffusion pixel
brightness corresponds to FA. FA values allow for color coding
and codirectional diffusion movement of water molecules,
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wherein the preferential direction of the movement in each
pixel of a slice corresponds to the direction of the eigenvector
of diffusion tensor: red, on the x-axis; green, on the y-axis; and
blue, on the z-axis.

Diffusion tensor MRI is the means for detection of struc-
tural links between the brain regions, which is especially
important to establish in space-occupying processes and dis-
eases that distort the anatomic structure or destruct the white
matter. The movement of water molecules along axons can
be shown as a line connecting the eigenvectors of individual
voxels, which corresponds to the nerve fibers. There are dif-
ferent algorithms for constructing paths, varying from a sim-
ple regression algorithm (FACT) to quite complex ones
(HARDY, Q-ball). However, they allow to “draw” the course
of a plurality of nerve fibers that make up the nerve tract.
Therefore, tensor MRI is often referred to as tractography, a
visualization method of the nerve tract course.

Simple algorithms of tractography well draw single
large tracts, for example, the corticospinal tract, and do not
require a large number of different DG directions during
the data registration (minimum—six directions). More
sophisticated algorithms allow to track the area of a tract
intersection or branch points, but, for this, the diffusion
data for a large number of DG directions and higher values
of the diffusion factor should be obtained in order to achieve
a high angular resolution of directions (60-200 and above).
In clinical practice, a relatively simple algorithm FACT
(fiber assignment by continuous tracking) is commonly
used. The data acquisition time for tractography in this case
is 3-5 min.

All diffusion studies are conducted without the adminis-
tration of a contrast agent, which is important for critically ill
patients. DW and DT MRI provides additional qualitative
(visualization) and quantitative tissue characteristics that
assess the extent of the damage to the gray and white matter
in disease (diffusion coefficients and anisotropy).

The specifics of structural organization of some brain
tumors, in particular, meningiomas, schwannomas, and
gliomas, allow to predict with a high degree of confidence a
histological type of a tumor even before the surgery by using
diffusion-weighted images (Moritani et al. 2004; Kornienko
and Pronin 2008a, b, 2010). Figure 9.36 shows a large metas-
tasis of breast cancer with the cystic structure and a mild
perifocal edema. Tractography visualizes a significant dislo-
cation of the conductive tracts by the lesion.

When brain metastases are detected, it is important to
establish their primary source. Positron emission tomogra-
phy (PET) identifies metastatic lesions by accumulation of
radiopharmaceuticals (RP) in them and allows to construct a

three-dimensional model of the radiopharmaceutical distri-
bution in the body. Studies by Takahara et al. (2004) showed
that DWI MRI allows to construct a 3D model of distribution
of areas with an increased cell density for the whole body,
similar to that in PET.

9.8 Whole-Body DWI MRI

In order to perform the whole-body DW, Takahara et al.
(2004) added the echo planar pulse sequence for DWI and
a complex of radio-frequency pulses to suppress the signal
from fat—STIR. This method is called whole-body
diffusion-weighted MRI with suppression of the back-
ground signal (DWIBS). Malignant tumors are known to
have higher metabolic parameters, a compact structure of
tumor cells, and a decreased volume of the intercellular
space (Koh and Collins 2007). This allows to visualize the
tumor structure on the background of unaffected tissues on
the whole-body DWI MRI (Guo et al. 2002; Yamasaki
et al. 2005; Nemeth et al. 2007). This study is carried out
using a spinal multichannel coil. The data registration time
is 430 s with obtaining 80 axial 4 mm slices with a 1 cm
overlapping. The obtained axial DW MRI simultaneously
weighted by diffusion and T2 are processed on a worksta-
tion using a multiplanar reconstruction algorithm (MPR or
REFORMAT) with the inverted shades of gray scale. As a
result, a three-dimensional model is constructed, similar to
the one obtained by PET (Fig. 9.37). Figure 9.38 shows the
results of PET and whole-body DW MRI studies of a
patient with peripheral lung cancer. The projection of the
upper lobe of the left lung on PET shows an increased sig-
nal area (arrow A); in addition, the central sections of the
right lung additionally contain a pinpoint region with simi-
lar signal intensity (arrow B). The whole-body DWI in
similar planes (D, E, F) detects a large tumor with an
increased signal in the right lung, similar to the lesion
intensely accumulating RP. In addition, the whole-body
DWI body identified multiple affected paratracheal lymph
nodes.

Noninvasiveness and minimal time to obtain DWI are an
advantage of whole-body DW MRI in the diagnosis of the
primary source of metastatic brain lesions. Along with
whole-body DW MRI, the study protocol includes obtaining
T1- and T2-weighted MRI of the “region of interest” to clar-
ify the origin of findings, although, in fact, the purpose of the
study is not so much an accurate histological diagnosis, as
the determination of “targeted” abnormal sites to facilitate a
subsequent tumor search and disease verification.
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Fig. 9.36 A breast cancer metastasis in the brain. In the left frontal
region, there is a large cystic lesion with an increased signal on
T2-weighted MRI (a). Noteworthy is a mild edema on the background
of the large tumor. On T1-weighted MRI before the administration of

The methods aimed to investigate the internal organs and
body structures, such as ultrasound and X-rays, do not give
an overall picture of the “whole body.” This picture can be
obtained by MRI and nuclear medicine: scintigraphy,
SPECT, and PET. It is generally accepted that PET with '*F-
FDG is the gold standard in the evaluation of tumor dissemi-
nation, but these studies cause an ionization burden and their
cost is quite high. Therefore, there is a constant search of
alternative diagnostic methods that could be referred to as
screening methods. Whole-body DWI studies are called PET
simulation or PET-like images as whole-body DW MRI
results are similar to those in radiologic diagnosis, including
PET (Fig. 9.38). The patient with Hodgkin’s lymphoma on
an osteogram has lesions with an increased RP accumulation

contrast agent (b), the lesion is homogeneous and hypointense, while
after the administration of contrast agent (¢, d), there is a thin rim of its
intense accumulation. The MR tractography (e, f) shows a severe dislo-
cation of the tracts

in the thoracic vertebrae and rib IX on the right on PET with
BF-NaF (sodium fluoride), and additional lesions are visual-
ized in the pelvis and the spinous process of vertebrae L1 and
rib 2 on the right. On PET with ¥F-FDG, tumor lesions are
visualized in the mediastinum; these are also seen on
DWI. Thus, whole-body DW MRI allows to suspect a space-
occupying lesion in the upper lobe of the left lung, similar to
PET with ¥F-FDG.

The size, shape, and number of lesions on MRI and PET
are generally not identical, differing in the direction of both
an increase and a decrease. A decrease in the size of lesions
may be associated with chest excursions during respiration
and a partial loss of changes on MRI. An increase in high-
signal areas on whole-body DW MRI may be affected by a
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Fig.9.37 Lung cancer. PET images in the frontal (a), sagittal (b), and  RP (arrow A) and with an increased DWI signal. Additionally, affected
3D (e) reconstructions and whole-body DWI in similar planes (d—f) paratracheal lymph nodes are identified (arrow B)
identified a large tumor lesion in the right lung, intensely accumulating
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Fig. 9.38 Hodgkin’s lymphoma. A bone scan (a), PET with '®F-NaF
(b), ¥F-FDG (¢), and whole-body DWI MRI (d) of a Hodgkin’s lym-
phoma patient with multiple lesions in the bones. On the osteogram,
there are lesions with an increased RP accumulation in the thoracic ver-
tebrae and rib IX on the right on PET with 'F-NaF, and additional
lesions are visualized in the pelvis and the spinous process of vertebrae
L1 and rib 2 on the right. On PET with '"8F-FDG (c), tumor lesions are
visualized in the mediastinum that are also determined on DWI (c)

perifocal edema, atelectasis, the presence of cysts, and hem-
orrhages in the lesion stroma. However, DW MRI is per-
formed without CA and without breath holding. The study
duration is 10-15 min.

Using standard flexible coils for a study of the body
allows, if necessary, to investigate the “region of interest” on
standard T1- or T2-weighted MRI for verifying the origin of
abnormalities.

In general, the analysis of our own material has shown
that, in order to adequately assess abnormalities on whole-
body DWI MRI, a number of features of this technology
should be taken into account. Thus, it is possible to
wrongly interpret a visualized fluid accumulation in the
intestine and peritoneal “pouches” of the abdominal cav-
ity, perineural spaces along the exit of the roots from the
intervertebral foramen, ureters, filled bladder, and stomach
contents. Postoperative changes, such as “fresh” scars,
blood congestion, edema of the postoperative area, and
exudative pleurisy, also cause an increase in the signal on
DWI MRI. These findings can be misinterpreted as metas-
tases. In our study, in 24% of cases, in addition to the
above changes, false-positive results were also observed in
the form of hyperintense areas in the projection of the axil-
lary and inguinal lymph nodes (manifestations of non-
tumor hyperplasia) and venous structures (a slow blood
flow in the valve area).

The main issue in the study of the internal organs using
any method is artifacts from the physiological movements
(breathing, peristalsis, heartbeat, blood flow). Standard MR
sequences are most sensitive to such artifacts; in addition,
they require duplicate scanning with contrast enhancement.
At the same time, they are considered to be the most infor-
mative in assessing the tissue characteristics. DWI MRI does
not provide the same quality of the anatomical picture that
may be obtained in standard CT and MR studies; however,
this method can visualize the movement of water molecules
at the cellular level. Thus, the DWI method allows for visu-
alization of the tissue with a high water content, character-
ized by a high ADC. As with PET, DW MRI of the body
evaluates molecular changes in the affected tissues.

One of the advantages of this method is the ability to track
changes over time and quickly change the treatment strategy
and combining scans of the brain and whole body. In view of
the time and cost of the study, the whole-body DWI MRI can
be regarded as a screening method.



Positron Emission Tomography (PET)

A distinctive feature of radionuclide methods, including pos-
itron emission tomography (PET), is their initial focus on a
visual and quantitative assessment of biological processes
within the cell (Shinoura et al. 1997; Chen 2007; Kumar
et al. 2010; Granov and Tiutin 2013). Thus, if MR or CT
perfusion indirectly suggests a degree of malignancy or via-
bility of the tumor tissue by its structural characteristics or
hemodynamic parameters, PET with ®F-choline, for exam-
ple, estimates the intensity of the formation of cell mem-
branes, including endothelial cells, long before the formation
of the abnormal vasculature. An assessment of biochemical
processes in the brain is of particular interest both in the dif-
ferential diagnosis of intracranial tumors and in the differen-
tiation of therapy-induced residual tumor necrosis and edema
(Dolgushin 2008). Important is the fact that, in PET studies,
ametal or other foreign bodies do not give artifacts in images,
in contrast to CT or MRI, and their presence in patients is not
a contraindication for the study.

Positron emission tomography (PET) using a variety of
radiopharmaceuticals (RP) provides unique information
about the functional state of tumors by a number of biologi-
cal processes, such as glucose metabolism, protein/DNA
synthesis, rate of cell membrane synthesis, angiogenesis,
hypoxia, etc. (Weidner 1995; Hara et al. 1997). The first PET
studies with *F-FDG were conducted on the brain and were
directed to the study of functional disorders in dementia,
epilepsy, Parkinson’s disease, and Alzheimer’s disease.
However, the use of PET with '"8F-FDG in brain tumors is
limited because of the intense physiological accumulation of
the drug in the gray matter. The isotopes that emit positrons
generally have expressed specific radioactivity, and, as a
rule, only a small amount of RP is needed to obtain the
necessary information. The relatively short half-life of the
isotopes used in PET helps reduce the radiation dose and
allows for repeated measurements at short intervals. Due to
the specifics of the primary diagnosis of brain tumors, PET
with F-FDG is inefficient as compared to MRI. However,
BE-FDG helps visualize tumors with high metabolic activity,
such as metastases, glioblastoma, some types of meningiomas,
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and gray matter lesions, resulting in a decrease in metabolic
activity. A simultaneous scanning of the “whole body” and
brain with ®F-FDG PET significantly reduces the informa-
tion value of the study because of the high background RP
accumulation in the brain deteriorating the relative contrast
of extracranial lesions. This is why the so-called “whole-
body” study with "*F-FDG is limited to the level of the skull
base.

PET diagnosis identifies tissues by varying degrees of
glucose consumption. Since most tumors have a higher
metabolism than intact tissues and the glucose consumption
by the tumor tissue is higher, PET images display areas of
abnormally high tissue metabolism. On the scans, there are
foci with increased accumulation of glucose labeled with
the isotope F. The detection of increased accumulation
areas on the background of areas with the normal RP accu-
mulation indicates an increase in metabolic processes in this
area, which may be caused by a tumor, inflammation, etc.
An area with enhanced metabolism allows to judge with
high reliability about the presence and extent of a tumor. In
addition to determining the extent of the tumor process and
the early detection of its manifestations due to progression,
evaluating the effectiveness of cancer treatment, diagnosis
of iatrogenic (postoperative) damage, and post-radiation
scarring, PET is effective in the differential diagnosis of
malignant tumors from benign tumors and non-tumor
diseases.

10.1 Radiopharmaceuticals (RP) for PET

and the PET Facility Structure

Obtaining RP is a knowledge-intensive, technologically
complex, and expensive procedure, which is carried out in
specialized laboratory units. The main machines for the pro-
duction of radionuclides for nuclear medicine are nuclear
reactors, radionuclide generators, and particle accelerators
(typically cyclotrons). The reactor method is the most
common in the preparation of radiopharmaceuticals for
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scintigraphy and SPECT, but it does not allow to produce a
number of important PET radioisotopes. Production of iso-
topes for PET is carried out in a cyclotron by “bombing” the
target with accelerated charged particles.

A PET facility must include cyclotron radiochemical com-
plex for production of radionuclides and radiopharmaceuti-
cals, a positron emission tomography machine (with an
experimental laboratory), and workstations for processing the
information obtained from the PET study. Figure 10.1 shows
an external view of a horizontal cyclotron and a laboratory for
synthesis of radiopharmaceuticals and quality control.

The cyclotron accelerates charged particles (protons, deu-
terons) H/D to an energy of 18 MeV (protons)/9 MeV (deu-
terons), after which the accelerated particles bombard the
target material. The beam energy is one of the key parameters
of an accelerator, since with its increase the possibility to
obtain a larger number of radionuclides occurs. For routine
production of medical radionuclides, a beam energy of the
order of several tens of MeV is sufficient. For producing '8F,
the N.N. Blokhin Russian Cancer Research Center uses a
cyclotron Cyclone 18/9 (IBA, Belgium) with a beam energy
of 18 MeV for protons and 9 MeV for deuterons. Another
important indicator for producing radionuclides is a beam
current: the higher it is, the more intense is the production.
For a mid-sized target (MV) with the volume of 1.2 ml, a
working current value is 25 mA; for larger (XXL) volume of
about 3.0 ml, it is as high as 80 pA. In order to prevent pos-
sible accidents, there is a safety system provided in the cyclo-
tron, since the excess of the permissible value of the current
during irradiation can cause a failure of the entire target.

Isotopes of chemical elements presented in live biological
samples in large amounts are used as the target substance,
water-enriched isotope 80, nitrogen gas N2, natural water
H,Or, and gas xenon '**Xe, as well as solids tellurium **Te,
thallium 2T, zinc ®Zn, cadmium '2Cd, etc., which may sub-
stitute stable isotopes, normally available in biological mole-
cules, without altering their physiological properties. As a
result of the bombardment and nuclear reactions (p, n), radio-
nuclides F-'8, C-11, N-13, I-123 TI-*!, Ga-%", and In-!"! are formed

and used subsequently to label radiopharmaceuticals (RP)

administered to a patient in the PET study. An example of a
chemical analogue may be ®F-fluorodeoxyglucose (FDG), in
which hydrogen in glucose is replaced by isotope '*F.

An example of a natural substrate is water labeled with
150 (H,"0). Properties of chemical ligands that bind to ions
of aradioactive isotope provide a high accumulation of RP in
the studied organ with a minimal accumulation in other tis-
sues. The main factors affecting the biodistribution of radio-
pharmaceuticals (RP) include a strong binding to blood
proteins (e.g., to HSA), lipophilicity, and ionizing properties
of (since lipophilic and nonionic compounds are involved in
the rapid membrane transport), as well as the type of elimi-
nation (preferably excretion via the liver and kidneys).

Table 10.1 lists some of radiopharmaceuticals used in
PET and presents their basic properties.

BF-FDG has one of the longest half-life and a wide range
of applications, so it is most commonly used in PET studies.
In oncology, a number of radiopharmaceuticals based on '*F
are used to assess various aspects of tumor metabolism.

Although radionuclide "F produced by a cyclotron is
radioactive, it exhibits the same properties as the stable iso-
tope of fluorine (*°F). The technological process of RP syn-
thesis involves a minimum number of steps and processes to
reduce the synthesis time, which in turn can significantly
increase the yield of the radiopharmaceutical, given a short
half-life of '8F (less than 110 min). The synthesis process is
carried out in an automatic mode on the compact synthesis
modules allowing to perform multistep chemical processes
(Fig. 10.2). The automated synthesis modules are arranged in
special airtight boxes designed to work with the activities of
15 Ci for '8F and supporting “B” class of cleanliness inside.
Facilities for synthesis and packaging of radiopharmaceuti-
cals are equipped with a special system of supply and exhaust
ventilation, ensuring a pressure drop that supports the purity
class “C” at the premises and gateways and class “B” in
microbiological laboratories. The process of synthesis starts
with the preparation of all raw materials by an engineer radio-
chemist. Before starting the procedure, the engineer radio-
chemist collects all the necessary materials and reagents in
the warehouse and delivers them to the preparatory synthesis

Fig. 10.1 From left to right: an open horizontal cyclotron, radiopharmaceutical synthesis laboratory, and RP quality control laboratory
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Table 10.1 Examples of the most commonly used radiopharmaceuticals and their properties

Radioisotope Half-life Predecessor RP Application
F-18 109.7 min ["*F]Fluoride ["*F] FDG fluorodeoxyglucose GLA metabolism
nucleophilic substitution | [15F] FTHA fluorine-substituted B-oxidation
fatty acids
["*F]-misonidazole Hypoxia
["*F] N-metilspiperon D, receptors
16a-['*F]-fluoroestradiol Breast cancers
['®F]-fluorocholine Prostate cancer and its metastases; brain
tumors
["*F]-thymidine Proliferative activity rate
['*F]F, electrophilic 6-['*F]-fluoro-L-dopa Dopaminergic function
substitution 2-['8F]-fluoro-L-m-tyrosine Protein synthesis, amino acid transport
5-['®F]-fluorouracil Tumor treatment control
C-11 20.38 min [''C] CH5I (methyl ["'C]-methionine Protein synthesis, brain tumors
iodide) [''C] methoxy-ephedrine Adrenergic innervation of the heart
[''CJraclopride D, receptors
[N-methyl-"'C]flumazenil Benzodiazepine receptors
[''C] CO, ["'Clacetate Consumption of O, by myocardium
[''C]palmitic acid B-oxidation
N-13 9.96 min [ NINH; [*N]NH; Regulation of cardiac and cerebral blood
flow

Fig.10.2 The latest generation of synthesis modules: IBA SynthERA IT
(left and center), SynthERA HPLC module (right)—a HPLC system

room through an active pass-through window. The prepara-
tion for synthesis involves assembling a disposable fluid pro-
cessor and preliminary testing. Before this, the functional
activation of disposable columns is performed, required for
the separation of 'F from enriched water, conducting chemi-
cal reactions, as well as purification of synthesized radiophar-
maceuticals from by-products and impurities.

The synthesis time depends on the type of the radiophar-
maceutical synthesized and can range from 15 (for sodium
fluoride) to 70 min (for fluoroethyl tyrosine). Upon comple-
tion of the synthesis, the synthesized radiopharmaceutical is
automatically transmitted to the dispensing module, located
in the same room. The dispensing module is an automated
robotic system (Theodorico with an autoclave option). The

radiopharmaceutical is dispensed into open vials in a sterile
laminar airflow. Due to a multistage filtration system of the
supplied air, the cleanliness class A is achieved in the cham-
ber. The radiopharmaceutical can be dispensed both into ster-
ile glass vials and sterile syringes. Dispensing is performed
using sets of disposable sterile lines, vessels, and 220 nm fil-
ters used to filter radiopharmaceuticals. The first prefilled vial
from each batch of the radiopharmaceutical in a protective
container is transferred to the quality control laboratory. The
vial is opened in a fume hood with a lead shielding; samples
are taken in compliance with all the required procedures. RP
is tested with respect to the following parameters: radiochem-
ical purity, chemical purity, radionuclide purity, half-life,
osmotic pressure and pH, endotoxin test, and sterility of the
product (testing is performed by a random selection method a
few times a month). After quality control, the radiopharma-
ceutical safety data sheet is issued. One vial is a retain sample
and shall be kept for 3 years. The remaining vials with the
radiopharmaceutical together with the safety data sheet that
guarantees the safety of the produced batch are transferred to
the procedural space of the PET unit.

During a PET study, the radiopharmaceutical is injected
into the cubital vein, and the drug enters the tumor with the
bloodstream, where it is selectively absorbed. Decomposing,
the radiopharmaceutical emits a positron that, in a collision
with an electron of the tissue (annihilation), generates two
photons with an energy of 511 MeV, flying in the opposite
directions. Such photons are called annihilation quanta. These
photons are recorded by a multiple ring system of the PET
scanner detectors. The computer calculates the coordinates of
an area with a high frequency of annihilations, i.e., the areas
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of RP accumulation, and the reconstruction algorithm builds
an isotope image of the tumor. In other words, the method is
based on identification of areas with radiopharmaceutical
accumulation specific for consumption of, for example, glu-
cose. Since the metabolism of most tumors is more “aggres-
sive” than that of normal tissue, therefore, the consumption of
glucose and other metabolites is higher. Thus, images visual-
ize lesions with increased tissue metabolism.

Performing PET with different, highly specific radiophar-
maceuticals, “tropic” to certain types of tumors, provides
valuable information about the state of metabolism in tumor
lesions. This also allows for a semiquantitative estimate of
metabolism by calculating the standard level of the radiophar-
maceutical uptake (standard uptake value (SUV)), which is
the ratio of the RP radioactivity in the region of interest (Bq/g)
to the introduced activity of the radiopharmaceutical (Bq) per
unit of patient’s body weight (Strauss and Conti 1991).

The issues of anatomical spatial visualization in radionu-
clide studies have been solved by the creation of a combined
PET/CT system (and subsequently PET/MRI systems). The
advantages of such diagnostic systems are obvious: regions of
functional disorders identified by radionuclide imaging with
spatial resolution of 5—7 mm are localized with the maximum
accuracy based on anatomical references on the tomographic
slices with the spatial resolution of 0.5 mm (Khmelev 2016).
Possibilities of hybrid PET/CT or PET/MRI systems are not
limited to spatial coregistration of PET and CT/MRI images,
including 3D reconstruction of bone structures or the major
arteries, but allow to investigate in one study, for example,
hemodynamic changes in tumors using PET and CT perfusion
protocols. Since 2004, mono-PET scanners have been no lon-
ger manufactured; they were replaced by the so-called hybrid
PET/CT and PET/MRI systems, whose number is growing
steadily worldwide. An extremely important aspect is the fact
that the studies are performed in the format of a single proce-
dure, under condition of patient stability. PET-CT is a hybrid
system, where the CT scanner provides high-resolution ana-
tomical images and a PET scanner provides functional,
“molecular” images. Both scanners are used sequentially, in
one diagnostic study. The result is combined (coregistred) CT
and PET images. CT sections allow for a correction of the
X-ray attenuation in the body tissues, needed for PET. Molecular
PET images showing the spatial distribution of biochemical,
metabolic activity in the body’s tissues are “tied” to the ana-
tomical structures on CT slices. Figure 10.3 shows a PET/CT
scanner with automatic devices for administration of radio-
pharmaceuticals and iodine-containing contrast agent, installed
at the N.N. Blokhin Russian Cancer Research Center.

PET studies were performed after 6 h fasting with the
so-called water load—excessive drinking of pure water
before the study. In our studies, we used the most available
for us radiopharmaceuticals—'*F-fluorodeoxyglucose ('*F-
FDG), 'F-choline (N, N-dimethyl-N-'3F-fluoromethyl-2-

Fig. 10.3 A PET/CT scanner with automatic injectors for administra-
tion of radiopharmaceuticals and iodinated contrast agents

hydroxyethylammonium), and "*F-fluoroethyl tyrosine. Due
to their properties (half-life), these products can be used in
clinic (especially in oncology) even in the absence of a
cyclotron.

10.2 '®F-FDG

The most common radiopharmaceutical in oncology today is
BE-FDG—"‘the molecule of the Twenty first century.” The con-
tribution of PET with '*F-FDG to the diagnosis of cancer cannot
be overestimated. Differing from glucose only by a substitution
of a hydroxyl group of the second carbon atom with a fluorine
atom, 2-fluoro, '®F-2-deoxy-D-glucose administered intrave-
nously follows the initial portion of the glucose metabolic path,
entering from the vasculature into the intercellular space and
subsequently into cells, where it is phosphorylated by hexoki-
nase. The reaction product is ['8F]deoxyglucose-6-phosphate
that, unlike glucose phosphate, does not enter into further reac-
tions and remains in the cells during the study, which allows to
measure the concentration of radionuclide 'F in the tissue. The
administered dose is 122 MBq per 1 m? of body surface area,
which is determined based on the height and weight of the sub-
ject and is on average 370—400 MBq for the whole-body study
and 200 MBq for the brain.

FDG is used in PET diagnosis to assess the glucose metab-
olism in the heart, lungs, and brain. It is mainly applied (90%)
in oncology, tumor imaging (Ruhlmann et al. 1999; Alazraki
et al. 2007; Granov and Tyutin 2008; Luna et al. 2014). ¥F-
FDG is accumulated in the cells using glucose transport sys-
tems, phosphorylated by hexokinase into FDG-6-phosphate,
which is not a substrate for subsequent glycolysis, and enters
cells proportionally to the glycolysis rate. This accumulation
of BF-FDG-6-phosphate forms the backbone of brain tumor
metabolic imaging (due to the increased glucose metabolism
as compared to the normal tissue) (since glucose is a meta-
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bolic substrate for the brain cell functioning). Furthermore, the
method allows to diagnose and determine the spread of
colorectal cancer, breast cancer, lung cancer, melanoma, non-
Hodgkin’s lymphoma, Hodgkin’s lymphoma, and other
tumors (Ginsberg et al. 1988; Ruhlmann et al. 1999; Rohren
et al. 2003; Alazraki et al. 2007; Granov and Tyutin 2008;
Luna et al. 2014). In psychoneurological practice, '*F-FDG
allows to diagnose and perform differential diagnosis of a vari-
ety of neurodegenerative diseases, including Alzheimer’s dis-
ease, diffuse Lewy body disease, frontotemporal dementia, as
well as Parkinson’s disease, and multisystem degeneration
(multisystem atrophy, progressive supranuclear palsy, cortico-
basal degeneration, Huntington’s chorea, etc.), and identify (in
combination with EEG data and the analysis of clinical symp-
toms) an epileptic focus in patients with epilepsy.

Despite a rather wide application of 'SF-FDG in oncology,
PET sensitivity in the diagnosis of brain metastases is signifi-
cantly lower than the sensitivity of MRI with contrast
enhancement (75% vs. 90%) (Broadwell and Sofroniew
1993; Nieder et al. 1997). The main issue is the relatively low
resolution of PET in differentiation of small tumor lesions on

the background of high natural metabolism of the brain sub-
stance. Therefore, PET is more appropriate for detection of a
primary tumor lesion, with the proof of its presence in patients
with focal brain lesion(s) suggesting the metastatic nature of
intracerebral changes (Rohren et al. 2003). The '*F-FDG PET
findings are considered to be a tumor if *F-FDG shows an
increased accumulation in the brain and other parts of the
body (SUV > 3.0), where such accumulation should not be
observed. The radiopharmaceutical accumulation in any por-
tion of the brain is interpreted as a primary tumor. For an
independent and more accurate verification, two radiologists
visually analyze the images obtained.

PET ["®F] FDG in brain metastases can be carried out as
an independent investigation and in addition to the whole-
body PET scan. We came to the conclusion that using PET
with ['8F] FDG (if MRI and CT are available) for the diagno-
sis of metastatic brain lesions is not feasible—the sensitivity
as compared to MRI does not exceed 70%; the low resolution
of PET (5-6 mm) does not allow to visualize small lesions
(Fig. 10.4). This procedure is advisable in assessing the effec-
tiveness of treatment of MTS with various histogeneses.

Fig. 10.4 Multiple colorectal cancer metastases in the brain.
T1-weighted MR images show multiple abnormal lesions that intensely
accumulate CA (a—c¢). The perifocal edema is mild. PET “F-FDG

shows an increased RP registration in the largest lesions (d, e). A small
node with parasagittal location is not visualized on PET ""F-FDG (f)
(arrows)
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10.3 '8F-Choline

In recent years, in the PET diagnosis of tumors, choline-based
radiopharmaceuticals are of interest (N, N-dimethyl-N-18F-
fluoromethyl-2-hydroxyethylammonium). This is a membrane
marker that allows to evaluate the activity of the cell membrane
formation. Choline is included in membrane phospholipids in
the form of phosphatidylcholine, which is a major lipid compo-
nent of plasma membranes in mammalian cells and is important
for the structural stability of the membrane and cell prolifera-
tion. As known, brain cells of an adult human practically do not
divide. This is also true for the formation of their nuclei and
membranes; probably, due to this, ®F-choline or !'C-choline
practically does not accumulate in the intact brain matter. This
was first discovered by Gauthier et al. (1985); however, their
study did not evaluate intracerebral tumors. At the same time,
any processes associated with the formation of “new” cells and
their components in the brain matter, like inflammation or a
tumor, result in an increased accumulation of 'F-choline
(Amane et al. 1987; Hamel et al. 1987; Estrada et al. 1990).

The cell membrane is usually composed of a phospholipid
bilayer. Phospholipid or phosphatidylcholine has a hydro-
philic “head” and a hydrophobic “tail.” Hydrophilic heads are
oriented toward the outer layers of the membrane (both inter-
nal and outer cell surfaces), while hydrophobic tails are ori-
ented inside the membrane itself. One of the most common
elements of cellular membranes is choline. Choline is incorpo-
rated in the composition of phospholipids in the form of phos-
phorylcholine. One of the first reactions of ATP-dependent
phosphorylation in the choline incorporation chain is cata-
lyzed by the enzyme choline kinase (Nakagami et al. 1999;
Ramirez de Molina et al. 2002). Fluorocholine is a fluoro-
methylated choline analogue consisting of flyuorometil-
dimethyl-2-hydroxyethylammonium labeled with radioactive
18F. In the brain, besides membrane complexes, choline is a
part of acetylcholine involved in the transmission of impulses
in the cholinergic nerve endings. Also, a number of studies
have noted that quite a large amount of choline accumulates in
the cerebral vascular endothelium. Therefore, the “back-
ground” drug accumulation includes all of the above struc-
tures (Slack et al. 1972; Katz-Brull and Degani 1996).

A cell requires choline not only for cell proliferation and
as a building membrane component but also to maintain vital
functions, such as the transport of substances through the
cell wall. Thus, PET studies can also evaluate the activity of
transport of substances through the membrane, which may
not necessarily be associated with cell proliferation.

According to some authors, an increased accumulation of
8F_choline is observed in inflammatory changes (including
vasculitis of various etiologies) (Langen et al. 2003;
Provenzale et al. 2004). We assume that the radiopharmaceu-
tical accumulation is relatively stable in the areas of inflam-
matory changes (in granulocytes and macrophages) and
should not result in an increase in SUV. In benign intracra-

nial tumors, absolute SUV values and their changes with
time should not be high. In malignant neoplasms, whose
cells actively divide and constantly experience a need for
structural elements of the membranes, in particular, phos-
phatidylcholine, SUV values should be high and increase
over time. The first PET images of tumors using choline-
containing radiopharmaceuticals have been presented in an
example of brain and prostate tumors using '"C-choline;
however, the short half-life (20 min) significantly limits its
use in practice. The first studies on the use of choline-
containing tracers in the diagnosis of brain tumors were pub-
lished in 1997 (Ohtani et al. 2001; Goebell et al. 2006). The
authors noted that the radiopharmaceutical concentration at
the 10:1 ratio in a tumor and cortical regions of the brain is
achieved as early as 5 min after the administration of
18F-choline, which, from a diagnostic point of view, is much
superior to 'SF-FDG. The first use of "*F-choline with a long
half-life (110 min) was demonstrated in the papers by Hara
etal. (1997) and DeGrado et al. (2001) in prostate cancer. Of
great interest is the work on the use of *F-choline in the dif-
ferential diagnosis of metastatic and intracerebral tumors. It
was shown that metastatic tumors were characterized by
higher SUV values, while glioblastomas had signs of peritu-
moral accumulation exceeding the area of abnormal
accumulation of a contrast agent in MRI, confirming the
theory of infiltrative growth of gliomas (Shinoura et al. 1997;
Vanpouille et al. 2009; Tan et al. 2011).

A PET/CT study with "®F-choline was carried out in two
stages on 43 patients. The first and the second phases of the
scanning were performed immediately after an intravenous
injection of the radiopharmaceutical to the patient and
45-55 min after the administration, respectively. The drug was
administered by an automatic injector for radiopharmaceuti-
cals Intego 2010. The administered activity was 300 MBq.
Quantification of SUV (max) was performed off-line on a
workstation SyngoVia using the oncology protocol. Two
parameters of RP accumulation were evaluated: maxSUV1
values registered at the first phase (5 min after the administra-
tion) and changes of maxSUV2 with time (in 45-55 min after
the intravenous administration of radiopharmaceutical). We
studied the following areas: a solid part of the tumor, the cen-
tral necrosis area, and the contralateral side of the brain.

Quantitative analysis of the level of RP accumulation in
the intact white matter of the cerebral hemispheres showed
that the mean maxSUV1 values were 0.34 at stage I, while
stage II maxSUV2 values either slightly decreased or
remained stable—0.24 (Table 10.2).

Table 10.2 Average maxSUV values (normal) of '8F-choline in the
intact brain tissue (n = 43)

The mean maxSUV1 values and | The mean maxSUV?2 values and
standard deviations in the intact | standard deviations in the intact
white matter of the brain at stage 1| white matter of the brain at stage 2

0.34+0.11 0.24 +0.08




10.4 Amino Acids

91

Fig. 10.5 Normal PET of the head
with '®F-choline in axial (a, b), sagittal
(¢) and coronal (d) projections. A
physiological, increased RP
accumulation in the pituitary gland
and choroidal plexus of the brain
(arrows)

In all cases of patients (n = 43) included in the analyzed
group, there was a decrease in maxSUV2 in the intact white
matter (0.18). The maxSUV1 values in the cerebellum and
brainstem (subtentorially) with respect to the cerebral hemi-
spheres were lower (0.3 and 0.37, respectively), which was
probably due to the less active blood supply to the posterior
fossa structures (Fig. 10.5).

10.4 Amino Acids

Subsequent evolvement of radiopharmacology was aimed at
the development of radiopharmaceuticals with tumor tropism,
allowing to visualize only the affected brain structures. In PET
diagnosis of glial tumors, radiopharmaceuticals based on
labeled amino acids are commonly used. These include
1C-methionine (MET), "®F-tyrosine (FET), and '8F-thymidine
(FLT) (Wester et al. 1999; Langen et al. 2003). These products
help determine the velocity of transport of amino acids involved
in the nucleus division and formation of DNA strands, which
provides a possibility to evaluate the proliferative activity of
tissues. In addition, low levels of amino acid uptake in the nor-
mal brain tissue using these radiopharmaceuticals in PET allow
to clearly distinguish a tumor from the normal brain tissue.

!
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To date, ''C-methionine is the most widely used. Its accumula-

tion allows to distinguish glial tumors by their malignancy grade,

to determine their boundaries on a background of the brain sub-
stance edema, as well as to identify residual tumors after the treat-

ment. The specificity of the product is high and reaches 90%

(Hara et al. 1997; Tan et al. 2011; Skvortsova et al. 2014).

The next-generation products with the diagnostic value
similar to that of "C-methionine are 'F-FET (fluoroethyl
tyrosine) or O-(2['®F]fluorophenyl)-L-tyrosine labeled with
fluorine and having a longer half-life, which significantly
expands the scope of their application (Langen et al. 2003;
Kwee et al. 2007; Wyss et al. 2007). Another advantage of
these radiopharmaceuticals is that they are not uptaken by
macrophages and granulocytes and, as a result, do not accu-
mulate in altered inflammatory tissues, including after sur-
gery or various types of radiation therapy. PET with '®F-FET
in some cases allows to make a differential diagnosis with
nonspecific (non-tumor) lesions (Table 10.3).

As can be seen from the table, ®F-FET is superior by its
diagnostic characteristics to both '"C-MET and “®*F-FDG. In
our study, we evaluated the information value of ®F-tyrosine
(D-2- {18} F-fluoroethyl-L-tyrosine) in the detection of meta-
static brain lesions (n = 24). FET is not included in the meta-
bolic processes in cells but is transported through the epithelium
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Table 10.3 Sensitivity (%), specificity (%), and diagnostic accuracy
(%) of amino acids as compared to "*F-FDG in the diagnosis of meta-
static brain lesions

Sensitivity | Specificity | Diagnostic accuracy
BE-FDG PET 80-86 80-93 80-92
"C-MET PET 80-94 80-91 80-94
8E-FET PET 93-95 96-99 97-98

and the epithelial blood barrier by subtypes of the transport
system L (LAT2). This transport system is not identified in
inflammatory cells, which eliminates the possibility of FET
uptake in the inflamed tissue, and potentially makes it even
more tumor specific than MET. Unlike "C-MET, ®F-FET is
not involved in the protein synthesis and is a marker of amino
acid transport. The ¥F-FEE accumulation in tumors depends
on the extent of angiogenesis and density of tumor cells.

The study was conducted in three phases: immediately after
the intravenous administration of the radiopharmaceutical and
10 min and 45 min after the injection; we defined a change in
the RP accumulation in the tumor and intact brain substance. In
order to reduce an inaccuracy of quantitative parameters, in
addition to calculating the true SUV values in these regions, the
calculation of TBR (tumor-to-brain ratio) was made—a ratio of
quantitative SUV values in the tumor and intact substance.

Figure 10.6 shows images of a three-phase brain PET
study with 8F-FET under normal conditions: 1-2 min after
the administration of the radiopharmaceutical, there is an
expressed accumulation in the venous sinuses; the accumula-
tion in the brain substance is plumiform, probably due to the
predominant presence of RP in the vessels. Ten minutes after
the administration of the radiopharmaceutical, there are a
more pronounced diffuse and homogeneous accumulation in
the brain matter and a decrease in the SUV values in the
sinuses. Forty five minutes after the intravenous administra-
tion of the radiopharmaceutical, venous sinuses are not dif-
ferentiated; a marked increase in the accumulation in
subcortical nuclei and a homogeneous accumulation in the
white and gray matter are observed. Usually, the key steps
for evaluating the tumor activity are the first 15 min after the
administration of a radiopharmaceutical, subsequently, a pla-
teau or a moderate increase in SUV is observed in the normal
brain tissue, a decrease in values by 45 min is observed in the
tumor, while the values increase in post-radiation changes.

Thus, in our material, the method does not identify any
abnormal RP accumulation outside the brain in 17% of 170

cases with "®F-FDG PET. Moreover, the assessment of the total
diagnostic information including CT, MRI, and PET findings
gave a reason to consider primary brain lesions in only 10% of
cases (a false-negative result), while the histological examina-
tion confirmed the secondary nature of brain lesions. It should
be noted that a tumor search using ultrasound, CT, MRI, etc.
did not allow to identify abnormal changes even with a further
in-depth investigation of the patients in question.

The analysis of the results of PET with ®¥F-FDG in
patients with brain metastases before the treatment showed
that the majority of tumors (70%) are characterized by high
SUV values: average values are 5.3 (2.8-8.6). In the remain-
ing 30% of cases, metastases were not visualized despite an
intense accumulation of the contrast agent in MRI. From our
point of view, the use of PET with ['8F] FDG for the diagno-
sis of metastatic brain lesions (if MRI and CT are available)
is not justified. The low PET resolution of 5-6 mm does not
allow to visualize small lesions.

A brain PET study may be performed to assess the effec-
tiveness of the treatment, while the SUV analysis provides
quantitative indicators reflecting a decrease in the metabolic
activity or an increase as a negative response to treatment.

It also should be kept in mind that a one-time scan of the
whole body and brain with ['8F] FDG has its technical spe-
cifics, since physiological hyperfixation of RP in the cerebral
cortex “hides” its accumulation in tumor lesions; additional
time is required for a decrease in the drug activity in the brain
structures, which changes the study process and the logistics
of movement of “active patients.”

Comparison of the high cost of whole-body PET as one of
the main disadvantages of the study with a total cost of a
standard set of diagnostic procedures (ultrasound, X-ray,
endoscopic diagnosis, CT and MRI scans of the chest or
abdomen, etc.) aimed at achieving the same goal (identifica-
tion of the primary tumor) showed that a PET study is cheaper
and, just as importantly, allows to solve diagnostic issues in a
much shorter time. However, despite its clear advantages, the
method still has some significant limitations that do not allow
to use it as a screening method. First of all, it is a technically
complicated procedure. A need for producing a radiopharma-
ceutical (RP), its transportation, and use require, in addition
to medical staff, involvement of additional staff. Another
important aspect is a rather high cost of the study. Long scan-
ning time, limitations associated with comorbidities (diabe-
tes), also restricts the possibilities of the use of this method.
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Fig. 10.6 A three-phase brain PET with "®F-FET under normal condi-
tions. CT/PET (a), CT (b), and PET (c) images in the axial projection at
the level of subcortical nuclei 1 min after the administration of the
radiopharmaceutical by an automatic injector show an intense in the
product accumulation in the cerebral sinuses. (d—f) 10 min after the

administration of the radiopharmaceutical and (g—i) 45 min after the
intravenous administration of the radiopharmaceutical: a gradual RP
elimination from the major blood vessels and an increase in its accumu-
lation in the brain matter
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Introduction to Metastases
of Malignant Tumors in the Brain

In this chapter, we sought to illustrate the possibilities of the
most modern neuroimaging methods and compare their
diagnostic capabilities in relation to metastases based on
their primary source. Before illustrations in each nosological
group, some background information is presented, while
manifestations of metastases are described by their primary
source. The findings allowed not only to carry out a visual
assessment of the size and extent of the pathological process
but also to quantify the intensity of biological processes that
occur in the tumor tissues and the surrounding brain struc-
tures, as well as to evaluate changes induced by the
treatment.

Before proceeding to the analysis of materials we have
accumulated over 15 years, we would like to define the ter-
minology. Metastasis is a malignant tumor or an inflamma-
tory lesion transferred to any organ or a tissue from another
affected organ or tissue. The term “metastasis of the brain”
often used in practice erroneously implies a focus of an intact
brain tissue in any organ. For example, the concepts of “lung
cancer metastases in the brain” or “lung cancer metastases to
the brain” appear to be correct.

Changes of the MR signal in different modes, degree, and
character of the contrast agent accumulation by the tumor,
intensity and extent of edema, hemorrhage into the tumor, and
presence of its necrotic changes—all of these affect the selec-
tion of study areas and regions in MR spectroscopy, DBU,
ASL, SWI (SWAN), and CT perfusion imaging. For example,
the proximity of the identified tumor to the bone structures of
the skull in CT perfusion forced us to change the projection
(from axial to oblique) when selecting the region of interest
and exclude the subsequent spectroscopic examination from
the diagnostic algorithm when searching for hemorrhagic
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changes due to an increased “noise” caused by the presence of
hemosiderin. When the sizes of MRI contrast agent accumula-
tion areas in the regions of suspected radiation necrosis were
small (up to 5 mm), we did not perform CT perfusion or PET.

Mandatory basic images studied before applying the
above additional methods were scans obtained using
T1-weighted, T2-weighted, T2-FLAIR, DWI, and
T1-weighted with contrast enhancement (usually a 0.7 mm
slice) MRI in the axial projection using fat saturation. This
set of pulse sequences should be considered standard in the
diagnosis of metastatic brain tumors. In some cases, it is
advisable to add studies in sagittal and frontal projections
using Tl-weighted sequences after contrast agent
administration.

It is advisable to perform a whole-body study as often as
possible both in case of a suspected metastatic brain tumor
and in cases of known history of cancer. This is a justifiable
tactic that allows to adjust the therapy. Of course, the main
criterion in this case is the patient’s radiation exposure dur-
ing these studies. A PET/CT method is the method of
choice today as the most specific; however, it is associated
with high patient’s radiation exposure. An alternative
method of whole-body scanning for patients with meta-
static brain tumors can be considered DWI MRI. The
method is becoming more common in the diagnosis of can-
cer; however, due to a significant proportion of false-posi-
tive results, it requires an extremely careful application.
Therefore, at the primary stage of diagnosis, we aimed to
use a set of whole-body MRI DWI and PET/CT. Follow-up
scans were primarily performed using MRI, with MRI sup-
plemented by a PET/CT scan only in difficult differential
diagnostic cases.
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This monograph is based on the analysis of patient’s his-
tory; visual and quantitative evaluation of CT, MRI, and PET
images; and histological studies in more than 3000 patients.
Table 11.1 shows the distribution of clinical cases with meta-
static brain lesions by the primary tumor site.

As shown in Table 11.1, the most common sources of
metastatic tumors were lung cancer (25.8%), breast cancer
(22.4%), melanoma (18.2%), kidney cancer (13.9%), colon
cancer (5.4%), uterine cancer (3.7%), and ovarian cancer
(1.8%). The source of metastases in the brain from other
malignant tumors was found in the thyroid (0.8%), stomach
(0.4%), larynx (0.2%), pancreas (0.2%), prostate (0.3%), and
others (0.2%), which in total amounted to 2.1%. The primary
source of metastases in the brain verified during the surgery
could not be identified in 6.3% of cases.

Table 11.1 Distribution of cases with metastatic brain lesions by the
site of the primary tumor (n = 2650)

Primary tumor Cases of patients with
metastases in the brain
# (%)
1. | Lung cancer 25.8 93.7
2. | Breast cancer 224
3. | Melanoma 18.2
4. | Renal cancer 13.9
5. | Colorectal cancer 54
6. | Uterine cancer 3.7
7. | Ovarian cancer 1.8
9. | Others 2.1
10. | Metastases of unknown 6.3
primary in the brain
Total 100%




Lung Cancer (LC)

Lung cancer (LC) is the most common malignant neoplasm
in the world’s population and, as a cause of cancer mortality,
amounts to almost 1.6 million people annually. More than
1.8 million of new cases of lung cancer are registered each
year worldwide. In Russia, lung cancer is diagnosed each
year in more than 55,000 patients (43.4 per 100 thousand).
According to Davydov and Axel (2014a, b) the incidence of
lung cancer, taking into account all age groups, was 18.7% in
2012 and put lung cancer at the first place in the structure of
prevalence of malignant neoplasms in Russia among men.
There are two major forms of lung cancer—small cell
(SCLC) and non-small cell lung cancer (NSCLC): the latter
accounts for up to 80% of total cases. Both forms of lung
cancer have different degrees of biological activity, which
are reflected in the approaches to the selection of diagnostic
and treatment methods (Spencer 1977; Trachtenberg 1987,
Davydov and Polotsky 1994; Jianne et al. 2002; Ramazanova
and Kislichko 2012; Peters et al. 2012; Rossi et al. 2014;
Folkert and Timmerman 2015). The development of lung
cancer is believed to be associated with smoking: approxi-
mately 90% of affected men and 80% of affected women. At
the time of diagnosis, the disease in most patients has com-
mon forms.

By the incidence of metastases to the brain, lung cancer is
on the first place among all malignant tumors: according to
different data, it accounts for 30-60% of all metastases in the
brain (to our knowledge, not less than 25%). Up to half of
lung cancer patients have a high risk of developing meta-
static brain lesions (Takakura et al. 1982; Sen et al. 1998).
Based on the study of case records in 2410 patients with lung
cancer, brain lesions were identified in 790 (32.9%) patients,
with solitary metastases being more common in adenocarci-
noma than in poorly differentiated cancer (Martynov and
Idrisova 1981). Alperovich (1975) noted that poorly differ-
entiated cancer metastasizes more often. The time interval
from the diagnosis of lung cancer to the detection of MTSs
in the brain is on average 2-9 months, which is slightly
shorter than with cancers from other sites (Sundaresan and
Galicich 1985; Nussbaum et al. 1996). The median survival
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rate of untreated patients with lung cancer MTSs in the brain
ranges from 6 to 12 weeks (Carney 1999). Lung cancer
metastases in the brain appear to be more common in men.

According Chute et al. (1985), SCLC accounts for
18-30% of all cases of lung cancer. This type of tumor is
characterized by an early and rapid spread of metastases via
intrathoracic lymph nodes, mediastinal lymph nodes, as well
as to the brain, liver, skeletal bone, and adrenals. Jereczek
et al. (1996) noted that an autopsy found distant metastases
in 143 (82%) cases in the group of 174 patients who died
from SCLC, including in the liver (49%), adrenal glands
(25%), peripheral lymph nodes (21%), kidneys (18%), brain
(17%), and pancreas (12%). This is why a brain MRI study
with contrast enhancement in confirmed SCLC is included in
the mandatory investigation protocol.

NSCLC comprises several groups: adenocarcinoma
(40%), squamous cell carcinoma (30%), and large cell can-
cer, bronchoalveolar cancer, and other subtypes which
account for up to 30% of cases. The proportion of cases of
metastatic squamous cell carcinoma was found to increase to
up to 80% with the 2-year survival of patients. Literature
describes cases of simultaneous presence of different mor-
phological NSCLC forms and neuroendocrine variants,
which greatly complicate an accurate diagnosis. In stage IV
NSCLC, the overall prognosis is unfavorable: a 1-year sur-
vival rate in such cases does not exceed 20% (Riquet et al.
1997). Metastases in the brain occur in one third of NSCLC
patients and often manifest by multiple lesions, while the lat-
ter can be located both sub- and supratentorially.

Metastatic lesions in the meninges (carcinomatosis) in
patients with lung cancer are less common than, for example,
in breast cancer (Grossman et al. 1993; Grossman and
Krabak 1999); however, according to Mahajan et al. (2002),
the source of metastases was lung cancer in 50% of 101
patients with confirmed meningeal involvement.

Clinical symptoms in intracranial metastases of lung can-
cer include headache, vomiting, motor and sensory deficits,
seizures, behavioral and mental disorders, and aphasia.
However, these symptoms can often be ‘“subdued,” which
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complicates the early clinical diagnosis of the lesion. Thus,
according to Jena et al. (2008) in 46.7% of cases of 62
patients with lung cancer metastases in the brain, there were
no neurological symptoms.

The method of choice for primary diagnosis of metastatic
brain lesions of any etiology is MRI; if it cannot be per-
formed, a viable alternative is CT.

Lung cancer metastases in a CT study performed without
contrast enhancement often look like isodense lesions or
lesions with a reduced (in the cystic form) density. The size
of a perifocal edema area relative to the sizes of the lesion
varies greatly up to the absence of edema as such.

Administration of a contrast agent in a CT study is a must,
because a solid part of lung cancer metastases rapidly accu-
mulates the contrast agent. Small, convexitally located lesions
not always are visualized even after the CA administration.

A CT perfusion study in lung cancer metastases in the brain
allows to obtain mean values (CBV = 11.27 + 3.21 ml/100 g)
of the blood flow volume similar to those in metastases of
breast cancer, colon cancer, and uterine cancer in the brain.
CBEF values representing the blood flow velocity in the depth
of a metastatic tumor in lung cancer have similar mean values
(CBF = 85.03 £ 19.56 ml/100 g/min) as compared with the
mean CBF values detected in patients with MTSs of other ori-
gin. A solid part of lung cancer metastases in the brain is char-
acterized by relatively low (8.83 + 2.85 s) MTT as compared
to MTT in other metastatic lesions.

Despite the large number of conducted MRI studies, we
were unable to establish any MR trends in manifestations of
lung cancer metastases in the brain, although we identified a
number of pathognomonic MRI manifestations in cases of
metastatic brain lesions of another origin (melanoma, kidney
cancer, colon cancer). The MR picture of metastatic brain
lesions in lung cancer is similar to MRI manifestations of
MTSs of tumors from other sites.

Metastatic brain lesions in lung cancer in most cases have
a cystic nature with the presence of an area of moderate peri-
focal edema and are characterized by an increased signal on
T2-weighted MRI. However, in our material, metastatic
lesions with both a solid and cystic-solid structure with a
small area of perifocal edema were identified. In cases where
there is an acute hemorrhage in the metastasis stroma in
T2-weighted images, there are small hypointense areas, and
the tumor tissue becomes heterogeneous. In cases where the
metastatic lesion has a solid structure, T2-weighted images
show an iso-hypointense MR signal.

T1-weighted MRI allows to display manifestations typi-
cal for the active tumor growth. A hyperintense and hetero-
geneous MRI signal on T1-weighted images is generally
caused by the presence of a hemorrhage in the metastasis.

In lung cancer, in cases of multiple metastatic lesions, tumor
lesions can be located in a chaotic fashion throughout the brain,
both sub- and supratentorially. We did not identify any site

“characteristic” for solitary lung cancer metastases in our clini-
cal material. At the same time, multiple microfoci were noted
in the brain parenchyma with lung adenocarcinoma. In such
cases, a perifocal edema is usually insignificant, which can be
partly attributed to the typical manifestations of multiple paren-
chymal metastases in this morphological type of lung cancer.

Metastases to the skull bones and vertebral bodies can
occur not only via the systemic blood flow but also along the
vertebral venous plexuses, a valveless system of venous anas-
tomoses running along the spine from the brain to the lesser
pelvis. Particular attention in the analysis of diagnostic
images should be paid to the occipital bone. The analysis of
bone structures in a CT study is mandatory, as metastases to
the skull bones in lung cancer occur in up to 30% of cases. In
typical cases, a characteristic area of bone destruction in com-
bination with the soft tissue component is visualized. In case
of small lesions in the cranial bones, especially its vault, it is
difficult to differentiate the metastases from emissary veins.

When the bony structures of the skull base are affected,
there is typically a combination of a bone destruction focus
with a soft tissue tumor component that is intensely enhanced
after intravenous administration of a contrast agent. In such
cases, T1-weighted MRI with fat suppression should be used
before and after administration of gadolinium preparations.
In dural dissemination of metastatic lesions, the symptom of
a “dural tail” can be visualized. It is observed on MRI in case
of local invasion of the dura mater on the periphery of the
main lesion.

We successfully used proton MR spectroscopy (PMRS)
as a supplementary option in protocols of differential diag-
nosis of brain metastatic lesions from primary lesions of
tumor and non-tumor origin. However, the prevalence of the
Lip-Lac complex characteristic of the tumor lesions, display-
ing the fact of necrotic changes in the tumor tissue, due to its
resemblance to chronic post-radiation changes also accom-
panied by necrosis and an increased Lip-Lac complex does
not allow to consider MR spectroscopy as a method of reli-
able differential diagnosis of metastases in the brain from
formed radiation necrosis after radiotherapy. This statement
is fully true for lung cancer metastases in the brain.

SWI (SWAN) images in lung cancer metastases showed a
small or moderate number of abnormal vessels, which gener-
ally did not result in a significant decrease in the MR signal
in this sequence.

In patients diagnosed with primary metastatic tumor in the
brain, a one-study whole-body DW MRI provided informa-
tion on the primary tumor site and extent of the disease in
general. Thus, in our studies, whole-body DW MRI in patients
with peripheral lung cancer usually clearly detected a primary
site of the tumor (both on PET and DWI). Furthermore,
besides the primary lesion in the lungs, small metastases with
sizes of about 7 mm were identified in some cases. This dem-
onstrates the high diagnostic sensitivity of DW technology.
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When analyzing the results of these studies, we observed
that the size and shape of lesions on DWI MRI and whole-
body PET were often not the same, differing both in the
direction of an increase and a decrease. A decrease in the
size of lesions may be associated with chest excursions dur-
ing respiration and a partial loss of changes on MRI. From
our point of view, an enlargement in high-signal areas on
MRI may be caused by concomitant atelectasis, the presence
of cysts and hemorrhages in the lesion stroma.

The whole-body DW MRI has high sensitivity in malig-
nant lung lesions—85% of lesions detected with PET. However,
this method has insufficient (76%) specificity due to a large
number (24% in our material) of false-positive results.

A whole-body FDG-PET study by Yap et al. (2002) in
patients with bronchoalveolar lung cancer showed a fairly
high (95%) specificity of the method as compared to
CT. However, it was noted that the use of PET with the
superficial location of the tumor in the bronchus lumen
(without any signs of significant invasion) was less effective.
Similar results, confirming the superior specificity of PET,
were shown by Vansteenkiste and Stroobants (1998) in a
comparative study of the diagnostic efficiency of PET and
CT in relation to distant NSCLC metastases in the lymph
nodes.

Fig.12.1 (a, b) A lung
cancer metastasis in the brain.
Brain CT before (a) and after
(b) the administration of the
contrast agent. There is a
rounded hypodense area
(bottom arrow a) in the
projection of the left temporal
region before the
administration of the contrast
agent (a) on the background
of edema. After the
administration of the contrast
agent (b), a thin ring-shaped
accumulation of the contrast
agent in the solid part of the
tumor (upper arrows a, b) is
identified

According to our data, the use of PET/CT with ¥F-FDG in
lung cancer is justified only to assess extracranial lesions. Due
to mostly cystic and microfocal brain lesions, the drug accu-
mulation foci in the solid part of lung cancer metastases merge
with the physiological accumulation of ®F-FDG. Products
with low accumulation in the brain parenchyma, such as
8F-thymidine, '®F-Tyrosine, and ''C-methionine, are signifi-
cantly superior to "F-FDG in investigation of intracranial
lesions. Hara and Inagaki (2000) investigated the possibility of
PET diagnostics with 'C-choline and ®FDG in patients with
NSCLC. '"'C-choline sensitivity appeared to be 100%, while
that of FDG was 75%, which indicates higher efficiency of
UC-choline in the diagnosis of NSCLC and its distant
metastases.
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See Figs. 12.1,12.2,12.3,12.4,12.5,12.6, 12.7, 12.8, 12.9,
12.10, 12.11, 12.12, 12.13, 12.14, 12.15, 12.16, 12.17,
12.18, 12.19, 12.20, 12.21, 12.22, 12.23, 12.24, 12.25,
12.26, 12.27, 12.28, 12.29, 12.30, 12.31, 12.32, 12.33,
12.34, 12.35, 12.36, 12.37, 12.38, 12.39, 12.40, 12.41,

12.42,12.43, and 12.44.
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Fig. 12.2 Multiple lung cancer metastases in the brain. On a CT scan after intravenous contrast enhancement (a—c), there is a large lesion with

marked, heterogeneous contrast enhancement in the right parietal region and the second lesion (arrow) anteriorly to it (b)

YOO

Fig. 12.3 A metastasis of lung cancer in the right occipital region of the brain. On a CT scan after intravenous contrast enhancement (a—c), a
small-sized tumor site surrounded by an area of pronounced perifocal edema is visualized

. N

Fig. 12.4 Multiple lung cancer metastases in the brain. CT before (a— Metastases have a centrally located area of necrosis with signs of a
¢) and after (d-f) intravenous contrast enhancement. There are two  pronounced perifocal edema and a midline shift to the left
tumor sites with contrast enhancement in the form of a thin rim (a, d).
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Fig.12.4 (continued)

Fig. 12.5 A lung cancer metastasis in the brain. CT perfusion. In the  CT perfusion shows a marked decrease in perfusion in the cystic com-
left frontal lobe, there is a space-occupying lesion, predominantly with ~ ponent and a pronounced uneven increase in CBV (b), CBF (c), and
a cystic structure, accumulating the contrast agent on the periphery (a), MTT (d) along the contour of the cavity
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higher perfusion parameters CBV and CBF relative to the intact brain

Fig. 12.6 A lung cancer metastasis in the brain. In the subcortical
nuclei on the left, there is a richly vascularized space-occupying lesion,

rapidly accumulating the contrast agent on CT (a) and characterized by

substance (b, ¢), and MTT values (d) are increased to a lesser extent
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Fig. 12.7 A lung cancer metastasis in the brain. Intra- and suprasel-  and intensely accumulates the contrast agent both in MRI (d, e) and CT
larly, there is a space-occupying lesion with isointense MR signal in  (f). On CT perfusion maps, there is a marked asymmetrical increase in
T2-weighted (a), TI-WI (b), and T2-FLAIR (c¢) images that uniformly =~ CBV (g) and CBF (h), while MTT (i) values are slightly increased
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Fig. 12.8 Multiple lung
cancer metastases in the brain.
In frontal areas, two
space-occupying lesions with
different diameters are
identified. The lesions
intensely accumulate the
contrast agent both on CT (a)
and T1-weighted MRI (c, d).
The signal from the central
part of the lesions on
T2-weighted MRI (b) is
increased. The symmetry

of the perifocal edema
enhancement stands out,
despite the differing sizes

of tumors

Fig. 12.9 Multiple lung
cancer metastases in the brain.
On a series of MRI images
with contrast enhancement in
the axial (a, b, ¢) and sagittal
(d) projections, there are
multiple tumor lesions located
supra- and subtentorially, with
no signs of perifocal edema.
In the squama of the frontal
bone on the left (a, b), there is
a large lesion with uneven
contrast enhancement.
Metastases in the brainstem
and cerebellum (d) are
characterized by a cystic
structure
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Fig.12.9 (continued)

Fig.12.10 Lung cancer metastases in the brain. Different types of MR with the mixed structure without a perifocal edema, (d) a lesion with
manifestations of metastases: (a) cystic subtentorial metastases, (b) the solid structure with a minimum perifocal edema, (e) a lesion with
multiple solid lesions with a pronounced perifocal edema, (c) a lesion  the mixed structure, and (f) multiple lesions with necrosis in the center
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Fig. 12.11 Multiple lung cancer metastases in the brain. In both cere-  (d—f). On frontal sections (e) in the area of the cerebellar vermis, along
bellar hemispheres, there are solid cystic lesions with a moderate peri-  the lower contour of the metastasis, a solid tumor fragment is well
focal edema (a—c). After the administration of the contrast agent, its  visualized

intense accumulation is noted mainly on the periphery of the lesions

Fig. 12.12 A lung cancer metastasis in the brain. In the right frontal tense signal in T1-weighted MRI. No apparent signs of an increased
area, there is a solitary cystic lesion with a pronounced perifocal edema  T1-weighted signal after intravenous CA injection on a background of
(a, b, ¢) with a hemorrhage area along the contour (b) and a hyperin- hemorrhagic changes were identified (d—f)
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Fig. 12.12 (continued)

Fig. 12.13 Multiple lung
cancer metastases in the brain.
In the left parietal region,
there is a rounded cystic
lesion with a pronounced
perifocal edema (a). The
cystic part of the tumor has a
hypointense signal on
T1-weighted MRI (b), while
the solid one (an iso-
hypointense signal) merges
with the brain substance.
After the CA administration,
its intense accumulation along
the contour of the lesion (c, d)
with a more pronounced
thickening at its
posteroinferior pole is
observed. In addition, the
contrasting allowed to
visualize a pinpoint metastatic
lesion (the arrow) in the
sagittal projection, anteriorly
to the above (d) lesion
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Fig. 12.14 Lung cancer
metastasis in the brain. In the
left frontal area, there is a
rounded space-occupying
lesion with the solid structure,
clear, smooth contours, and an
area of a pronounced
perifocal edema (a). On
T1-weighted and T2-FLAIR
MRI, the signal from the
metastasis is isointense (b, ¢).
After IV CA administration,
its intense accumulation (d, e)
is noted in the lesion, with a
more pronounced CA
accumulation being observed
in the marginal parts of the
tumor
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Fig. 12.15 Multiple lung cancer metastases in the brain. A two-level etal region (d, e, f). Metastases intensely accumulate CA and have a
study after the surgical removal and radiation therapy. There are large  solid structure
metastases in the pons (a, b, ¢, e) and a recurrent tumor in the left pari-

Fig. 12.16 Multiple lung
cancer metastases in the brain.
There are multiple solid-
cystic lesions intensely and
unevenly accumulating CA in
the brain matter, both sub-
and supratentorially, as well
as in the brain stem, in the
sagittal (a, b) and frontal (c,
d) projections. Lesions,
regardless of their size, have
both a cystic-solid and solid
structure
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Fig.12.16 (continued)

1

Fig. 12.17 Multiple lung cancer metastases in the brain. A three-level
study. In all parts of the brain, there are multiple lesions with solid,
cystic, and solid-cystic structure with signs of heterogeneously
expressed perifocal edema (a, b, d, e). Following intravenous adminis-

tration of CA, all the lesions intensely and unevenly accumulate the
contrast agent (c, f, g—i). The largest lesion (e) has a cystic form with the
“level” of hemorrhagic content (the arrow), and others (f), in spite of
their superior size, have solid structures (the arrow)
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Fig. 12.18 Multiple lung cancer metastases in the brain. A three-level  tic (c-h) and have a pronounced perifocal edema (a—c). After adminis-
study. In the brain matter, there are multiple space-occupying lesions, tration of CA, the solid lesions accumulate it intensely and unevenly,
some of which have solid structures, while others are predominantly cys- ~ while the cystic ones accumulate it along their contours (e, f, i)
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Fig. 12.19 Multiple lung cancer metastases in the brain. A three-level ~ After administration of CA, its accumulation along the contour of the
study. In the left cerebellar hemisphere (a), in the left occipital region  cavities with the formation of nodules in most solid tumor fragments is
(b), and the left frontal lobe (c), there are solid-cystic lesions, while the  observed on T1-weighted MRI in the axial (g, h, i) and frontal (j, k, I)
accompanying perifocal edema is mild despite their large size (d, e, f).  projections




12.1  Clinical Observations 115

Fig. 12.20 Multiple lung cancer metastases in the brain. A two-level in the signal from lesions in T1-weighted images, which displays a
study. In both hemispheres of the brain, there are multiple lesions with  hemorrhagic component of the tumor: axial (¢, d) and sagittal (e, f)
a solid-cystic structure and a pronounced perifocal edema (a, b). projections

Without intravenous contrast agent, there is an intense, uneven increase
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Fig.12.21 A lung cancer metastasis in the brain. In the right posterior
temporal region, there is a small rounded lesion closely adjacent to the
cerebellar tentorium. The metastasis is characterized by a low MR sig-
nal on T2-weighted (a, d), T2-FLAIR (c¢) (the arrow), and DW (f)

images with no signs of perifocal edema and an isointense signal on
T1-weighted images (b). There are no hypointense inclusions in the
tumor structure in SWI images (e). The lesion intensely accumulates
the contrast agent (g, h, i)
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Fig. 12.22 Multiple lung cancer metastases in the brain. In the sub-
stance of the cerebral hemispheres, there are multiple lesions with vari-
ous sizes, with heterogeneously hyperintense signal in T2-weighted and
T2-FLAIR (a, ¢) images and hypointense in T1-weighted images (b).
After IV administration of CA on T1-weighted fat suppression MRI (d,
e), its intense accumulation is observed on the periphery of the lesions.
The largest metastasis is located in the left frontal lobe with a signifi-
cant mass effect manifested in the form of the compression of the

anterior horn of the left lateral ventricle and displacement of the midline
structures; however, the perifocal edema is mild. On SWI MRI (f, g), a
small number of hypointense inclusions are detected only along the lat-
eral contour of the large lesion. On ASL MRI (h), the solid part of
lesions is characterized by a poor blood flow. On MR tractography (i),
the conductive pathways are not differentiated in the area of the large
lesion in the left frontal lobe
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Fig. 12.22 (continued)

Fig. 12.23 A lung cancer
metastasis in the brain. In the
left occipital region, there is a
heterogeneous lesion on
T2-weighted (a), T1-weighted
(b), and T2-FLAIR (c¢) MRI
due to an expressed
hemorrhagic component. The
lesion unevenly accumulates
the contrast agent
predominantly along the
lateral contour (d). The
perifocal edema is minimal
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Fig. 12.23 (continued)

Fig. 12.24 A lung sarcoma metastasis in the brain. In the left half of =~ Following intravenous administration of CA, an intense, uniform accu-
the sphenoid sinus, there is a soft tissue lesion with an increased signal ~ mulation of the contrast agent (e, f) is observed. The lesion extends
in T2-weighted (a) images, iso-hypointense signal on T1-weighted (b)  posteriorly to the sphenoid bone and cavernous sinus and partially
images, and moderately high in T2-FLAIR (c¢) and DWI (d) images. envelops the left ICA
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Fig.12.25 Lung cancer metastases in the brain. Case No. I (a—c). MR
scans in the axial (a) and sagittal (b, ¢) projections after the administra-
tion of contrast agent show a change in the MR signal from the clivus
of the sphenoid bone, a local thickening, and expressed contrast
enhancement of the dura posteriorly and downward from the Turkish
saddle (the arrow). Case No. 2. Metastatic lesions of the clivus with a

decrease in the MRI signal intensity from its structure and with a
change in the form (d). After the contrast agent administration (e, f), its
accumulation is moderately expressed and diffuse. The absence of
boundaries between the adenohypophysis and the affected bone tissue
of the clivus indicates a destruction of the cortical bone
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Fig. 12.26 Cancer
metastases in the brain. (a)
and (b) a parasagittal
metastasis of lung cancer in
the left frontoparietal region:
MRI with contrast
enhancement (a) and MR
spectrum (b). On the MR
spectrum, there is an
increased Lip-Lac complex
and a moderate Cho peak. (c)
and (d) a kidney cancer
metastasis in the right
hemisphere of the cerebellum:
MRI with contrast
enhancement (¢) and MR
spectrum (d). MR spectrum
shows peaks identical to those
in image (b)

Fig. 12.27 A lung cancer
metastasis in the brain. In the
right temporofrontal area,
there is a space-occupying
lesion with a heterogeneous
structure (a), causing the
displacement of the midline
structures, without an
expressed perifocal edema,
characterized by a moderately
hypointense signal on
T2-weighted MRI (b) and
unevenly accumulating the
contrast agent (c—e). MR
spectroscopy determined a
significant increase in the
Lip-Lac complex and a
decrease in other peaks (f) in
the lesion structure

Lac+Lip

Lac+Lip
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Fig.12.27 (continued)
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Fig. 12.28 Multiple lung cancer metastases. In the brain matter, there ~ administration of the contrast agent, all lesions intensely, evenly accu-
are multiple solid lesions with an area of expressed perifocal edema  mulate the contrast agent (e, f). On MR spectroscopy, a marked increase
(a, ¢). The lesions have a mildly reduced signal on T1-weighted MRI  in the Lip-Lac complex with a simultaneous reduction in the height of
(b) and an increased signal on DWI MRI (d). After intravenous other peaks (g, h)
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Fig.12.29 A lung cancer metastasis. In the left cerebellar hemisphere,  observed in the tumor structure. On DWI MRI, the signal from the
there is a lesion with a hypointense MR signal on T1-WI MRI (a), with  tumor is heterogeneously increased (f). On MR tractography, there is a
signs of uneven accumulation of the contrast agent (b, ¢). On SWIMRI,  marked displacement of the conductive pathways upward and medially
individual pinpoint inclusions with a hypointense MR signal (d, e) are ~ with respect to the tumor (g—i)
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Fig. 12.30 A lung cancer metastasis in the brain. On T2-weighted (c), an area with an increased MR signal on T2-weighted MRI is con-
MRI (a), in the left area of the occipital lobe, there is an abnormal sistent with a focus of acute ischemia in the left posterior cerebral artery
increase in the MR signal. After contrast enhancement, a small ring-  system and is not a perifocal edema around the metastatic lesion
shaped metastasis (b) is identified in the occipital lobe. On DWI MRI
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Fig. 12.31 A lung cancer metastasis in the brain. An arteriovenous
malformation in the left parietal-occipital region and a venous angioma
in the right temporoparietal region. Posteriorly to the posterior horn of
the right lateral ventricle in the right occipital region, there is a solid-
cystic rounded lesion with an increased signal on T2-weighted (a) and
T2-FLAIR MRI (c), with an area of a moderate perifocal edema. The
lesion moderately accumulates the contrast agent (d, e), mostly on the
periphery. In the left occipital region, there is a giant AVM, hypointense

in all the “standard” sequences (a—c), intensely accumulating the con-
trast agent (d, e). Venous angioma in the right temporoparietal region—
in the form of a linear region intensely accumulating the contrast agent
(d, e). On DWI MRI, the metastasis has an increased signal, while AVM
and venous angioma have decreased signals (f). A MIP reconstruction
visualizes the entire AVM volume intensely accumulating CA (g). On
ASL MR, there is a large area with an increased blood flow in the AVM
projection and a moderate increase in the metastasis (h)
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Fig. 12.32 A lung cancer metastasis. In the left occipital region, there
is a space-occupying lesion closely adjacent to the dura mater, with a
small area of necrosis in the central parts, surrounded by a pronounced
perifocal edema (a—c). After CA administration, its intense, uneven

Fig.12.33 Multiple lung cancer metastases in the brain. MR images at
two levels of the brain. Tumor lesions in the right cerebellar hemisphere
and the right frontal lobe with a moderate perifocal edema are charac-
terized by a low signal on T2-weighted (a, d) and T2-FLAIR (¢, f) MRI
and a high signal (hemorrhagic inclusions) on T1-weighted MRI (b, e).

accumulation is noted in the tumor and adjacent brain membranes (d).
On DW images (e), the lesion is characterized by a decreased signal. On
ASL MRI, no findings indicative of an increase in the tumor blood flow
were obtained (f)

On DWI MRI, the signal from the central parts of metastases is reduced
(g, j)- There is uneven accumulation of CA in the lesions, mostly on the
periphery (h, k). On ASL MRI, these lesions have reduced CBF values
(i, 1) with respect to the intact brain substance
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Fig.12.33 (continued)
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Fig. 12.34 Multiple lung cancer metastases in the brain. In a series of
MR scans, multiple cystic, rounded lesions without signs of perifocal
edema and high signal on T2-weighted MRI are identified (a) in the
subcortical nuclei on the left. The lesion is characterized by a hypoin-
tense signal (b) on Tl-weighted MRI and a hyperintense rim on

T2-FLAIR MRI (c¢). After CA administration, its intense accumulation
along the tumor contour is observed (d, e). On SWI MRI after intrave-
nous CA administration, there are individual, pinpoint, hypointense
inclusions (f) along the medial contour of the large lesion.

Fig. 12.35 Multiple lung cancer metastases in the brain. In the brain
matter, there are multiple lesions with a solid-cystic structure, character-
ized by an increased signal on T2-weighted MRI (a), the formation of
hemorrhagic “levels” (a, b, f—arrows), and a mild perifocal edema (c)
in the area of individual lesions. Following intravenous CA administra-

tion, its uneven moderate accumulation in the solid structure of lesions
is observed (d). On non-contrast-enhanced MR perfusion, separate
lesions with increased CBF values are identified (e, arrow). On SWI
MRYI, the lesions have a hyperintense MR signal, with some of them (f)
having inclusions with a hypointense contour (hemorrhagic) (the arrow)
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Fig. 12.36 A lung cancer metastasis in the brain. In the left occipital
region, there are two confluent tumor lesions with an MR signal hypoin-
tense on T1-WI MRI (a), isointense on T2-FLAIR MRI (b), and hyper-
hypointense on DWI MRI (c¢). On SWI MRI (d, e), no hypointense
inclusions in tumors are identified; however, dilated veins (the arrows)

are well differentiated along their contours. On ASL MRI, there are mul-
tiple sites with a significantly increased blood flow (f). Following intra-
venous CA administration, metastatic lesions are intensely enhanced (g).
Tractography does not show any involvement of optic radiation in the
pathological process (h, i)
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Fig.12.36 (continued)

Fig. 12.37 Central lung
cancer. '*F-FDG PET (a, ¢)
and whole-body DW MRI

(b, d). In the projection of the
right lung hilum, there is a
portion with
radiopharmaceutical
hyperfixation on PET and an
increased signal on MR scans
(arrow 1). On PET images,
there is a marked accumulation
of RP in the heart area
(normal), which is not
visualized on MRI (arrow 2)
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Fig. 12.38 Lung cancer metastases. In the area of the right cerebello-  dibular area on the right, in the supraclavicular areas, a large area in the
pontine angle, there is a space-occupying lesion with an increased sig-  parenchyma of the right lung, multiple areas in the mediastinum, in the
nal on T2-weighted MRI (a) and iso-hypointense signal on T1-weighted  adrenal glands, and along the course of the main vessels of the abdomi-
MRI (b), intensely accumulating the contrast agent (c¢). On the whole-  nal cavity, consistent with the findings confirmed by a CT study (f, h,
body DW MRI (d, e, g, i), there is an increased signal in the subman-  j)—a tumor of the right lung and multiple metastases
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Fig. 12.39 Lung cancer metastases. In the right occipital parietal component of the tumor (b, c—arrow). In the whole-body PET/CT
region, there is a cystic-solid lesion with signs of weak accumulation of ~ study, there are also areas with increased RP accumulation (d—f)
the contrast agent on CT (a) in the posterior parts of a metastasis. On  (arrows) in the hilum of the left lung (central cancer) and left axilla
PET with "®F-FDG, there is an intense RP accumulation in the solid (metastases)
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Fig. 12.40 Multiple lung cancer metastases. In the CT image, in the radiopharmaceutical by the metastatic lesions (arrows). On whole-body
sagittal projection (a), there are multiple, rounded lesions (the arrows)  PET/CT scans, there is a large tumor lesion in the apex of the right lung
intensely accumulating CA. On PET (b) and PET/CT with '8F-FDG (¢), and multiple large lesions in the anterior mediastinum and supracla-
in the sagittal projection, there is a pronounced accumulation of the vicular area on the right (d, e, f) (arrows)
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Fig. 12.41 A lung cancer metastasis in the brain. Posteriorly and
medially to the anterior parts of the temporal horn of the right lateral
ventricle, there is a space-occupying lesion with an increased signal on
T2-weighted and T2-FLAIR MRI (a, ¢) and moderately hypointense
signal on T1-weighted MRI (b). Following intravenous CA adminis-
tration, the lesion with decay in the center accumulates it intensely and
unevenly (d). There are individual pinpoint areas with a low MR signal

in the structure of the tumor on SWI MRI (e). On ASL MRI, increased
perfusion values (f) (arrow) are observed. On MR tractography, there
is a marked displacement of the conductive pathways upward with
respect to the tumor (g, h). On whole-body PET/CT with 'F-FDG in
the upper lobe of the left lung, there is intense RP accumulation
corresponding to the nodule area in the lung tissue on a PET/CT and
CT study (i, j, k)
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A*
Fig. 12.42 Multiple lung cancer metastases. A two-level study. On  abolic areas (the arrows) are observed in the right hemisphere of the
CT, in the right hemisphere of the cerebellum, there is a poorly differ-  cerebellum and parasagittal sections of the left occipital region. No
entiated area with moderately low density (a, b) (the arrow). In 3D indication of abnormalities in the extracranial structures was identified
reconstruction images, structural components of the installed pace-  (f). On PET with '®F-choline, the lesions with increased CA accumula-

maker (¢) can be seen in red color. It did not allow to perform an MR tion in the above brain areas are clearly visualized (g, h) (the arrows)
study. On brain (d, e) and whole-body (f) PET/CT with *F-FDG, amet-
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Fig. 12.43 A lung cancer metastasis in the brain. In the left occipital
region, there is a solid-cystic lesion with a pronounced perifocal edema,
moderately accumulating the contrast agent on CT (a). On PET with
18F-choline, the lesion intensely accumulates RP (b, ¢) (the arrow). An
additional body scanning showed a soft tissue lesion adjacent to the

anterior mediastinum (d, e) in the upper lobe of the left lung, with
similar RP accumulation values (the arrow); no other lesions with
abnormal RP accumulation were identified (f). On CT perfusion maps,
there is an increase in CBV (g) and MTT (h) values due to the solid
structure of the tumor
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Fig. 12.44 A lung cancer metastasis in the brain. In the left frontal
region, there is a large solid lesion with an isointense MR signal on
T1-weighted MRI (a) and irregularly hyperintense on T2-weighted (b)
and T2-FLAIR MRI (c). Following intravenous CA administration, its
intense accumulation in the metastasis is observed both in an MRI and

CT study (d, e). Dynamic MR contrast enhancement shows marked
areas with increased blood-brain barrier permeability (f), as well as a
marked increase in CT perfusion parameters CBV (g), CBF (h), and
MTT (i). On PET/CT with '8F-choline, the lesion is not visualized on
routine CT scans (j) and intensely accumulates RP (k, 1)
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12.2 Post-radiation and Postoperative See Figs. 12.45, 12.46, 12.47, 12.48, and 12.49.
Changes

Fig. 12.45 Multiple lung
cancer metastases in the brain.
Condition before and after
drug treatment. On
T1-weighted MRI with
contrast enhancement,
multiple space-occupying
lesions with different
diameters and forms, with
signs of intense accumulation
of the contrast agent, mostly
peripherally (a) are identified
in the brain substance. The
central parts of certain lesions
have an increased signal due
to hemorrhagic inclusions.
After several courses of
chemotherapy (b), there is a
significant reduction in the
size of metastases

Fig. 12.46 A lung cancer metastasis in the brain. A follow-up during  ment showed a stable reduction in the tumor size at 3 months (d—f), at
the treatment. Before the start of radiation therapy, a solid-cystic lesion 6 months (g—i), and at 12 months after the treatment (j—1)—an incom-
that intensely accumulated CA was observed in the cerebellar vermis in  plete response to the treatment

CT (a) and MRI (b, ¢) studies. A follow-up during the radiation treat-
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Fig. 12.47 Multiple lung cancer metastases in the brain. A follow-up
study during the treatment. On TI1-weighted contrast-enhanced MR
images (a—c), there are multiple metastases in the frontal areas of the
brain and an increase in the lesion size (the arrows) (¢). On a CT scan
before the treatment, these lesions initially also intensely accumulate
CA (d, e), the perifocal edema zones are well visualized (hypodense
areas), and there is poor CA accumulation with time (f). On CT perfu-

sion before the radiosurgical treatment, an increase in the respective
CBYV, CBF, and MTT values (g, j, m) is observed, while 1 month after,
a marked decrease in CBV and CBF (h, k) values and an increase in
MTT values (n) are noted. CBV and CBF values were relatively
reduced in relation to the brain substance (i, 1), and MTT values (0)
were increased 6 months after the radiosurgical treatment
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Fig.12.47 (continued)
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Fig. 12.48 A lung cancer metastasis in the brain 8 months after the
radiosurgical treatment. On MRI in the right frontal area, there is a large
cystic lesion with a pronounced perifocal edema (a) and non-uniform
annular contrast enhancement (b). On perfusion maps, there are no

signs of increased CBV values (c), with high MTT values (d) in the area
of contrast agent accumulation along the posterior contour of the lesion.
On PET with "®F-FDG, there is no RP hyperfixation (e, f) (the arrow)

Fig. 12.49 Multiple intracranial lung cancer metastases. On
T2-FLAIR MRI before surgical removal of tumors (a), large tumor
lesions are identified in the right frontal and left parietal areas, with a
pronounced perifocal edema. On a CT scan (b) after the simultaneous

removal of two intracranial metastatic lesions, a hemorrhagic impreg-
nation and pneumocephalus in the beds of the removed tumors are
observed. There are no signs of RP hyperfixation on the follow-up PET
with ¥F-FDG (c)



Breast Cancer (BQ)

Breast cancer (BC) is the most common malignancy in
women and occupies the first place in the structure of mor-
bidity and mortality from malignant neoplasms in the female
population of Russia: the absolute number of cases and
deaths in 2013 has exceeded 57,000 and 25,000, respec-
tively. According to Davydov and Axel (2014a, b) the inci-
dence of malignant breast tumors tends to increase: from
42.8 per 100,000 in 2007 to 46.1 in 2012 among the female
population of the Russian Federation. The growth rate was
7.7%, while mortality from malignant breast tumors tended
to decrease from 17.1% in 2007 to 15.9% in 2012.

The risk of developing breast cancer increases with age:
in 0.8% of cases, the disease manifests before the age of
30 years and in 6.5% at the age of 3040 years, and more
than 90% of breast cancer cases occur after 40 years of age.

The most common histological type of breast cancer is
invasive ductal carcinoma, and lobular cancer is the second
most common histological type of invasive breast cancer
(Althuis et al. 2004). Less common are mucinous forms,
tubular and cribriform cancer, and papillary, adenoid cystic,
and secreting histological types of breast cancer character-
ized by low rates of metastasizing to the regional lymph
nodes and a more favorable prognosis.

Breast cancer ranks second after lung cancer by frequency
of brain metastases (Baker 1942; Baker et al. 1951; Lang and
Slater 1964; Takakura et al. 1982; Lin et al. 2004; Stelzer
2013). According to several authors, MTS in the brain devel-
ops in 10-35% of all cases of breast cancer (Cifuentes and
Pickren 1979; Le Chevalier et al. 1985; Lassman and
DeAngelis 2003; Lin et al. 2004; Leone and Leone 2015)
and 10% of patients in disseminated breast cancer (Boogerd
et al. 1993; Fisher et al. 1997). According to our data, metas-
tases of breast cancer accounted for 23% of cases.

Intracranial metastases of breast cancer are more common
in case of massive extracranial metastasizing in 54% (Stark
2011). While lung cancer brain metastases are more com-
mon in men, in women breast cancer, metastases prevail. The
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incidence of breast cancer in men and women is estimated to
be 1:100. Breast cancer metastases to the brain typically
occur between 2 and 3 years from the time of diagnosis of
the primary disease (van Eck et al. 1965; Nussbaum et al.
1996). According to Grigorov and Plotnikova (2012), the
time interval from the detection of the primary tumor to the
appearance of cerebral metastases depends on the initial
stage of the disease and treatment of the primary lesion and,
according to the authors, is 1 (at stage IV) to 4 years and
1 month (at stage ITA).

According to some authors, breast cancer metastases
manifest in the brain as a single neoplasm (Zedeler et al.
1992; Flowers and Levin 1993; Yamada et al. 1997), accord-
ing to other sources, these are often multiple lesions
(Altundag et al. 2007).

In metastatic breast cancer, chemotherapy is effective in
70-80% of cases, while patients with treatment failure die
from distant metastases. The average life expectancy in
patients with stage IV breast cancer is 18-24 months, and
this figure varies depending on the site of metastases. The
5-year survival rate of patients with breast cancer with dis-
tant metastases is 19%, with the disease having the worst
prognosis in cases of visceral metastases (Zimm et al. 1981).
However, Tevaarwerk et al. (2013) point out the apparent
improvement in survival rates among patients with breast
cancer over the last 30 years.

Breast cancer metastasizes to the cerebral hemispheres,
cerebellum, brainstem, and spinal cord in 80-85%, 10-15%,
3-5%, and less than 1% of cases, respectively. Breast cancer
metastases to the brain can spread through the bloodstream
and lymphatic system. The presence of a lymphogenic
metastasis determines an unfavorable outcome (Semiglazov
et al. 2006).

In 5 to 20%, the meninges are involved (Grossman and
Krabak 1999; Altundag et al. 2007; Kim et al. 2012; Scott
and Kesari 2013), while in a percentage of cases, metastases
in the spinal cord are detected in addition to brain lesions.
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According to Scott et al. (2016), the survival of patients with
breast cancer leptomeningeal metastases is on average
4 months.

Given the frequent manifestation of breast cancer metas-
tases in the form of cystic lesions, they have a decreased den-
sity and merge with the edema area on CT images. In cases
of hemorrhagic inclusions or calcifications, breast cancer
metastases have an increased density on CT before contrast
enhancement. The deposition of calcium in the structures of
metastases is more common during the treatment (chemo-
therapy or radiotherapy); therefore, the detection of calcifi-
cations in a long-term disease may indicate that they belong
to the “old,” not newly diagnosed metastases.

The majority of breast cancer metastases affecting the
skull bones (47-85%) are characterized by an osteolytic
form, although they can grow as osteoblastic metastases
characterized by an increased density.

The contrast agent administration on CT allows to iden-
tify a solid part of breast cancer metastases in the brain.
Small (<5 mm) metastatic lesions often accompanying the
larger ones can remain undetected even with contrast
enhancement.

On CT perfusion, a solid part of breast cancer metastases
is characterized by an average blood volume CBV of
11.57 +£5.79 ml/100 g with a large individual variation of the
parameter values, close to the respective values of metastases
of lung cancer, colorectal cancer, and uterine cancer. The
parameter of blood flow velocity CBF has quite high values
(92.04 +29.93 ml/100 g/min), also with a large dispersion of
individual values. Average values of MTT parameter charac-
terizing the blood transit through the capillary network of the
metastasis were 7.6 + 3.11 s. These perfusion parameters of
metastatic breast cancer may provide important additional
information required for the differential diagnosis of primary
and secondary focal brain lesions, as well as metastatic
lesions from primary tumors with various locations.

An MR study of suspected metastatic brain lesions in
breast cancer is performed using the classical protocol. The
nature of the CA accumulation by breast cancer metastases
in our materials was diverse: along with homogeneous accu-
mulation of the contrast agent by the solid part of the tumor,
lesions with heterogeneous accumulation of the contrast
agent were identified. In the majority of cases, after the con-
trast enhancement, a marked increase in the intensity of the
MR signal from the tumor was noted, which facilitated the
identification of sites and number of lesions.

The quality and reliability of visualization of metastases
located in the posterior fossa, in the basal temporal region,
and in convexital portions of the cerebral hemispheres are
improving on T1-weighted MRI with fat signal suppression.

According to our observations, breast cancer is accompa-
nied by significant involvement of the meninges (50% of
cases), with the possible involvement of leptomeninges only.
In cases of suspected metastases in the meninges, it is very
important to use T1-weighted MRI with fat suppression and
intravenous CA administration. Isolated metastases can
spread through the dura mater and simulate meningioma, for
example, if located at the base of the brain. Therefore, a dif-
ferential diagnosis with the primary tumor or a non-tumor
lesion must be carried out quite often for individual intracra-
nial metastases of breast cancer.

Rarely breast cancer metastases in the brain can be
detected at untypical sites, for example, in the sellar cavity.
Metastases to the pituitary affect its posterior lobe and stalk
more often than the anterior lobe, which can be associated
with the direct blood supply to the neurohypophysis. About
35% of breast cancer metastases are located in the posterior
cranial fossa, in the cerebellar peduncle, becoming multiple
in some cases.

In our material, there are cases of patients with metastatic
involvement of the orbit (6%), and, which is not typical for
“untreated” metastases, tumor lesions contained small calci-
fications clearly detectable on CT. In metastatic involvement
of the orbit, the uvea, the retrobulbar space, and its bony
walls are often affected. Metastases of breast cancer in the
orbit have diffuse and heterogeneous growth, whereas metas-
tases of, for example, clear cell renal cell carcinoma and
melanoma have clearly defined boundaries.

According to several authors, in adults, the primary source
of metastases to the orbit is lung adenocarcinoma, breast
cancer, prostate cancer, myeloma, lymphoma, and neuro-
blastoma (Lieb 2010). Malignant tumors of the orbit in 34%
of cases are of metastatic origin or grow into the orbit from
the adjacent areas. Women are almost two times more likely
to get affected (Henderson et al. 1993).

On SWI (SWAN) MRI, breast cancer metastases in the
brain have similar manifestations to those of lung cancer
metastases, with a small number of hypointense inclusions in
their structure. In the presence of hemorrhagic inclusions
after radiotherapy, the use of standard MR protocols does not
allow to reliably exclude the presence of a residual tumor.
The combination of quantitative parameters of the coeffi-
cient of signal uniformity (CSU) on SWI (SWAN) maps and
values of CT perfusion allows to obtain more accurate infor-
mation about changes that reflect the “normal” course of
post-radiation pathomorphism. After radiosurgical treat-
ment, a pronounced accumulation of CA in the area of the
irradiated metastasis can persist, which looks like a large
hypointense area on SWI (SWAN) images, corresponding to
the post-radiation changes (vasculitis).
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On ASL maps in solid metastatic foci, even in the pres-
ence of pronounced hemorrhages, there is an increase in per-
fusion parameters. However, if the solid part is small (up to
1 cm), breast cancer metastases are difficult to differentiate
on the background of the brain substance.

MR spectroscopy in breast cancer showed no reliable
specificity. Changes similar to PMR spectra characteristic of
metastatic lesions are also observed in glioblastoma and
other tumors with necrotic decay.

The use of PET with 8F-FDG for the primary diagnosis
of breast cancer is not advisable. Today a series of activities
is carried out aimed at finding specific radiopharmaceuticals
to identify the “sentinel” lymph node. One of the most com-
mon drugs is *F-FES (fluoroestradiol): the drug is sensitive
to ER+ receptors and can be used to assess the effectiveness
of hormone therapy in breast cancer. A significant reduction
in the accumulation of '®F-FES in breast cancer metastases is
noted following hormone therapy and, importantly, in the

menopause period. Some patients may simultaneously have
ER+ and ER— metastases, making it difficult to visualize
tumor lesions (Vaalavirta et al. 2014).

Using whole-body PET as the first diagnostic step allowed
in some cases to eliminate the need in ultrasound, CT, MRI,
endoscopy, scintigraphy, and other study methods for a search
of the primary tumor and, thereby, significantly reduce the
time and costs of diagnostic activities. However, even upon
identifying clear areas of abnormal CA accumulation on PET,
the morphological verification of lesions is required.

13.1 Clinical Cases

See Figs. 13.1, 13.2, 13.3, 13.4, 13.5, 13.6, 13.7, 13.8, 13.9,
13.10,13.11, 13.12, 13.13, 13.14, 13.15, 13.16, 13.17, 13.18,
13.19, 13.20, 13.21, 13.22,13.23, 13.24, 13.25, 13.26, 13.27,
13.28, and 13.29.
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Fig. 13.1 Multiple breast cancer metastases in the brain. CT before (a—c¢) and after (d—f) intravenous contrast enhancement. On the background
of edema, multiple tumor lesions with a solid structure and a marked contrast enhancement are determined. The ventricular system is deformed
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Fig.13.2 A breast cancer metastasis. On CT in axial (a) and front (b)
projections, an irregularly shaped tumor in the left orbital funnel is
identified, causing the destruction of the orbital walls. There are small
calcifications in the center of the tumor. On axial T2-weighted MRI (c¢)

and T2-FLAIR (d) MRI, a quite homogeneous tumor is well defined.
T1-weighted MR images in the frontal (e) and sagittal (f) views clearly
show the destruction of the upper orbital wall and compression of the
orbital fat and the optic nerve

Fig. 13.3 Multiple breast cancer metastases in the brain. On MR
images, in the left and right hemispheres of the cerebellum, there are
areas with an iso-hyperintense signal on T2-FLAIR MRI (a) and a
moderately hypointense signal on T1-weighted MRI (b). After the CA

administration, its uneven intense accumulation is observed in a large
lesion on the left and in a small lesion on the right (¢). On CT perfusion
maps, there is a marked increase in all perfusion parameters: CBF (d),
CBV (e), and MTT (f)
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Fig. 13.4 A breast cancer metastasis. In the retrobulbar space on the
left, there is a lesion with a low signal on T2-weighted MRI (a) and an
isointense signal on T1-weighted MRI (b, ¢) with the spread to the
orbital funnel. The lesion intensely accumulates CA (d—f), while the
part of the tumor extending to the dura mater along the large wing of the

sphenoid bone is well visualized. On contrast-enhanced CT (g), the
tumor also intensely accumulates CA. On CT perfusion maps, the CBV
(h) and MTT (i) values are increased both in the intraorbital portion of
the tumor and along the meninges of the left temporal region
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Fig. 13.5 A breast cancer metastasis in the brain. There is a solid-  brainstem is deformed. On CT perfusion, increased values of CBV (d),
cystic lesion unevenly accumulating CA both on CT (a) and T1-weighted ~ CBF (e), and MTT (f) are observed in the solid part of the metastasis
MRI (b, ¢) with signs of a moderate perifocal edema in the left hemi-

sphere of the cerebellum. The fourth ventricle is compressed, and the

Fig. 13.6 Multiple breast cancer metastases in the brain. On intensity on T2 and low hypointensity on T1 signal intensity. The con-
T2-weighted (a, b) and Tl-weighted (¢, d) MRI, two solid tumor trast enhancement is expressed and homogeneous (e)
lesions are visualized supra- and subtentorially, which have low hyper-
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Fig.13.6 (continued)

Fig.13.7 A breast cancer
metastasis in the brain. On
MR images in the right frontal
region, there is a large cystic
lesion without a perifocal
edema (a—c). After
administration of the contrast
agent, its intense
accumulation is noted along
the lesion contour in the form
of a thin rim (d)
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Fig.13.8 Multiple breast
cancer metastases in the brain.
A two-level study. On
T1-weighted MRI with
contrast enhancement (a, c),
no conclusive evidence of
abnormalities have been
detected. On T1-weighted
MRI supplemented with fat
suppression protocol (b, d),
extracranially, in the soft
tissue of the occipital region
and the left occipital-parietal
region, visualize lesions
accumulating the contrast
agent (the arrows)

Fig.13.9 A breast cancer
metastasis in the brain. In the
left frontotemporal region,
there is a space-occupying
solid lesion with an isointense
MR signal on T2-weighted
MRI (a) and moderately
hypointense on T1-weighted
MRI (b) with signs of a
pronounced perifocal edema.
The lesion intensely and
uniformly accumulates the
contrast agent (¢, d). A
pinpoint portion of
accumulation medially to the
main lesion is likely a blood
vessel (¢) (the arrow). There
is displacement of the midline
structures to the right and a
moderate compression of the
left lateral ventricle
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Fig.13.9 (continued)

Fig.13.10 A breast cancer metastasis. A two-level study. In the pineal  area. In the sagittal projection, the upper and lower solid components of
region, there is an area with an iso-hyperintense MR signal on the tumor, as well as the central part of the cystic metastasis (e, f) are
T2-weighted MRI without clear contours (a, b). After the CA adminis-  well visualized

tration, there is its intense uneven accumulation (¢, d) in the specified
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Fig.13.11 A breast cancer metastasis in the brain. On axial spiral CT
before (a) and after (b) contrast enhancement, there is a hypodense,
rounded space-occupying lesion that moderately accumulates CA in the
suprasellar region. The lesion has an increased signal on T2-weighted
MRI (c) and an isointense signal on T2-FLAIR (d) and T1-weighted

MRI (e, f). After contrast enhancement (g, h), the lesion has an unevenly
increased signal, and the upper portions of the metastasis accumulate
contrast agent in a lesser degree. On proton MR spectroscopy of the
metastasis (i), a high peak of the Lip-Lac complex is determined
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Fig. 13.12 A breast cancer metastasis in the brain. On T2-weighted intravenous administration of the contrast agent (d—f), the contours of
MRI (a) and T1-weighted MRI (b, ¢), there is a small, isointense space-  the tumor with intense contrast enhancement, located over the Turkish
occupying lesion in the projection of the bottom of ventricle III. After saddle, are clearly identified

Fig.13.13 Multiple breast
cancer metastases in the brain.
On T1-weighted fat sat MR
images with contrast
enhancement (a—d), there is a
total thickening and
accumulation of contrast
agent along the dura mater of
both hemispheres of the brain
and multiple lesions of the
bone structures of the cranial
vault
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Fig.13.13 (conitinued)

Fig.13.14 Multiple breast
cancer metastases in the brain.
On MRI after administration
of the contrast agent on
T1-weighted images, there are
multiple tumor lesions in the
temporal and left frontal areas
(a, b), and also abnormal CA
accumulation is observed in
the cisternal segment of nerve
VII on the left (arrow) (c, d)
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Fig.13.15 A breast cancer
metastasis in the brain. In the
projection of the upper left
cerebellar peduncle, there is a
portion of a hyperintense
T2-weighted MR signal (a).
After CA administration, its
intense accumulation in a
small metastasis is observed:
axial, coronal, and sagittal
projections (b—d). Of note is
the minimum compression of
the fourth ventricle

Fig.13.16 Multiple breast cancer metastases in the brain. On T2-weighted (a, b, ¢) and T1-weighted (d, e, f) MRI following a double dosage of
CA, multiple tumor lesions are identified sub- and supratentorially. Despite their small size, the lesions show signs of central necrosis
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Fig. 13.17 Multiple breast cancer metastases in the brain. A three-level
study. On T1-weighted MRI, there is a single site with an unevenly hyper-
intense signal on the border of the left frontal and parietal lobes (a—c). On
T2-weighted MRI in both the occipital and left parietal regions, multiple

areas of an iso-hyperintense signal are identified (d—f). After CA admin-
istration, on T1-weighted MRI, multiple metastatic lesions rapidly accu-
mulating CA are observed in the axial (g—i), frontal (j), and sagittal (k, 1)
projections, in both cerebral and cerebellar hemispheres
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Fig.13.18 A breast cancer metastasis in the right orbit. On a CT scan  (b) and CBV (c¢) values and MTT prolongation (d) are observed. On
in the axial projection (a), there is a tumor located in the lateral parts of ~ T1-weighted MRI, at two levels (e, f), there are a homogeneous tumor,
the right orbit, which causes the local bone destruction and significant  destruction of the lateral orbital wall, and spread of the metastasis in
exophthalmos. According to the CT perfusion study, an increase in CBF  soft tissues of the orbit and infratemporal fossa
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Fig.13.18 (continued)

Fig. 13.19 A breast cancer metastasis. On CT (a—c) with contrast
enhancement, a lesion is visualized in the projection of the apex of the
petrous pyramid on the right and lateral sections of the sphenoid bone
body, causing the destruction of surrounding bone structures. The

tumor rapidly accumulates the contrast agent. On T2-weighted MRI
(d), the metastasis has isointense characteristics relative to the brain.
Contrast enhancement on T1-weighted MRI is homogeneous and pro-
nounced (e, f)
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Fig.13.20 A breast cancer metastasis in the brain. In the depth of the  perifocal edema. After CA administration, the lesion unevenly accumu-
left cerebellar hemisphere, there is a solid-cystic lesion with a hypo-  lates CA mainly along the contour (¢). On ASL MRI, there is an
hyperintense signal on T2-weighted MRI (a) and a predominantly increase in CBF values on the periphery of the metastasis (d) (the
hypointense signal on T2-FLAIR MRI (b) with signs of a pronounced  arrow)
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Fig.13.21 A breast cancer metastasis in the brain during drug therapy.
In the left cerebellar hemisphere, there is a cystic lesion with an
increased signal on T2-weighted MRI (a), a hypointense signal on
T1-weighted MRI (b) and DWI (d), and a heterogeneous signal on

T2-FLAIR MRI (c¢). After CA administration, its intense accumulation
along the contour of the metastasis (e) is observed, with well-visualized
components of the multinodular lesion. On ASL MRI in the lesion area,
there is a marked decrease in perfusion (f)
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Fig. 13.22 A breast cancer metastasis. In the right cerebellar hemi-
sphere, there is a lesion with a small area of decay in the central portion
of a heterogeneously hyperintense signal on T2-weighted (a) and
T2-FLAIR (¢) MRI, an iso-hypointense signal on T1-weighted MRI
(b), and a hyperintense signal on DWI MRI (d). There is intensive CA

accumulation in the solid part of the metastasis (e). On ASL MRI (f),
there is a pronounced uneven increase in CBF values. The lesion is sur-
rounded by an area of perifocal edema, which causes the displacement
of the adjacent brainstem structures and compression of the fourth ven-
tricle. The tumor is closely adjacent to the transverse sinus
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Fig.13.23 Multiple breast cancer metastases in the brain. A two-level — on T2-FLAIR MRI (c, f) with signs of a pronounced perifocal edema.
study. In the left occipital region, there are superimposed metastatic =~ The lesions intensely accumulate the contrast agent (g—i). On ASL
lesions with an iso-hyperintense signal on T2-weighted MRI (a, d), a  MRI, CBF values are high in both metastatic lesions (j—I)

hypointense signal on T1-weighted MRI (b, e), and an isointense signal
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Fig.13.23 (continued)

Fig. 13.24 Multiple breast cancer metastases in the brain. A follow-up
study before and after chemoradiotherapy. In the right hemisphere of the
brain, there are multiple lesions with the solid-cystic structure and a
hyper-hypointense MR signal on T2-weighted MRI (a), hyper-
hypointense signal on T1-weighted MRI (b), and hyper-hypointense sig-
nal on T2-FLAIR MRI (c¢). In the cystic portion of the lesion, in right
frontal area, the “level” of hemorrhagic content is well visualized. The
signal from the cystic content is increased on T1-weighted MRI due to

blood. On DWI MRI, there are areas of a hyperintense signal on the
periphery of the lesions (d). On SWI (SWAN) MRI, in the solid structure
of the metastases, multiple pinpoint areas of hypointense signal (e, f) are
observed. Following chemoradiotherapy, a significant decrease in the size
of the lesions and change in their structure are noted (g—i). An increased
signal from the white matter on T2-weighted (g) and T2-FLAIR (h) MRI
represents post-radiation changes (leukoencephalopathy)
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Fig.13.24 (continued)

Fig. 13.25 A breast cancer metastasis in the brain. In the posterior  trast agent, without clear contours along the lateral pole (b). On MR
thalamic region on the left, there is an area with a moderately hyperin-  tractography (¢, d), there is a deformation of the conductive pathways
tense signal on T2-weighted MRI (a), intensely accumulating the con-  medially and laterally with respect to the metastasis
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Fig.13.25 (continued)

Fig. 13.26 A breast cancer metastasis. Metachronous cancer. In the
right occipital region, there is a space-occupying lesion with an iso-
hypointense signal on T1-weighted MRI (a) and a heterogeneously
increased signal on T2-weighted MRI and T2-FLAIR MRI (b, ¢) with
signs of a moderate perifocal edema. On DWI MRI (d), the signal from
the metastasis is increased. After CA administration, its intense, uneven

accumulation in the solid part of the tumor (e, f) is noted, and there is a
marked hypointense portion along the front contour of the tumor. On
whole-body DWI MRI (g-j), there are high-signal areas in the mam-
mary glands, in the axillary regions, in the right adrenal gland, and in
the head and body of the pancreas, corresponding to multiple tumor
sites identified by T2-weighted MRI (k—-m)
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Fig.13.26 (continued)
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Fig. 13.27 Multiple breast cancer metastases. T1-weighted MRI after  frontal region (b). On the diffusion-weighted images of the whole body,
intravenous contrast enhancement which demonstrates metastases in  there is a tumor lesion in the right lung apex (c) and signs of dissemi-
the left eyeball membranes (a) (arrow) and a micrometastasis in the left  nated involvement of the skeleton (vertebrae, ribs) (d, e, f)

Fig. 13.28 Multiple breast cancer metastases in the brain. A three- that would allow to differentiate the lesions on the background of physi-
level study. On T1-weighted MR images after CA administration (a—c), ological accumulation have been identified (d—f). Fusion PET/MR
there are multiple metastases with various sizes, up to | cm in diameter.  images (g—i)

On PET images with '8F-FDG, no signs of increased RP accumulation
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Fig. 13.29 A breast cancer metastasis in the brain. On T1-weighted
brain MR images after intravenous CA administration (a), there is a
solid tumor lesion intensely accumulating the contrast agent in the pro-
jections of basal ganglia on the left. Multiple areas of abnormal RP

accumulation on whole-body PET (in the projection of the right breast
and regional lymph nodes (b, ¢); there is an additional rounded lesion
with abnormal RP accumulation in the projection of the aortic hiatus
(lymph node)
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Fig.13.30 A breast cancer
metastasis in the brain before
and after radiosurgical
treatment, a residual tumor. In
the right postfrontal region
(before radiosurgery), there is
a cystic lesion with signs of
intense CA accumulation
along the contour and with a
small solid portion along the
posteromedial contour—the
axial and sagittal projections
on T1-weighted MRI after the
administration of the contrast
agent (a, b). After
radiosurgery, there is a small
area accumulating CA
parasagittally on CT (c) and
MRI (d) images. On CT
perfusion maps (CBV), there
is an increase in blood flow
values in the specified region
(e). On PET with "®F-choline
(f), there is an intense RP
accumulation in the residual
tumor
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13.2 Post-radiation Changes

See Figs. 13.31, 13.32, 13.33, 13.34, 13.5, 13.6, 13.7, and
13.8.

Fig. 13.31 A breast cancer metastasis in the brain. On T1-weighted
MRI with contrast enhancement (a, b) and T2-weighted MRI (c) 3
months after the irradiation, there is a small region of abnormal CA
accumulation in the convexital departments of the left parietal region.
There is a significant increase in the size of the site with abnormal CA

accumulation and an increase in edema 5 months after (d, e and f). On
CT perfusion, a large part of this area is characterized by low perfusion
values, with the exception of a small area with high CBF (g) and CBV
(h) along the convex (arrow)—a residual tumor. MTT values (i) are
increased throughout the area—post-radiation changes
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Fig. 13.32 Multiple breast cancer metastases in the brain during com-
plex treatment. A three-level study. In the left cerebellar hemisphere,
there is a space-occupying lesion with a hyperintense signal on
T2-weighted MRI (a), a heterogeneous signal on T2-FLAIR MRI (d),
and a hypointense signal on T1-weighted MRI (g). In the right frontal
lobe, there is a lesion with a signal similar to that on T2-weighted MRI

(b) and a heterogeneously increased signal on T2-FLAIR and
T1-weighted MRI (e, h). In the right upper frontal region, there is a
lesion with a hypointense signal on T2-weighted (¢) and T2-FLAIR
MRI (f)—hemorrhagic inclusions and an increased signal on
T1-weighted MRI (i). After administration of the contrast agent, all
lesions unevenly accumulate the contrast agent (j, k, 1)
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Fig. 13.33 A breast cancer metastasis in the brain before and after
surgery, a residual tumor. In the parasagittal sections of the left frontal
region after radiosurgery, there is an increased signal on T2-weighted
MRI (a) with a moderate perifocal edema. After CA administration (b,
¢), its uneven, intense accumulation in the tumor is noted. On the MR
images after surgical removal of the metastasis, there is a CSF cleft (d);

along its front contour, a small portion of abnormal accumulation of the
contrast agent, adjacent to the falx (e, f), is observed. On CT perfusion
maps (g, h) and PET images with 18F-choline (i), along the front pole
of the postoperative cyst, there is a small area with increased '*F-choline
accumulation and high perfusion parameters—a residual tumor
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Fig. 13.34 A breast cancer metastasis in the brain. Condition after
radiosurgical treatment (a residual tumor). On the MR images on the
background of an expressed perifocal edema on T2-weighted and
T2-FLAIR MRI (a, b), there is irregularly shaped abnormal CA accu-
mulation (c¢) in the medial portion of the left temporal region on
T1-weighted MRI. On CT perfusion maps in the specified area, there is

a weak pinpoint increase in CBV values (d) (the arrow) and a marked
increase in CBF (e) and MTT values (f). On CT in the left temporal
region, there is a heterogeneous hypodense area (g). On PET with ¥F-
FDG, there is moderate RP accumulation exceeding the background
values (h) and expressed increased accumulation of '*F-Tyrosine (i)
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Fig.13.34 (continued)

Fig. 13.35 A breast cancer metastasis in the brain. CT perfusion
before the treatment (a—c): high rates of CBV, CBF, and MTT are
observed in the lesion projection in the right frontal region. One year
and 8 months after the treatment, a decrease in perfusion values CBV
and CBF (d, e) and an increase in MTT (f) are observed; on T1-weighted

MRI (g), intense CA accumulation persists; an edema zone is visual-
ized on T2-weighted MRI (h); on SWI (SWAN) MRI (i), the lesion has
a low MR signal—these are post-radiation changes with hemorrhagic
inclusions
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Fig.13.35 (continued)

Fig.13.36 A breast cancer metastasis in the brain. Follow-up studies
during chemotherapy. In the left temporal region, there is an area with
a hypo-hyperintense MR signal on T2-FLAIR MRI, without any pre-
cise contours (a) and with signs of a pronounced perifocal edema. After
CA administration (b, ¢), its intense accumulation in the tumor is noted,
with well-defined linear spread of the metastasis along the adjacent
meninges with the formation of the “tail” effect. Of note is the displace-

ment of the adjacent brain substance of the frontotemporal region, mid-
line, and brainstem structures. On contrast-enhanced CT (d), the
displacement of the middle cerebral artery anteriorly is well visualized.
On CT perfusion, there is a moderate increase in CBF values (e) and
insignificant MTT (f) in separate portions of the lesion. On T2-weighted
MR images (g) and T1-weighted contrast-enhanced MR images (h, i)
after chemotherapy, there is a marked reduction in the tumor size
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Fig.13.37 Multiple breast cancer metastases in the brain during drug  on T2-FLAIR MRI (¢). After CA administration, its intense accumula-
therapy. In the left parietal region, there are several merging lesions tion in metastases (d) is observed. On SWI (SWAN) MRI (e, f), there
with a heterogeneously hyperintense signal on T2-weighted MRI (a), are signs of hemorrhagic transformation on the background of post-
hypointense signal on T1-weighted MRI (b), and heterogeneous signal ~ radiation changes (vasculitis with hemorrhagic impregnation)
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Fig. 13.38 A breast cancer metastasis in the brain. Post-radiation
changes after radiosurgical treatment. In the deep parts of the right
frontoparietal region, there is a lesion with a heterogeneous signal on
T2-weighted MRI (a) and an increased signal on T2-FLAIR MRI (b)
with a pronounced perifocal edema. On DWI MRI, in the central parts
of the lesion, there is a reduced signal and a rim of a hyperintense signal
on the periphery (c), significantly higher than the signal intensity from
the perifocal edema. On SWI (SWAN) MRI, on the periphery of the

lesion, there is a decreased signal (d, e), which is characteristic of hem-
orrhages. MR spectroscopy identified an increased peak of the Lip-Lac
complex and a decrease in other peaks (f) and a decrease in blood flow
in non-contrasted perfusion (g). When constructing the tracts, their
marked deformation is observed (h, i). On PET images with '*F-tyrosine,
there is no increased CA accumulation (j-1), which confirms the post-
radiation nature of changes
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Fig.13.38 (continued)



Melanoma

Melanoma is the most malignant tumor that develops as a result
of malignant transformation of pigment cells—melanocytes
located in various body tissues. The first mention of a “fatal
black tumor with metastases and a black fluid in the body”
appeared in European literature between 1651 and 1760. The
term “melanoma” was first proposed by Carswell in 1838.

The incidence of melanoma in the world is more than
230,000 people annually. In the USA, more than 32,000 patients
are diagnosed with melanoma each year, of whom 7200 annu-
ally die (Balch and Kirkwood 1997); in Russia this figure
approaches 9000. In recent decades, a steady increase in the
incidence of melanoma in all regions of the world is observed,
with the tumor being more common in young people.

Melanoma is the third by frequency of metastases to the
brain, although many authors put it on the second place,
between lung cancer and breast cancer (Stehlin et al. 1965;
Romodanov 1973; Hauward and Hayward 1976; Bullard and
Cox 1981; Johnson and Smith 1995). According to Greenlee
et al. (2001), melanoma metastases constitute 5-21% of the
total cases of secondary brain malignancies, in spite of the
fact that melanoma proportion in the structure of malignant
tumors is only 4%. In our clinical material, melanoma metas-
tases in the brain occurred three times less often (about
18.2%) than lung cancer metastases.

The mean interval between the diagnosis of melanoma
and the development of MTSs in the brain is 1.2-3.5 years
(Chason et al. 1963; Markesbery et al. 1978; Zimm et al.
1981; Damek 2003). When the size of brain tumor is <5 mm,
survival of melanoma patients after surgery is 89-100%.
When melanoma metastasizes in the internal organs, the
S5-year survival rate is less than 10% (Rigel et al. 2000). The
prognosis for patients with metastatic melanoma in the brain
is the most unfavorable. The tumor volume, depth of inva-
sion, ulceration, satellites, site, and radical treatment have a
key prognostic value.

According to Rhodes et al. (1987), there is a definite rela-
tionship between the intensity of metastasizing and the age
of melanoma patients. In children, melanoma metastases are
rare. The authors noted the maximum intensity of metasta-
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sizing by 30—40 years of age; patients had metastases at vari-
ous sites as early as after 3—4 months. A decrease in the
tendency to metastasize was observed in elderly patients
(Chao et al. 2004).

According to Akimov and Gershanowitch (2001), mela-
nomas metastasize within the first months after the onset of
the disease, while uncontrolled dissemination of the tumor
was determined in many patients already at the time of diag-
nosis. According to McWilliams et al. (2008), metastases
were detected at necropsy in 50-70% of patients diagnosed
with melanoma, and only 60% of these cases of metastases
in the brain were detected during their lifetime.

There are primary and metastatic melanomas in the brain.
Primary melanoma in the central nervous system is very
rare—1% of cases (Farrokh et al. 2001)—and is a surgical or
necropsy finding. Primary melanoma usually develops in the
choroidal plexus or the pial membrane of the fourth ventricle,
or around the brainstem (especially in the ventral regions), as
well as in the upper sections of the spinal cord, since these
areas contain the greatest concentration of melanocytes
(Gebarski and Blaivas 1996; Arbelaez et al. 1999). Primary
melanoma usually metastasizes to the meninges, rarely affect-
ing the parenchyma (Rubino et al. 1993; Arbelaez et al.
1999). Often primary melanoma spreads along the meninges
after surgery. van der Ree et al. (1999) noted that, with the
tumor located in the posterior fossa, 33% of patients experi-
enced involvement of not only intracranial meninges but also
of the spinal cord 2—13 months after the surgery.

In secondary metastatic brain lesions, primary melanoma
is usually in the skin (97%), while in 2-3%, melanoma is
detected in the vagina, anorectal area, choroid and iris, penis,
and lungs. Melanoma metastases can also be found in the
lymph nodes of the abdominal and thoracic cavities, lungs,
gastrointestinal tract, adrenals, and heart. According Mogila
(1979), melanoma metastases were found in the heart muscle
in 9.4% of cases and in the adrenal tissue in 10.4%. The
tumor lesions in the adrenal glands result in a decrease in the
corticosteroid function up to the complete failure of this
organ, which is often the cause of rapid deaths. According to
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the same author, the brain was the only place of melanoma
metastases in 51.9% of patients.

Melanomas metastasize to the brain via both the hema-
togenous and lymphogenous routes Babchin et al. 1974a, b;
Iconography et al. 1977). According to Martynov et al.
(2002), melanoma cells enter the brain more often via the
hematogenous route, through the arterial circle.
Lymphogenous spread of melanoma metastases to the brain
is possible, when the primary pigmented tumor is located in
the skin of the head and neck. Zhuravlev et al. (1994) noted
that metastases usually first appear in the regional lymph
nodes, i.e., local lymphogenous spread of tumor cells occurs
earlier than hematogenous one. However, other researchers
believe, referring to the appearance of tumor cells in the
regional lymph nodes and distant organs, that metastasizing
occurs via a mixed route, i.e., both lymphogenically and
hematogenically.

By their morphological structure, melanoma metastases in
the brain, as compared with other metastases, most resemble
the primary pigmented tumor. Just as in primary melanoma,
metastases contain different histological variants of epithe-
lium-like, spindle cell, and mixed structures. Metastases may
differ from primary melanomas by the amount of melanin in
the direction of both its increase and decrease (Ganina et al.
1978). In separate cases, amelanotic melanoma metastasized
and became pigmented and vice versa.

Amelanotic (nonpigmented) forms of melanoma may still
show some amount of melanin. However, according to
Golbert (1975) and Tiraspolskaya (1975), a complete lack of
melanin allows to suspect melanoma based on polymor-
phism of the tumor tissue, typical of this tumor, in combina-
tion with sarcomatoid or epithelioid cell structure. Both
metastatic and primary CNS melanomas can be amelanotic.
According to Ganina and Naleskina (1991), nonpigmented
or weakly pigmented forms of melanomas have a pronounced
tendency to metastasize and a poor prognosis. If primary
melanomas remain undetected, according to Ikonopisov
et al. (I977), the main reason for that is not only a micro-
scopic tumor size but also its amelanotic form.

Metastases of melanoma in the brain are characterized by
frequent hemorrhages(Hauward and Hayward 1976; Mogila
1979; Konovalov et al. 1997a, b, ¢; Karp et al. 2002). The main
causes of hemorrhages in the tumor tissue are the degree of the
tumor anaplasia and specifics of tumor vascularization. The
clinical course of the disease in such cases drastically worsens.

On direct angiograms, manifestations of melanoma metas-
tases in the brain are characterized by the “porous structure”
with sharp edges and an abundant vascular pattern, and at the
same time, an expressed dislocation of brain vessels is
observed. It should be noted that, in some rare cases, pig-
mented tumors by their structure may resemble glioblastoma
with formation of arteriovenous shunts on angiograms.

In contrast to metastases of other primary tumors to the
brain, with iso- and/or hypodense characteristics, cerebral

metastases of melanoma often have a heterogeneous density
on CT due to frequent hemorrhages. In our experience, in 76%
of cases of cerebral melanoma MTSs, the solid part of the
tumor tissue was identified as a rounded site with moderately
high density, and CA administration only enhanced its density
characteristics. Our data correlate with data of other authors
(Weisberg 1985; Patten et al. 1990; Ho Shon et al. 2008;
Goulart et al. 2011). Thus, Weisberg (1985) noted using native
CT in patients with metastatic melanoma that melanoma
lesions were characterized by a hyperdense signal in 75%,
while a hypo- and isodense signal was determined in 23% and
3%, respectively. It can be argued that CT manifestations of
melanoma metastases in the brain are associated not only with
the specifics of the tumor histogenesis but also with hemor-
rhages to its tissue, due to which the tumor density increases.

In case of detection in the brain of multiple tumor lesions
with an increased density during a CT study, melanoma metas-
tases should be suspected even if the primary tumor has not yet
been detected. In terms of differential diagnosis in cases where
there are hyperdense characteristics of the lesions on native
CT, non-tumor hemorrhages should be first ruled out.

Even small metastatic melanomas are characterized by a
pronounced perifocal edema.

As aresult of CT perfusion studies, we noted that the tis-
sue of melanoma metastases has one of the highest blood
volume values—CBYV = 15.03 £ 9.7 ml/100 g—only slightly
inferior to that of kidney cancer metastases. Of note is a large
dispersion of CBV values in melanoma, which is probably
related to different degrees of tumor capillary network
depending on its size and “age.” These findings are supported
by the fact that melanoma metastases are characterized by
the highest values of the capillary blood flow in the tumor
depth: CBF = 113.99 + 24.25 ml/100 g/min. Melanoma
metastases passed the blood through their parenchyma the
fastest: they were characterized by the lowest MTT values
(7.22 = 2.1 s) in our group.

Our experience with CT perfusion techniques in the diag-
nosis of metastatic brain lesions allows to establish its high
efficiency in the determination of perfusion characteristics of
metastatic tumors, depending on the primary source and reli-
ably differentiate melanoma metastases from metastatic
lesions of other origin with similar CT manifestations during
a native CT study (p < 0.03).

As noted earlier, a CT perfusion method was used not
only in primary melanoma diagnosis but also in the
monitoring of treatment effectiveness in radiation therapy,
often revealing complications during the treatment. CT per-
fusion in some cases allowed us to unambiguously identify a
residual tumor on the background of a hemorrhage, having
similar manifestations on routine CT and MRI.

Similarly to other metastatic tumors, melanoma metastases
tend to grow as nodular lesions without any signs of invasion of
the surrounding brain substance, unlike primary malignant
brain tumors that diffusely infiltrate adjacent tissues.
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Melanoma metastasizes in any portion and structure of
the brain and skull. The most common site is the brain.
However, metastatic lesions may occur in the dura mater,
choroid plexus, pituitary gland, and pineal gland. In our
material, melanoma metastases were detected in the orbit.

Metastatic melanoma has a number of characteristic
pathognomonic MRI manifestations that allow to assume the
nature of the primary tumor with a greater probability, even
based on routine MRI studies. It is known that melanin is
characterized by the presence in its structure of unpaired elec-
trons and has paramagnetic properties. This gives melanoma
its characteristic signs in MR imaging, manifested as an
enhanced MRI signal in T1-weighted MRI, even before the
CA administration(Atlas et al. 1987a, b; Isiklaret al. 1995;
Escott 2001; Breckwoldt et al. 2015). In our material, homo-
geneous metastatic melanomas (without signs of central
necrosis) in T2-weighted images in 60% of cases had moder-
ately hypointense or hypointense signals and in 31% of cases
had iso-hypointense signals. In case of a tumor hemorrhage,
the character of MR signal on T1-weighted MRI changed
from hyperintense to hypointense depending on the “age” and
the number of hemorrhages. Hemorrhages to the tumor tissue
were detected in 60% of cases and were often identified both
with single and multiple metastases of melanoma.

A decrease in the signal on T2-weighted MRI is typical
not only for melanoma metastases (91%): colon cancer
metastases were hypointense in 83% of our cases.

Often (about 9% of cases) melanoma metastases on
T2-weighted MRI were visualized as hyperintense lesions,
while on T1-weighted MRI as isointense ones, which may be
indicative of amelanotic melanoma.

Complications in the form of a hemorrhage in the tumor
tissue in our material were often observed in particular in
melanoma metastases (34% of patients were operated due to
an increase in the size of metastatic lesions in the brain). It
should be noted that the cause to perform neurosurgery was
often extensive hemorrhages, not further growth of the solid
part of the tumor.

It should be noted that not only melanoma metastases may
have an increased MR signal on T1-weighted MRI but also
primary tumors, for example, protein-containing lesions (cra-
niopharyngioma, atypical epidermoids, colloid cysts in the
third ventricle), lipomas and lipomatous meningiomas, dural
osteomas, as well as abnormal non-tumor lesions (multiple
sclerosis, hamartomas, neurofibromatosis type I, intracranial
forms of infections, etc.). Tumors with hemorrhages and
hematomas in the early subacute stage may have MR charac-
teristics similar to those in melanomas. In addition, according
to many authors, the diagnostic range must also include pig-
mented meningioma, meningeal melanocytoma, melanotic
schwannoma, and melanoblastosis—neoplasms containing
melanin in their structure (Tatagiba et al. 1992; Faro et al.
1996; Painter et al. 2000; Doglietto et al. 2012). The next
chapter will describe the differential diagnosis of metastases.

The need to identify additional small multiple lesions
determines the requirement for mandatory contrast enhance-
ment of intracranial melanomas. Characteristics of accumu-
lation of the contrast agent by melanoma metastases allowed
to identify various patterns occurring as a result of the con-
trast agent accumulation. The main pattern of CA accumula-
tion by melanoma metastases corresponded to the
“homogeneous” type of accumulation and reached 76% in
our material. However, in the presence of necrotic areas in
the central part of the tumor site, CA accumulation occurred
along the periphery—a homogeneous ring-shaped accumu-
lation with clear contours—a “target.” Heterogeneous CA
accumulation was also present but much less frequently.
Perifocal edema was pronounced, which created, in turn, the
picture of ring enhancement.

From our point of view, differences in the CA accumula-
tion are due to, first of all, sizes, “age,” intensity of growth,
metabolic activity of the tumor tissue, presence or absence of
necrosis areas, hemorrhages, etc.

Thus, it can be concluded that the standard MRI methods
(T1, T2, Tl weighted + contrast enhancement, T2-FLAIR) in
case of metastatic brain lesions in melanoma not only pro-
vide information about the synoptic features of the tumor
lesion(s) and their numbers and structure but also allow to
suspect the source of metastases based on particular charac-
teristics (a signal change on T2-weighted MRI).

Melanoma metastases on SWI (SWAN) MRI are included
in our study as a separate group and were studied in detail
using other additional MRI techniques. Thus, a decrease in
MR signal in SWI (SWAN) images, similar to that in
T2-weighted MRI, is quite typical and is caused by the char-
acteristics of the melanoma cellular structure. Paramagnetic
melanin itself causes local inhomogeneity of the magnetic
field not only on SWI (SWAN) MRI but also on standard
T2-weighted images, except for a small number of cases
with the cystic structure of this lesion (Gaviani et al. 2006).

As noted above, growth of melanoma—one of the most
malignant tumors—is often accompanied by hemorrhages
into the tumor stroma. On SWI (SWAN) images, due to
higher sensitivity of the pulse sequence to the field inhomo-
geneity, the overall low signal from the neoplasm covers
some features of the internal structure of melanoma.

During an MR spectroscopic study in patients with sus-
pected melanoma metastases, it was noted that shimming
frequency in melanoma metastases in cases of its solid type
exceeds 7 Hz and sometimes reaches up to 14 Hz. In meta-
static tumors with other histological structure, this phenom-
enon is not detected. Most likely, this difference is related to
the paramagnetic properties of melanin and hemorrhages
associated with melanoma metastases. In other cases, on the
background of a significant decrease in NAA and Cr peaks,
there was a sharp increase in the lipid-lactate complex and a
moderate increase in the choline peak. It should be noted that
these results were obtained only in the presence of tumor
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necrosis. In our material, increases in the peaks of choline,
lactate, and lipids in the central part of metastases were noted
in only 22% of cases.

On DWI images, in patients with melanoma metastases in
the brain, no characteristic features were identified that could
allow to differentiate melanoma metastases from other focal
lesions with necrotic changes in the tumor tissue. However,
the use of DWI allowed to obtain additional information on
melanoma metastases with the solid structure: melanoma
metastases in contrast to lymphomas and gliomas are charac-
terized by higher ADC values, as degradation in the metasta-
sis stroma starts earlier. Unlike glial tumors, melanoma
metastases have a lower signal on DWI MRI in the edema
area, which is most likely due to the lack of infiltration of the
brain substance by the tumor cells and more free movement
of water molecules in the extracellular space. The ADC val-
ues obtained in the solid parts of melanoma metastases were
0.9 x 1073 £ 0.05 x 1073 s/mm?; in the lesions with necrosis
signs, they were 2.18 x 1073 + 0.05 x 1073 s/mm?; in the
edema area, they were 1.92 x 1073 £ 0.07 x 1073 s/mm?; in
the white matter on the unaffected contralateral side, they
were 0.7 x 1072 £ 0.3 x 1073 s/mm?.

Melanoma metastases and primary tumor are very well
visualized on both DWI MRI and PET with 8F-FDG. Since
melanoma metastasizes to the soft tissues and bones, it is
advisable to perform for diagnosis not scintigraphy, allowing
to study only bone structures, but PET or MRI in order to
investigate all tissues. *F-FDG PET is also highly sensitive
to amelanotic melanoma cells. In our material, all patients
with melanoma metastases in the brain had foci with
increased accumulation of the radiopharmaceutical even on
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the background of hemorrhagic inclusions. More than in a
half (57%) of the studies conducted, the PET picture corre-
sponded to multifocal neoplastic lesions of the internal
organs and lymph nodes. A histological examination of the
biopsy material obtained allowed to prove the presence of a
malignant melanoma.

For a search of the primary tumor, a whole-body PET
study can be performed at different stages of the diagnosis.
An absolute indication for PET is the presence of multiple
tumor lesions in the brain on MRI, absence of history of can-
cer, and negative results of other diagnostic methods. PET is
often performed in patients with a quite long history of can-
cer that received surgical therapy in the past for some tumor.
In such cases, additional tumor lesions and lymph nodes
affected with metastases are often found. Based on the
whole-body PET study, we found abnormal RP accumula-
tion in 88.6% of patients with melanoma in our material
(n = 44). It should be noted that a PET/CT study should
include the upper and lower extremities, which often allows
to identify additional lesions. Given the difficulties of using
DWI MRI with inclusion of extremities in the region of
interest, PET is the method of choice.

14.1 Clinical Cases

See Figs. 14.1, 14.2, 14.3, 14.4, 14.5, 14.6, 14.7, 14.8, 14.9,
14.10, 14.11, 14.12, 14.13, 14.14, 14.15, 14.16, 14.17, 14.18,
14.19, 14.20, 14.21, 14.22,14.23, 14.24, 14.25, 14.26, 14.27,
14.28, 14.29, 14.30, 14.31, 14.32, 14.33, 14.34, 14.35, 14.36,
14.37, and 14.38.

Fig. 14.1 Multiple melanoma metastases in the brain. On a CT scan
before the administration of the contrast agent (a), there are multiple
areas with an increased density in the right frontal and parietal regions.
After the administration of the contrast agent (b), multiple metastases

are additionally identified in both frontal regions, with the largest lesion
with no apparent CA accumulation—blood. On PET with '*F-FDG (¢),
lesions intensely accumulate RP, with the exception of the largest one,
which is caused by a hemorrhage into its stroma
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Fig.14.2 A melanoma
metastasis in the left orbit. On
a CT scan in axial projection
(a), there is a weakly
hyperdense space-occupying
lesion that causes destruction
of the medial wall of the left
orbit and exophthalmos.
T1-weighted MRI with
contrast enhancement in the
axial (b) and sagittal (c, d)
projections allows to visualize
a tumor located in the
retrobulbar region, with
moderate and uneven contrast
enhancement. The optic nerve
is displaced upward

Fig.14.3 A melanoma
metastasis in the brain. CT
and CT perfusion maps. In the
right parietal lobe, solid-
cystic space-occupying lesion
is identified, whose solid
component (along the lateral
contour) intensely
accumulates CA (a). On CT
perfusion maps of CBV (b),
CBF (¢), and MTT (d),
typical for melanoma, high
CBYV and CBF values and low
MTT values are observed in
the solid structure of tumors
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Fig.14.3 (continued)

Fig.14.4 Multiple
metastases of melanoma. CBF
map (a): melanoma
metastases have elevated
blood flow values (arrow). On
CT with contrast
enhancement (b), of note is a
large artery approaching the
front pole of the tumor (upper
arrow) and an additional
parasagittal tumor site (lower
arrow). T1-weighted MRI
with contrast enhancement (c)
and T2-weighted MRI (d)
allow to determine the true
sizes of metastatic lesions and
the severity of perifocal
edema
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Fig.14.5 Multiple metastases of melanoma. There are multiple lesions
along the falx on both sides in the frontal and parietal regions. The larg-
est lesion in the right frontoparietal region on T2-weighted MRI (a) has
a heterogeneously hyperintense signal, and the brain substance along
the periphery of the lesion is edematous. On T1-weighted MRI (b),
lesions are weakly differentiated (no hemorrhages). After CA adminis-
tration—axial (¢) and sagittal (d, e) projections—there is its pronounced

accumulation in the tumor lesions, while the well-visualized cystic
fragment is well visualized along the anterior pole of the largest metas-
tasis. On CT (f), the lesion also intensely accumulates the contrast
agent. On CT perfusion maps of CBV (g), CBF (h), and MTT (i), typi-
cal for melanoma, high CBV and CBF values and low MTT values are
observed in the solid structure of tumors
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Fig.14.6 A melanoma metastasis in the brain. In the posterior horn of
the left lateral ventricle, there is a large solid metastasis with an
increased signal on T2-weighted MRI (a) and a slightly increased sig-
nal on T1-weighted MRI (b). After the contrast agent administration
(¢), its accumulation is intense and uniform. Noteworthy is a pro-

nounced perifocal edema with the displacement of the midline struc-
tures. On CT perfusion maps, the tumor lesion has sharply increased
CBYV (d) and CBF (e) values and low MTT values (f), which are char-
acteristic of melanoma

Fig. 14.7 A melanoma metastasis in the brain. In the left frontal and
right occipital lobes, there are large, space-occupying heterogeneous
lesions with areas of pronounced perifocal edema, intensely accumulat-
ing contrast agent in a CT study (a, ¢). On the lateral angiograms, there
is a moderately expressed vascular network of the metastasis (b)
(arrows). The largest lesion in the left frontal lobe extends to the falx.

On CT perfusion maps of CBV (d), CBF (e), and MTT (f), there is a
sharp, nonuniform increase in CBV and CBF values. MTT parameters
are heterogeneous, and the most active part of the lesion (medial) is
characterized by lower values. Perfusion parameters in the metastasis in
the right occipital region are also significantly increased
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Fig.14.7 (continued)

Fig.14.8 A melanoma
metastasis in the brain.
Condition after radiosurgery.
On CT in the left
frontoparietal region, there is
a lesion with a hemorrhage
area with an increased density
along the medial contour (a).
On CT perfusion maps of
CBV (b), CBF (c¢), and MTT
(d) (arrows), there are dark
regions in the hemorrhage
areas—total absence of the
blood flow. In the lesion
residues, CBF values (c)
(arrow) are increased and
MTT values are high
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Fig.14.9 A melanoma
metastasis in the brain. In the
left frontal region, there is a
space-occupying lesion with a
heterogeneous hypointense
signal on T2-weighted MRI
(a), hyperintense areas
(hemorrhage) on T1-weighted
MRI (b), and a moderately
pronounced perifocal edema
(a hyperintense area around
the metastasis) on T2-FLAIR
MRI (c¢). Following
intravenous CA
administration, its intensive
accumulation in the tumor (d)
is observed
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Fig.14.10 A melanoma metastasis in the brain. In the left optic thala- MRI (f) and with no obvious signs of a perifocal edema. Following
mus, there is a space-occupying lesion with an increased signal on intravenous CA administration, its intense and uneven accumulation is
T2-weighted, T2-FLAIR, and DWI MRI (a, ¢, e) and low signal on  noted in the tumor (D)

T1-weighted MRI (b), with signs of an increased blood flow on ASL



190

14 Melanoma

Fig. 14.11 A melanoma metastasis in the brain. In the right frontal
lobe, there is a rounded space-occupying lesion with an iso-hyperintense
signal on T2-weighted MRI (a) and an increased signal on T2-FLAIR
MRI (b), with hyperintense areas (hemorrhage) on T1-weighted MRI

Fig.14.12 Multiple
metastases of melanoma.
Along the meninges and
ependyma of the lateral
ventricles, there are multiple
space-occupying lesions with
an increased signal on
T2-weighted (a) and
T1-weighted MRI (b). After
CA administration, there is its
expressed accumulation in
tumor lesions in the axial (c)
and sagittal (d) projections

(c¢) and with a moderate area of perifocal edema (b). After intravenous
CA administration on T1 fat sat MRI (d, e), there is intense accumula-
tion of the contrast agent in the tumor. The lesion is characterized by
increased perfusion on ASL MRI (f)
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Fig.14.12 (continued)

Fig.14.13 Multiple
melanoma metastases in the
brain. On T1-weighted MRI
with contrast enhancement in
the projection of the left
lateral ventricle, there are
multiple confluent lesions (a,
b) infiltrating the ependyma.
Small inclusions with an
increased signal in the
substance of the left frontal
region have vascular nature
(venous angioma) (c, d)
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Fig. 14.14 Multiple melanoma metastases in the brain. A two-level
study. Along subarachnoid meninges and ependyma of the temporal
horn of the right lateral ventricle, there are multiple focal lesions with
no obvious signs of a perifocal edema. Most of them are visualized only
after intravenous CA administration on T1-weighted fat sat MRI (e, f).
Some of the metastases in the right frontoparietal region have a hyper-

Fig.14.15 A melanoma
metastasis in the brain. In the
right hemisphere of the
cerebellum, there is a tumor
lesion with a portion of a
decreased signal in the central
regions of the tumors on the
T2-weighted MRI (a) and a
high signal on T1-weighted
MRI (b). On the periphery of
the lesion, there are cysts and
a significant perifocal edema.
Obstructive hydrocephalus

intense portion (hemorrhage) on Tl-weighted and T2-FLAIR MRI
(a, b, ¢, d). The lesion in the ependyma of the right temporal horn is
characterized by an increased signal on T2-FLAIR MRI (a) and a lower
signal on T1-weighted MRI (¢) without any clear signs of CA accumu-
lation on T1-weighted fat sat MRI (e). In the left temporal area, there
are artifacts from metal (a, c, e)
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Fig. 14.16 A melanoma metastasis in the brain. On T2-weighted (a)  T1-weighted MRI). There is a hyperintense hemorrhagic cyst along the
and T1-weighted MRI before (b) and after (¢) contrast enhancement: in  anterior contour of the lesion on T2-weighted MRI, with a solid part of
the left temporal region, there is a tumor lesion with foci of subacute  the tumor having a decreased MR signal on T2-weighted MRI
hemorrhages and melanin deposits (a hyperintensive MR signal on

Fig.14.17 A melanoma metastasis in the brain. On contrast-enhanced  T2-weighted MRI (b), the tumor is hypointense, and on T1-weighted
CT (a), in the projection of the left cerebellopontine angle, a tumor MRI (c), it has the signal characteristics close to those of the brain
mass is visualized with a high density and a homogeneous structure. On  substance

Fig.14.18 A melanoma
metastasis in the brain. On
T2-weighted (a), T1-weighted
(b), and T2*-weighted (c)
MRI in the right frontal
region, there is a huge tumor
with foci of subacute
hemorrhages (a
hyperintensive MR signal in
T2- and T1-weighted images),
the perifocal edema is
moderately expressed, and a
sharp decrease in the MR
signal on T2*-weighted MRI
is caused by the presence of
both melanin and subacute
hemorrhages in the tumor
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Fig.14.18 (continued)

Fig.14.19 A melanoma metastasis in the brain. In the area of the sple-
nium of the corpus callosum, with the spread to the right hemisphere,
there is a space-occupying lesion that deforms the falx and compresses
the front horn of the right lateral ventricle. The metastasis is character-
ized by a heterogeneously hyperintense signal on T2-weighted (a) and

T2-FLAIR (b) MRI, a sharply increased signal on DWI b-1000MRI (c),
and a low signal onT1-weighted MRI (d). Following intravenous CA
administration, its moderate and uneven accumulation is noted in the
tumor (d). In the parasagittal sections, there is an area with increased
perfusion on ASL MRI (F) (the arrow)
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Fig.14.19 (continued)

Fig. 14.20 Amelanotic melanoma metastasis in the brain. In con-
vexital portions of the right frontotemporoparietal region, there is a
heterogeneous space-occupying lesion with high signal on
T2-weighted MRI (a), with areas of low MR signal on T1-weighted
MRI (b, ¢). After CA administration (d), its intense accumulation in
the solid part of the tumor is observed. With dynamic MRI contrast
enhancement, Ktrans values (e) are increased, as there are increased

perfusion areas on ASL MRI (f). On CT perfusion maps of CBV (g),
CBF (h), and MTT (i), there are high CBV and CBF values and mod-
erately elevated MTT values. On CT images (j), the lesion intensely
accumulates the contrast agent. On PET/CT with 18F-tyrosine (k, 1),
there is an intense accumulation of the radiopharmaceutical in the
structure of the lesion. A gross specimen of the removed metastasis of
amelanotic melanoma (m, n)



196 14 Melanoma

Fig.14.20 (continued)



14.1 Clinical Cases

197

Fig. 14.21 A melanoma metastasis in the brain. In the left frontal
region, there is a space-occupying lesion, whose solid part (anterior-
lateral parts) has a heterogeneous hypointense signal on T2-weighted
and T2-FLAIR MRI (a, ¢) and moderately increased signal on
T1-weighted MRI (b), with an extensive hyperintense area (hemor-

rhage along the medial contour) with an increased signal in all
sequences—T2-weighted, T1-weighted, T2-FLAIR, and DWI MRI (a,
b, ¢, d). After intravenous CA administration on T1-weighted fat sat
MRI in the axial (e) and frontal (f) projections, there is intense accumu-
lation of the contrast agent by the solid component of the tumor

Fig. 14.22 Multiple melanoma metastases in the brain. A two-level
study. The right temporal and parietal regions are identified as volumet-
ric heterogeneous lesions with hypointense areas on T2-weighted MRI
(a, d) and hyperintense (due to hemorrhages) areas on T1-weighted
MRI (b, e). Perifocal edema is expressed only in the right temporal
region on T2-FLAIR MRI (c, f). In the structure of the largest lesion in

the right temporal region on ASL MRI (i), there is increased perfusion
along the posterior contour, and the blood flow in the parietal region of
the metastasis is also increased (1). Following intravenous CA adminis-
tration on T1-weighted fat sat MRI, its uneven accumulation by the
solid component of the tumor is observed (g, h, j, k)
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Fig.14.22 (continued)
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Fig. 14.23 A melanoma metastasis in the brain. In the right frontal
lobe, there is a solid-cystic lesion intensely accumulating CA on
T1-weighted MRI (a) that extends to the falx and compresses the front
horn of the right lateral ventricle and the corpus callosum. In the cystic
component, there is a horizontal level of hemorrhagic content with a

moderately increased signal on T1-weighted MRI (a) and a decreased
signal on SWI (SWAN) MRI (e, d), and the solid part of the lesion is
also characterized by a low signal. On ASL MRI (b), there is increased
perfusion in the anterior-medial tumor portions. On MR tractography
(e, f) in this area, the conductive pathways are pushed aside and intact

Fig.14.24 Multiple melanoma metastases in the brain. Along the cer-
ebellar tentorium on the right, there are areas with a moderately
increased signal on T2-weighted (a), T1-weighted (b), and T2-FLAIR
(¢) MRI. On ASL MRI (d) on the background of increased perfusion in

the cerebellum, perfusion in the tumor lesions is difficult to evaluate.
Following intravenous CA administration, on T1-weighted fat sat MRI
(e, f), there is its accumulation in the focal lesions spreading along the
cerebellar tentorium on the right
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Fig.14.24 (continued)

Fig. 14.25 A melanoma metastasis in the brain. In the right temporal
lobe, there is a space-occupying lesion with an isointense signal on
T2-weighted, T1-weighted, and DWI MRI (a, b, d) and a moderately
increased signal on T2-FLAIR MRI (c) with an area of mild perifocal
edema closely adjacent with its broad base to the meninges. Following
intravenous CA administration on T1-weighted fat sat MRI (e), its

intense and relatively uniform accumulation in the tumor is observed.
Of note are the signs of the “tail” symptom—Ilinear sections of abnor-
mal accumulation of the contrast agent along the meninges adjacent to
the tumor. On ASL MRI (f), there is an increased blood flow in the
tumor (the arrow)
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Fig.14.26 A melanoma metastasis in the brain. In the convexital parts
of the right temporal region, there is a small rounded space-occupying
lesion with an intense signal on T2-weighted MRI (a, b) and
T1-weighted MRI (¢), increased on T2-FLAIR MRI (d) and slightly
increased on DWI b = 1000 (e). The metastasis is characterized by mod-
erately elevated blood flow rates on ASL MRI (f) (arrow). After intra-

venous CA administration in the axial (g) and frontal (h, i) projections,
there is its intense and uneven accumulation in the tumor. The metasta-
sis is partially adjacent to the meninges; however, there is no evidence
of the “tail” symptom. The metastasis is characterized by a pronounced
perifocal edema that simulates the CSF cleft in axial T2-weighted
images
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Fig. 14.27 Multiple metastases of melanoma. In the occipital region
and cortical parts of the left frontotemporal region, there are multiple
space-occupying lesions. The largest of them are accompanied by a
severe perifocal edema (hyperintense area) on T2-weighted, T2-FLAIR,
and DWI b-500 MRI (a, ¢, d). Hemorrhages are observed in the struc-
ture of metastases (hyperintense areas on T1-weighted MRI (b) and

Fig.14.28 Metastases of
melanoma (a, ¢) and colon
cancer (b, d). There is an
expressed hypointense signal
both on T2-weighted MRI (a,
b) and SWI (SWAN) MRI (c,
d) in both cases. In the
melanoma metastasis,
accumulation of free blood in
the central parts of the tumor
forms a hypointense “level” in
the T2 image (a)—the arrow

hypointense areas on SWI (SWAN) MRI (f)). Lesions in the left fronto-
temporal area are not differentiated on T1-weighted MRI (b); however,
on SWI (SWAN) MRI (f), there are hypointense areas in its structure
more “fresh” hemorrhages. After intravenous CA administration, its
accumulation is observed along the periphery (e) of the lesions and
solid components of the metastases that have a boundary location
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Fig.14.28 (continued)
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Fig. 14.29 A melanoma metastases in the left lung. The whole-body  signal in the left lung and lesions in the left axillary region (arrows) in
DWI MRI performed with 2-year intervals. On chest DWI MRI (a), no  the right lung. The study on T2-weighted MRI in the frontal projection
signs of abnormal changes have been identified. Two years after, a fol- (¢) confirmed these diagnostic findings suggesting the disease
low-up DWI MRI control (b) detected a large lesion with an increased — progression
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Fig. 14.30 Melanoma metastases. In the right occipital region of the
brain, there is a solitary space-occupying lesion with a hyperintense
signal on T1-weighted MRI (a), T2-weighted MRI (b), T2-FLAIR MRI
(¢), and DWI MRI (d), with signs of a minimal perifocal edema. The
lesion moderately accumulates the contrast agent (e, f). In the whole-
body DWI MRI study (g—j), there are areas with an increased signal in

the right axilla on the left and in a small round-shaped area in the pro-
jection of the soft tissues of the middle third of the right side of the
back: identified changes are consistent with metastatic lesions of the
lymph nodes in the left axillary area and the primary tumor of soft tis-
sues of the back at the said site (the arrows)
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accumulation are identified. The whole-body PET/CT scan shows
marked multiple large lesions in the thoracic and cervical spinal canal:
sagittal projection (d, e) and axial projection (f-h) (the arrows)

Fig.14.31 Multiple melanoma metastases in the brain and spinal cord.
On a CT image (a), there are multiple rounded lesions intensely accu-
mulating the contrast agent with low perifocal edema. On brain PET/
CT with BF-FDG (b, ¢), no signs of increased radiopharmaceutical
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Fig. 14.32 A melanoma metastasis in the brain. In the right occipital
lobe, there is a space-occupying heterogeneous lesion, whose solid
component (along the medial contour) has a low signal on T2-weighted
MRI (a), a drastically increased signal on T1-weighted MRI (b), and a
heterogeneous signal on T2-FLAIR MRI (¢). Both in the solid and in
the cystic part of the metastasis on SWI (SWAN) MRI (d, e), there are

marked multiple hypointense areas. After CA administration (f), there
are separate portions of its accumulation in the solid part of the tumor
fragments. On ASL MRI (g) and CBV maps of CT perfusion (h), there
is a sharp increase in the blood flow. On PET with '®F-Tyrosine (i), its
intense accumulation in the lesion is observed
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Fig. 14.33 A melanoma metastasis in the brain. In the right frontal
lobe, there is a space-occupying lesion with a heterogeneously hypoin-
tense signal on T2-weighted MRI (a), a hyperintense signal on
T1-weighted MRI (b), and a pronounced area of perifocal edema—an
increased signal on T2-FLAIR MRI (c). After CA administration (d—f),

its intense accumulation is determined along the medial contour of the
lesion. On the PET/CT images with "*F-tyrosine (g, h) and the PET-MR
image (i), there is a clearly visualized intense RP accumulation in the
solid part of the tumor and absence of RP accumulation in the hema-
toma (the arrows)
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Fig. 14.34 A melanoma metastasis (a residual tumor after surgical
removal). In the area of postoperative changes in the left temporal-
occipital region, there is a heterogeneous signal on T2-weighted MRI
(a) and an increased signal on T1-weighted MRI (b) representing

blood. After CA administration, a small section of its accumulation is
observed on the upper pole (¢, d) (arrow). On PET/CT with ¥F-FDG
(e, ), there is intense RP accumulation in the upper part of the lesion;
no RP accumulation is observed in the hemorrhage area

Fig.14.35 A large melanoma metastasis in the left frontal region. CT,
CT perfusion, and MRI before and after radiotherapy. On CT with con-
trast enhancement, there is a space-occupying lesion in the anterior
parasagittal sections of the left frontal region, and ROIs for perfusion
measurements are indicated (a). On contrast-enhanced T1-weighted
MRI (b) and T2-weighted MRI (c), the tumor weakly and heteroge-
neously accumulates the contrast agent; there are no symptoms of
edema. On CT perfusion maps, there are high CBV (d) and CBF (e)
values and low MTT (f) values, typical for melanoma. One month after
the radiation treatment, the patient experienced an increase in cerebral

3>
>

symptoms. CT showed an increase in the tumor size (g). MRI (h, i)
showed a significant increase in the abnormal site (an area with a het-
erogeneously increased signal on T1-weighted contrast-enhanced MRI)
and deformation of the lateral ventricles, which was considered as con-
tinued growth of the tumor with a hemorrhage. On CT perfusion, pos-
terior and central portions of the lesion had lower CBV (j) and CBF (k)
values and high MTT (1) values. The anterior tumor pole retained
parameters typical of melanoma. A life-saving surgery that confirmed
the hematoma was performed
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Fig. 14.36 A metastasis of melanoma in the brain after radiosurgery.
In the deep portions of the right frontal region, there is a space-
occupying lesion that extends to the ependyma of the right lateral ven-
tricle, presses into the lumen of the latter, and causes a pronounced
perifocal edema. The lesion has a heterogeneously reduced signal on
T2-weighted MRI (a) and hyperintense signal on T1-weighted MRI
(b). After CA administration (c¢), its intense accumulation in the
posterior-lateral parts of the tumor is noted, and an increase in the sig-

nal from the anterior-medial parts of the lesion is much weaker. Also,
linear portions of CA accumulation are observed along the medial con-
tour of the anterior horn of the right lateral ventricle. On DWI MRI (d),
the signal from the lesion is reduced. On CT images (e), there is a uni-
form moderate increase in the density. On PET with '8F-tyrosine (f), its
intense accumulation is observed in the posterior-lateral parts of the
tumor, there is no intense RP accumulation in the anterior parts of the
lesion (hematoma)
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Fig.14.37 Multiple metastases of melanoma: involvement of the brain
and spinal cord. On T1-weighted MRI with contrast enhancement, there
are metastases in the meninges of the brain (a), spinal cord, and roots of
the spinal cord (¢, d) with the formation of nodules in the convexital

parts of the right parietal region and in the lumen of the spinal cord
channel at the level of L1-L5 vertebral bodies. On PET with '*F-choline,
only nodules are well visualized both in the brain (b) and in the spinal
canal (e) (the arrows)
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Fig.14.38 A melanoma
metastasis in the brain. On
T1-weighted MRI with
contrast enhancement (a, b)
in the deep parts of the frontal
region, there is an oval
space-occupying lesion with
signs of intense CA
accumulation on the
periphery. On PET with
BF-FDG (c), there are
multiple lesions in the bone
and soft tissue structures.
There is a large lesion with
abnormal RP accumulation in
the area of the right
shoulder—primary melanoma




Renal Cell Carcinoma (RCCQ)

Renal cell carcinoma (RCC) is the most common malignant
tumor of the kidney, accounting for about 80-90% of kidney
tumors in adults and about 2-3% of all new cancer cases
(Mori et al. 1998). RCC occurs twice as likely in men as in
women, with the highest incidence in the age of 50-70 years
(Muscat 2000). Each year, 30,000 and 20,000 new cases of
kidney cancer are reported in the USA and in the European
Union, respectively (Kirkali et al. 2001). In Russia, RCC
occupies one of the first places among all forms of cancer in
terms of the incidence rate: the number of cases in recent
years approaches 20 thousand per year. Mortality rates from
this disease in Russia are also high, 8000-9000 per year,
accounting for 2-3% of all deaths of patients with malignant
tumors. The 5-year survival in patients is 80-90% and
5-10% with localized and disseminated RCC forms, respec-
tively (Motzer et al. 2004).

According to modern concepts, RCC is a multifactorial dis-
ease. A variety of factors can cause its development: genetic,
hormonal, chemical, immunological, radiation, etc. (Ljungberg
et al. 2011). Smoking, fatty and fried food, obesity, uncon-
trolled use of analgesics, diuretics, and hormone drugs signifi-
cantly increase the risk of the disease (Lindblad et al. 1995;
Coughlin et al. 1997; Godley and Stinchcombe 1999; Muscat
2000; Steliarova-Foucher and Parkin 2011). Thus, according
to Parkin (2011), 42% of cases of RCC are caused by smoking
and overweight. Men and women account for 47 and 34%
among the cases, respectively. Vegetable diet and the use of
vitamins with an antioxidant complex reduce the risk. Chronic
renal failure and regular hemodialysis, polycystic kidney,
nephrosclerosis often developing in diabetes mellitus, hyper-
tension, and chronic pyelonephritis can also cause the devel-
opment of kidney cancer.

Data from several meta-analyses indicate an increased
risk of RCC up to fourfold in relatives of patients with renal
cell carcinoma (Pfaffenroth and Linchan 2008; Karami et al.
2010). According to Clague et al. (2009), 4% of all RCC
cases are due to hereditary factors. A family anamnesis of
prostate cancer, melanoma, thyroid cancer, bladder cancer,
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as well as non-Hodgkin’s lymphoma is associated with an
increased risk of kidney cancer (Liu et al. 2011).

There are three forms of malignant kidney tumors: renal
cell carcinoma, adenocarcinoma originating from the pelvis,
and kidney sarcoma known as Wilms’ tumor. Renal cell car-
cinoma has been described by Grawitz in 1883. This type of
tumor is called hypernephroma; however, today the term
renal cell carcinoma is used. The tumor develops from the
epithelium of the proximal renal tubules.

Multifocality of RCC, characterized by the simultaneous
presence of more than one lesion with the same histological
tumor type in the kidney, is one of its morphological fea-
tures. Many authors noted RCC multifocality in their studies
(Gohji et al. 1998; Baltaci et al. 2000; Lang et al. 2004;
Richstone et al. 2004; Crispen et al. 2008). For example, in
the group of cases studied by Shus (2003), the incidence of
multifocal renal cell carcinoma was 16.7%.

Renal cell carcinoma has various types of the histological
structure. Clear cell cancer is the most common, which,
according to WHO, is 70-75% of all RCC cases. Men more
often have typical RCC forms—clear cell and papillary can-
cer—while women more often have rare forms, mucinous,
medullary, chromophobe, unclassifiable, and benign kidney
tumors(Jemal et al. 2007; Yurin 2007; Davydov and Axel
2014a, b).

Malignant kidney tumors metastasize via the hematoge-
nous and lymphogenous routes. Metastases occur more than
in a half of patients. Often a kidney cancer metastasis mani-
fests clinically earlier than the primary tumor, but in some
RCC cases, metastasizing may not occur for decades (Radley
et al. 1993). The most common sites of metastases are the
lungs, lymph nodes, bone, liver, adrenal glands, brain, con-
tralateral kidney, and heart.

Thus, a series of autopsies in patients with kidney adeno-
carcinoma showed brain involvement in 11% of cases (Saitoh
1981). According to Harada et al. (1999), among 325 patients
treated for kidney cancer at the Osaka University Hospital
from 1957 to 1993, 5.5% of cases were with brain metasta-
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ses. Marshall et al. (1990) analyzed a series of cases of 106
patients with clinically localized renal adenocarcinoma, who
underwent CT, and found metastases in the brain in 13% of
cases. According to the authors, metastases to the brain most
often occur in the later stages of kidney cancer, and the brain
is likely to be the final site of the metastatic tumor. According
to our data, kidney cancer metastases accounted for 13.9% of
the total number of cases of metastatic brain lesions.

The interval between the detection of the primary kidney
tumor and metastasizing to the brain ranges from 1 year to
several years (Badalament et al. 1990; Nussbaum et al. 1996;
Harada et al. 1999), and metastatic involvement of the
meninges and skull bones in RCC occurs more frequently
than in other histological forms of cancer. Multiple brain
metastases of renal cancer are more typical for the young age
(p <0.001) (Bianchi et al. 2012). The most often metastasiz-
ing cancer is RCC (up to 50%), constituting 85% of all kid-
ney cancers (Saitoh 1981).

Patients with renal cancer with distant metastases have a
poor prognosis: their average life expectancy is 4.5-9 months.
Kidney cancer patients with metastases to the brain have a
poor prognosis as well: their average life expectancy is
5-9 months (Roser et al. 2002). Isolated cases of prolonged
course of the disease with an identified kidney cancer metas-
tasis were observed, which may be associated with low lev-
els of mitosis, stability of the cell nucleus morphology, and,
therefore, unexpressed chromosomal abnormalities.
Treatment of these patients is complicated by the fact that
kidney cancer belongs to radioresistant tumors, but radiosur-
gical treatment of metastases in the brain allows to reduce
the tumor size. The effectiveness of chemotherapy in this
form of cancer is low. Currently, the treatment of choice is
surgery in  combination  with  radiosurgery and
immunotherapy(Patchell et al. 1990a, b; Coppic et al. 2000;
Kleinberg 2009; Loudyi and Samlowski 2011; Nieder et al.
2011a, b; Blanco et al. 2011; Kusuda et al. 2011; Parashar
et al. 2014; Raman and Vaena 2015).

A characteristic feature of intracranial metastatic RCC is
intratumoral hemorrhages, often with the formation of an
acute intracerebral hematoma requiring an urgent surgical
intervention (Wronski et al. 1996). The author reports a

series of cases of patients with renal cell carcinoma metasta-
ses, in which intratumoral hemorrhages were identified in
46% of cases and 4% of cases required emergency surgery.
Our clinical cases are characterized by the relative homoge-
neity of renal cell carcinoma metastases: hemorrhages
occurred not more than in 15% of cases.

Clinical symptoms of kidney cancer metastases in the
brain are caused by a combination of cerebral and focal
symptoms characteristic of metastases and primary tumors
with other locations; it depends on the lesion site in the brain,
size, and presence and severity of perifocal edema: head-
ache, hemiparesis, cognitive impairment, seizures, and
ataxia. Perifocal edema, often severe in kidney cancer metas-
tases, results in an increase in the brain volume in a much
greater degree than the metastasis per se. Intracranial pres-
sure increases, which clinically can manifest by headache,
often diffuse, dizziness, nausea and vomiting, and congested
optic discs in the study of the fundus. In some cases, sleepi-
ness, depression, diplopia, and transient episodes of visual
impairment may occur.

On CT, RCC metastases in the brain are characterized by
the presence of a solid lesion with a small area of degradation
in the center. CA accumulation in the solid part of the tumor
is homogeneous and expressed. Lesions most often have an
annular shape with clear contours and hypodense content in
the center. Perifocal edema on the background of the lesion is
contrasted and strongly expressed, which creates, in turn, the
picture of ring enhancement. Despite the relatively slow
growth of metastases, often a very pronounced perifocal
edema is observed, which by size considerably exceeds the
size of the metastasis. CT is required in case of the involve-
ment of bone structures of the cranial vault, characteristic for
RCC, as well as for breast and prostate cancer. Involvement
of the vertebral bodies is also often identified.

The analysis of CT perfusion data showed that, on average,
the blood volume (CBV) for renal cancer metastases is charac-
terized by high values (21.01 £ 6.21 ml/100 g), indicating the
presence of rich tumor vasculature. Metastatic renal cell carci-
noma has relatively low CBF values (73.93 + 27.59 ml/100 g/
min) and highest MTT values (18.38 + 1.37 s). It should be
remembered that the higher the MTT values obtained, the
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slower the blood passes through the metastasis structure per
unit of time (second). The obtained perfusion parameters
allow to establish, for example, that kidney cancer metastases
pass larger volumes of blood through their tissue than, for
example, melanoma (CBV = 15.03 £ 9.75 ml/100 g), but have
lower blood flow velocity values (CBF) and high MTT values.
Thus, CT perfusion in RCC metastases to the brain allowed to
establish specific perfusion parameter values—the highest
CBV and MTT values among metastases and average CBF
values. These characteristics allow in some extent to differen-
tiate this type of metastases from other metastatic lesions.
Despite perfusion values, similar with those for metastatic
melanoma, hemorrhages in the structures of kidney cancer
metastases are much rarer.

On MRI, a standard set of sequences—T1 weighted, T2
weighted, T2-FLAIR, T1 weighted + Gd in three dimen-
sions, as well as thin-sliced SPGR (VIBE) in multiple
lesions—are mandatory sequences in MR diagnosis of meta-
static brain lesions. In these sequences, metastases have tis-
sue characteristics inherent in the majority of metastases
with different histogeneses. Intracerebral RCC metastases
often have a rounded shape and are usually distinguished
from the brain substance. They are often presented by a solid
tumor, homogeneously accumulate the contrast agent, and
very rarely have central necrotic changes. However, if these
changes exist, their contrast enhancement prevails over that
of the solid part. The visual picture of kidney cancer metas-
tases is very similar to that of colon cancer—a “thick” roll of
the solid part and a small area of decay. In 75% of cases,
metastases in renal cell carcinoma are multiple.

Single-voxel MR spectroscopy did not identify any sig-
nificant specificity for RCC metastases in the brain. As with

other metastatic brain lesions, a marked increase in peaks of
lactate and lipids is noted. The NAA (N-acetylaspartate)
peak in the central structure of RCC metastases is signifi-
cantly reduced.

The solid part of metastatic RCC tumors on DW images is
characterized by an isointense or hypo-isointense signal.
Average ADC values of the metastatic lesion are, respectively,
.15 = 09 x 10 mm%*s in the tumor stroma,
1.28 + 0.2 x 107 mm?%s in the near peritumoral area, and
1.56 + 0.2 x 10~ mm?s in the vasogenic edema area. ADC
values in the tumor itself in our study were highly
heterogeneous.

The use of PET with F-FDG for the diagnosis of pri-
mary RCC does not make much sense due to the rapid
physiological accumulation of the radiopharmaceutical in
the urine, with an exception of large tumors extensively
extending to perirenal fat. Kidney cancer metastases,
according to our data, intensely accumulate '"*F-FDG in all
structures of the body, including the brain. According to
our data, '®F-FDG in the primary diagnosis of brain lesions
can be used in a single scanning. PET with 'SF-FDG
showed its high sensitivity and specificity in the evaluation
of the radicality of treatment; identification of a residual
tumor, for example, in meningeal involvement; and differ-
entiation of residual metastatic tumor in the brain from
post-radiation changes.

15.1 Clinical Cases

See Figs. 15.1, 15.2, 15.3, 15.4, 15.5, 15.6, 15.7, 15.8, 15.9,
15.10, 15.11, 15.12, 15.13, and 15.14.
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Fig. 15.1 A kidney cancer
metastasis in the brain. MRI:
in the left frontal area, there is
a large tumor site with a
pronounced perifocal edema
(a) and with a hemorrhagic
component—a high MR
signal on T1-weighted MRI
(b). After intravenous CA
administration on
T1-weighted MRI (c, d), an
area of contrast enhancement
is identified around the
hemorrhage, in the solid part
of the tumor. The ventricular
system is deformed

Fig. 15.2 A kidney cancer metastasis in the brain. In the right fron-  accumulation in the solid part of the tumor (b, ¢) is observed; the
tal region, there is an isodense lesion with a pronounced perifocal typical picture of ring enhancement is observed on the background of
edema (a). Following intravenous CA administration, its pronounced the edema



15.1  Clinical Cases

217

Fig. 15.3 Multiple kidney
cancer metastases. A dynamic
study before (a, b) and after
(c, d) surgical removal. On
CT images with contrast
enhancement and CT
perfusion maps, there are two
large neoplasms with extra-
and intracranial spread in the
right frontal and parietal
regions. The lesions are
characterized by intense
accumulation of the contrast
agent and increased CBV
values. After removal of the
metastatic lesion in the right
parietal region, there is a
small residual tumor adjacent
to the sagittal sinus (the
arrow)
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Fig. 15.4 A kidney cancer
metastasis in the brain. On CT
in the right frontal region,
there is a solid-cystic lesion
intensely accumulating the
contrast agent (a) with a
pronounced perifocal
edema—ring enhancement.
On CT perfusion, there is a
significant increase in CBF
(b), CBV (c¢), and MTT (d)
values in the metastatic lesion

15 Renal Cell Carcinoma (RCC)
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Fig.15.5 A kidney cancer metastasis in the brain. In the right occipital ~ predominantly isointense (b, d). After CA administration, its intense,
region, there is a lesion iso-hyperintense on T2-weighted (a) and inhomogeneous accumulation in the solid part of the metastasis is
T2-FLAIR (¢) MRI. On T1-weighted and DWI images, the tumor is  observed, with the well-visualized central necrotic portion (e, f)
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Fig. 15.6 A kidney cancer metastasis in the brain. On T2-weighted
(a), T2-FLAIR (b), and T1-weighted MRI with contrast enhancement
(¢) in the left frontal region, there is a solid tumor lesion surrounded by
a pronounced perifocal edema. Of note is a hyperintensive rim on

Fig. 15.7 Multiple kidney
cancer metastases in the brain.
On DWI MRI (a) and
T1-weighted MRI after
intravenous CA
administration (b), there are
space-occupying lesions in
the left and right frontal areas.
The lesions are characterized
by a hypointense signal on
DWI MRI, intense,
inhomogeneous accumulation
of the contrast agent, while
the marginal sections of
tumors most intensely
accumulating the contrast
agent on DWI MRI have the
highest signal
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T2-FLAIR images. On DWI with b = 500 (d) and b = 1000 (e), a peri-
focal edema is extracellular or vasogenic, while the metastasis is
hypointense. On MR spectrogram, there is a high peak of the Lip-Lac
complex (f)
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Fig. 15.8 Multiple kidney cancer metastases. Along the meninges of
both hemispheres, there are multiple confluent space-occupying lesions
with an iso-hyperintense signal on T2-weighted MRI (a) and an isoin-
tense signal on T1-weighted MRI (b) and T2-FLAIR MRI (c), without
perifocal edema; the signal from the tumor is increased on DWI MRI

(d). After CA administration, its intense accumulation in tumors is
observed (e, f). In the whole-body MR-DWTI study (g, h), there is a
marked area with inhomogeneously high signal in the lower pole of the
right kidney. Of note are a large number of artifacts on DWI MRI due
to a significant fat tissue (h)
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Fig. 15.9 A kidney cancer metastasis in the brain. In the left occipital
region, there is a pinpoint lesion with signs of a perifocal edema and an
increased signal on T2-weighted and T2-FLAIR MRI (a, b) that
intensely accumulates contrast agent (¢, d). In the whole-body MR-DWI
study (e, f), there are areas with an increased signal in the upper pole of

the right kidney, in the ribs on the right with a pronounced extraosseous
component, in the sternum, and in the lung parenchyma, consistent with
the tumor in the right kidney with metastatic involvement of bone struc-
tures and lungs
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Fig. 15.10 Multiple kidney cancer metastases in the brain. In the ~On DWIMRI, lesions are characterized by a hypointense signal (c). CA
occipital regions, solid-cystic lesions are identified with an increased —accumulation in the lesions is intense, mainly on the periphery (d). All
signal on T2-FLAIR MRI (a), with a pronounced zone of perifocal lesions have increased CBF values on non-contrasted perfusion (e, f)
edema and hemorrhagic changes hyperintense on T1-weighted MRI (b).
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Fig. 15.11 A kidney cancer metastasis in the brain. In the right
parietal-occipital region, there is a lesion with a heterogeneously high
signal on T2-weighted MRI (a), with areas of hemorrhages—an
increased signal on T1-weighted MRI (b) and a pronounced perifocal
edema (c). After intravenous administration of the contrast agent, the
lesion intensely accumulates the contrast agent on the periphery (d).

There are multiple portions with a decreased signal in the lesion struc-
ture on SWI (SWAN) MRI (e, f). On DWI MRI (g), the lesion is char-
acterized by a reduced signal. On ASL maps (h), a marked increase in
the blood flow is observed. When constructing the tracts (i), the conduc-
tive pathways of the radiate crown are intact and deformed, and part of
the beam is located along the outer contour of the tumor
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Fig. 15.12 Multiple kidney cancer metastases in the brain. Follow-up
studies after the treatment by CyberKnife. On a series of MR tomo-
grams on T2-FLAIR MRI (a, d) and T1-weighted MRI after CA admin-
istration (b, e) before and after radiosurgery (follow-up for 1 year),
multiple metastases are identified heterogeneously accumulating the
contrast agent. There is an increase in edema (d) and an enlargement of

the area with abnormal CA accumulation of the lesion in the left post-
frontal region (e), while no significant changes being observed in the
lesion in the right frontal region. On PET images with '*F-choline (c, f),
there is also an increase in the area and intensity of RP accumulation on
the left, indicative of the activity of the neoplastic process and stabiliza-
tion of the process on the right
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Fig. 15.13 A kidney cancer metastasis. In the left frontoparietal
region, there is a rounded space-occupying lesion with a heteroge-
neously high signal on T2-weighted MRI (a) and high density on CT
(b) with a pronounced perifocal edema—ring enhancement. On the

PET image, in the frontal projection (b), there are a large tumor in the
upper pole of the left kidney and multiple metastases in the bones, in the
lower lobe of the left lung, and in the hilum of the right lung (the
arrows)

Fig. 15.14 Multiple kidney cancer metastases. On T1-weighted MRI
with contrast enhancement (a, b), there are lesions with abnormal CA
accumulation in the splenium of the corpus callosum on the right and in
the convexital areas of the left frontal regions with signs of pronounced

regional contrast enhancement. A PET study shows multifocal involve-
ment of the lungs and a large tumor lesion in the upper left kidney with
irregular RP accumulation (c¢) (the arrows)
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15.2 Postoperative and Post-radiation
Changes

See Figs. 15.15, 15.16, 15.17, and 15.8.

Fig. 15.15 A kidney cancer
metastasis in the brain.
Recurrence after surgical
removal of the metastasis. In
the frontoparietal region on
the left, on the background of
postoperative changes, there
is a lesion with an isointense
signal on T1-weighted MRI
(a, b). Following intravenous
CA administration (c, d), its
intense, inhomogeneous
accumulation is observed, and
of note is the diffuse spread of
the tumor into the brain
parenchyma and lateral-
spreading growth along the
brain meninges
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Fig. 15.16 Multiple kidney cancer metastases in the brain. Condition
after radiosurgery—post-radiation changes. In the right frontal and
occipital lobes, there are lesions with an iso-hypointense MR signal on
T2-weighted (a) and T1-weighted MRI (b) and a heterogeneous signal
on DWI (¢) and T2-FLAIR MRI (d) with an area of a pronounced peri-

focal edema. After intravenous CA administration, the lesions accumu-
late it mostly along their contours (e, f). Central portions of the lesions
are hypointense in all sequences due to the presence of a calcified
component
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Fig. 15.17 Multiple kidney cancer metastases in the brain. A three-
level study, condition after the radiosurgery—mixed changes with time.
In the left temporal, frontal, and postfrontal areas, there are multiple
lesions with a hypointense signal on T2-weighted MRI (a—c), a hypoin-
tense signal in the central part with a hyperintense rim on T1-weighted
MRI (d—f), and a moderately high signal on T2-FLAIR MRI (g-i). On

DWI MRI, the most prominent lesion has an increased MR signal along
the periphery (j, k, 1), and a small metastasis in the left frontal area has
an increased signal. On ASL MRI, a small lesion is visualized in the left
frontal area, with signs of an increased blood flow (0); the rest are not
visualized (m, n). Following intravenous CA administration, the lesion
inhomogeneously accumulates it (p—r)




15 Renal Cell Carcinoma (RCC)

230

Fig.15.17 (continued)
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Fig.15.18 Multiple kidney cancer metastases in the brain. Recurrence  confluent space-occupying lesions, rapidly accumulating CA. On PET/
after surgical removal. In convexital parts of the right frontal region on  CT with "*F-choline axial (b, ¢) and sagittal projection (e, f), the lesions
CT in the axial view (a) and sagittal constructs (d), there are several are characterized by increased RP accumulation



Colorectal Cancer (CRQ)

Colorectal cancer (CRC) is a general term determining the
concepts of colon cancer and rectal cancer. It combines
malignant epithelial tumors of the cecum, colon, rectum, and
anal canal; varies by their form, location, and histological
structure; and constitutes 15% of all primary tumors
diagnosed.

According to the World Health Organization, more than
900,000 new cases of colorectal cancer (CRC) are diagnosed
in the world each year. The highest incidence is observed in
the USA, Canada, Western Europe, and Russia. An increase
in the incidence by 14.7% in men and 18.0% in women was
noted from 3 to 1997 in Russia (Martyniuk 2000). Subsequent
studies showed that this trend continues from 2003 to 2008,
and the incidence increased by 11.6% in men and 13.4%
women (Davydov and Axel 2010). According to forecasts, in
Russia in years to come, CRC will be leading among tumors
of the gastrointestinal tract, as is currently the case in most
developed countries.

Mortality from colorectal cancer remains high. The larg-
est mortality from CRC is reported in the Czech Republic,
Hungary (34.3 per 100,000 people), and New Zealand (26.4),
while the lowest (15.2) is in the USA (Khanevich et al.
2008). In Russia, CRC occupies the third place in terms of
mortality from all malignant tumors. In Western Europe, due
to active screening programs, about 80% of patients have
tumors that can be surgically removed (Vogel et al. 2000).
The five-year survival in colorectal cancer is about 60% in
developed countries and less than 40% in resource-limited
countries.

A major factor in the development of colorectal cancer is
advanced age: the likelihood of CRC substantially increases
after the age of 55 years and becomes the highest after
70-75 years of age (Boyle and Leon 2002; Faivre et al. 2002;
Papapolychroniadis 2004), although patients in 7% of cases
are younger than 50 years old. According to various sources,
the hereditary factor plays a role in 6-30% of cases: familial
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adenomatous polyposis or hereditary nonpolyposis colorec-
tal cancer (Lynch syndrome). Among other factors associ-
ated with an increased risk of colorectal cancer, there are
chronic inflammatory diseases of the colon—ulcerative coli-
tis and Crohn’s disease with colon involvement. However,
according to Burt et al. (1990), in 75%, CRC occurs without
any known predisposing factors.

Colorectal cancer most often metastasizes to the lungs
(10-20%) and liver (20-30%), less often to the spine, uterus,
adrenal glands, pancreas, and brain (Patanaphan and Salaazar
1993; Tan et al. 2009). According to Graf et al. (1988), CRC
metastases comprise 1.8-4.8% of all metastatic brain lesions.
According to other authors, the incidence of secondary brain
involvement reaches 10% in patients with colorectal cancer
(Temple et al. 1982). The median interval from CRC diagno-
sis to detection of metastases in the brain is 22-33 months. In
our sample, patients with colorectal cancer metastases in the
brain made up 5.4% of all metastatic lesions of this type of
cancer.

The probability of brain metastases (including microme-
tastases) cannot be ruled out in patients with localized forms
of gastrointestinal cancer. Thus, according to Vogel et al.
(2000), tumor cells circulating in the blood were found in
40%, while micrometastases in the bone marrow were
detected in 39% of patients with stage I-II colon cancer. This
substantiates the advisability of adjuvant drug therapy after a
curative surgery for colorectal cancer in order to improve
long-term results of the treatment.

A native (without contrast enhancement) CT study of
colorectal cancer metastases visualizes rounded lesions with
isodense or slightly decreased density. It is often difficult to
establish a clear boundary between the tumor edge and a
perifocal edema. In small tumor lesions, it can be identified
by a possible presence of indirect signs—edema of the brain
substance, accompanying the tumor. The accumulation of
the contrast agent by the metastasis helps clearly visualize its
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external borders and allows to differentiate it from the brain
tissue edema; CRC metastases accumulate radiopaque con-
trast agents well.

Despite pronounced CA accumulation by the solid part of
colorectal cancer metastases, CBV values in such cases
appeared to be significantly lower and quantitatively similar
to CBV of those for metastases of breast cancer and uterine
and lung cancer (CBV = 8.14 = 3.71 (ml/100 g)). Average
CBF values in colorectal cancer metastases (as well as in
renal cancer metastases) are low and quantitatively similar,
CBF =72.13 £35.35 (ml/100 g/min), but with a large disper-
sion of individual values. MTT values obtained (7.72 +£3.26 s)
were not specific for CRC as compared to MTT values in
metastatic tumors with another morphogenesis.

As noted, the use of CT perfusion imaging in follow-up
studies after radiosurgery performed for colorectal cancer
metastases in the brain may be useful not only in terms of
assessing the effectiveness of the treatment but also, in some
of the cases, allowing to determine the presence of continued
growth of the metastatic lesion, not detectable with MRI.

MRI in colorectal cancer is the preferred alternative to
CT. The contrast agent accumulation in MRI in colorectal
cancer metastases is pronounced, with fairly clear, some-
times bumpy contours; however, the lesion borders are
always well determined. An MR picture on T1-weighted
MRI + Gd of colorectal cancer metastases in the brain some-
what resembles that in metastases of uterine cancer.

Particularly noteworthy are metastases of colorectal ade-
nocarcinoma, which were characterized by a hypointense
signal on T2-weighted MRI in the majority (83%) of cases in
our clinical material. Some of them showed signs of moder-
ate central necrosis, characterized by a higher signal on
T2-weighted MRI. Perifocal edema in the area of colorectal
cancer metastases is quite expressed, which indicates active
growth of the tumor. As indicated above, such MR tissue
characteristics with an iso-hypointense signal on T2-weighted
MRI were obtained in cases of pigmented melanoma metas-
tases in the brain, which was due to the paramagnetic proper-
ties of melanin, but no evidence of increased signal on
T1-weighted MRI was observed in colorectal cancer metas-
tases. In metastases from other primary tumors, this pattern
was not encountered, and, in case of an unknown primary
tumor site, it allowed to suspect the source of metastases. It
is assumed that changes in MR characteristics of colorectal

adenocarcinoma metastases were associated with mucin
content, having paramagnetic properties. However, this
hypothesis requires further investigation.

The use of SWI (SWAN) to verify vascular changes in the
structure of colorectal cancer metastases in the brain is not
informative (as in melanomas), unlike metastases of other
histogenesis and primary brain tumors. A characteristic dif-
fuse decrease in MR signal on SWI (SWAN) for CRC metas-
tases in the brain does not allow to use the method as an
expert one to evaluate the hemorrhagic component of these
tumors. The signal on SWI (SWAN) MRI from CRC metas-
tases, according to our data, was homogeneously reduced in
85% of cases, which distinguishes these metastases from
other secondary tumor lesions of the brain.

In the diagnosis of colorectal cancer metastases in the
brain, MR spectroscopy identified common findings for
metastases of different histogenesis: in the central part of
metastases (typically, this is an area of tumor tissue degrada-
tion), before the treatment, there is an increase in the peaks
of lactate and lipids in all cases; in 10% of cases, there is a
moderate choline peak. No MRI spectroscopy findings spe-
cific for colorectal cancer metastases in the brains were
obtained.

On DWI images, solid components of CRC metastases
had an iso-hypointense, homogeneous MR signal; ADC is
lower on the border of the metastasis and perifocal edema
than in primary brain tumors (p < 0.15).

The complexity of the diagnosis in case of detecting the
areas with increased RP accumulation (**F-FDG) in the pro-
jection of the intestines is that a PET picture is not specific
for tumor lesions, but displays local inflammatory changes,
diverticula, erosions, ulcers, and symptoms of diabetes.
Therefore, a prerequisite is colonoscopy to obtain a biopsy
and a histological examination of the latter. A study of tumor
markers (CEA or CA) is also mandatory. When colorectal
cancer metastases are large enough, they are well differenti-
ated on the background of intact brain substance.

16.1 Clinical Cases

See Figs. 16.1, 16.2, 16.3, 16.4, 16.5, 16.6, 16.7, 16.8, 16.9,
16.10, 16.11, 16.12, 16.13, 16.14, 16.15, 16.16, 16.17, and
16.18.
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Fig. 16.1 Colorectal cancer
metastases in the brain. On a
CT scan in the axial
projection, there is a large,
isodense tumor lesion (a)
intensely and homogeneously
accumulating the contrast
agent on the background of
the expressed perifocal edema
(b), convexitally, in the left
frontal region

Fig. 16.2 Multiple metastases of colorectal cancer in the brain. A accumulating the contrast agent in the left hemisphere of the cerebel-
three-level study. On CT and MRI on T1-weighted fat sat MRI after lum (a, d), as well as in the deep sections of the right frontal region (b,
intravenous CA administration, there are multiple space-occupying e) and parasagittal sections of the right frontoparietal region (c, f)
lesions with signs of a moderate perifocal edema, rapidly and unevenly



236

16 Colorectal Cancer (CRC)

Fig. 16.3 Multiple
metastases of colorectal
cancer in the brain. A
four-level study. Condition
after surgical removal of the
metastasis in the right
frontoparietal region. On a CT
scan after intravenous CA
administration, there are
multiple space-occupying
lesions with an expressed area
of perifocal edema, rapidly
and unevenly accumulating
CA in the convexital sections
of the right hemisphere of the
cerebellum (a) and in the deep
sections of the left temporal
region and basal and
convexital sections of the left
frontal region (b, d). In the
right parietal region, a
postoperative fluid-containing
cyst with perifocal edema and
no signs of tumor recurrence
(¢) is observed
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Fig. 16.4 Colorectal cancer metastases in the brain. On CT images
with contrast enhancement (a, b), there is a space-occupying lesion that
intensely and uniformly accumulates CA, with a pronounced perifocal
edema (low-density area) in the left frontal region; ROIs are high-
lighted. The graph of correlation between arterial and venous peaks of
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contrast agent transit for calculation of perfusion values (c¢). On two-
level CT perfusion maps, the lesion is characterized by high levels of
CBV (d, g), CBF (e, h), and MTT (f, i); of note are higher perfusion
parameters along the periphery of the metastasis, with homogeneous
contrast enhancement of the entire metastasis on routine CT scans
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Fig. 16.5 Colorectal cancer metastases in the brain. In the left frontal
region, there is a rounded lesion with an isointense signal on
T2-weighted MRI (a) with a pronounced perifocal edema. After the
contrast agent administration, its intense accumulation is noted in the
solid structure of the tumor (b, ¢), and the area of central necrosis is
well visualized. On contrast-enhanced CT, the tumor also accumulates

CA (d). On CT perfusion maps, the lesion is characterized by high lev-
els of CBV (e), CBF (f), and moderately increased MTT values (g). On
the PET MIP image (h), there are multiple foci with increased accumu-
lation of "®F-FDG in the lungs and lymph nodes in the mediastinum and
ilium (metastases) (the arrows)
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Fig. 16.6 Colorectal cancer metastases in the brain. The images are  edema (a—f). According to our findings, in 85% of cases, colorectal
presented from studies carried out in several colon cancer patients with ~ cancer metastases are characterized by a decreased signal on
metastases in the brain. All focal cerebral lesions are characterized by a ~ T2-weighted MRI

hypointense signal on T2-weighted MRI and a pronounced perifocal
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Fig. 16.7 Multiple colorectal
cancer metastases in the brain.
A two-level study. In the right
frontoparietal region and in
the region of the corpus
callosum on T2-weighted
MRI (a, ¢), there are two
space-occupying hypointense
lesions with signs of a
pronounced perifocal edema
and compression of the
posterior horn of the lateral
ventricle. After intravenous
administration of the contrast
agent on T1-weighted MRI
(b, d), there is its intense and
uneven (mostly along the
periphery) accumulation in
these lesions
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Fig. 16.8 Colorectal cancer
metastases in the brain. In the
left parietal lobe, there is a
large homogenous space-
occupying lesion with a
moderately low signal on
T2-weighted MRI (a) with a
pronounced area of perifocal
edema and a mass effect in
the form of compression of
the posterior horn of the left
lateral ventricle and
displacement of the midline
structures. Following
intravenous CA
administration on
T1-weighted MR images in
the coronary (b) and axial (c,
d) projections, there is its
intense and uneven
accumulation, more
pronounced in the peripheral
regions of the tumor
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Fig. 16.9 A colorectal cancer metastases in the brain. In the occipital
region with the spread to the falx, there are two large, confluent, hetero-
geneous lesions with an iso-hypointense signal on T2-weighted and
T2-FLAIR MRI (a, ¢) and an isointense signal on T1-weighted MRI

(b). Following intravenous CA administration on T1-weighted fat sat
MRI (d-f), its intense and inhomogeneous accumulation (mostly along
the periphery) is observed in the tumor. In the sagittal projection, infil-
trative tumor growth into the cerebellar tentorium is well visualized
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Fig. 16.10 Colorectal cancer
metastases in the brain. In
convexital sections of the left
posterior temporal region,
there is a space-occupying
lesion, closely adjacent to
the dura mater. On
T2-weighted (a) and
T2-FLAIR MRI (c), the
metastasis has an increased
signal and is accompanied by
a pronounced perifocal
edema. On T1-weighted MRI
(b), the lesion is characterized
by an isointense signal. After
intravenous CA
administration on
T1-weighted fat sat MRI

(d), the tumor intensely and
inhomogeneously
accumulates CA (mostly on
the periphery)
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Fig. 16.11 Multiple colorectal cancer metastases in the brain. A fol-
low-up study before and after radiosurgery. Axial sections at three
levels. In the brain matter, there are multiple small foci with no obvi-
ous signs of perifocal edema in the left hemisphere of the cerebellum
(a), in the left occipital region (b), and in parasagittal sections of the
left occipital region (c). These lesions intensely and homogeneously
accumulate CA after its intravenous administration on T1-weighted

MRI (mostly on the periphery). On T1-weighted MRI with contrast
enhancement 1 month after the radiosurgery, a decrease in the size of
lesions is noted in the left hemisphere of the cerebellum and in the left
occipital region (d, e). The metastasis in parasagittal sections of the
left occipital region is slightly increased (f). The emergence of “new”
metastases is also noted in the right hemisphere of the cerebellum (d)
(arrow)
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Fig. 16.12 Colorectal cancer
metastases in the brain. In the
pineal region on T2-weighted
MRI (a), there is a space-
occupying iso-hypointense
lesion with signs of a
moderate perifocal edema.
Following intravenous CA
administration on
T1-weighted MRI in the
sagittal (b) and axial (c, d)
projections, its intense and
inhomogeneous accumulation
in the lesion is noted, with the
spread of the tumor to the
quadrigeminal plate
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Fig. 16.13 Colorectal cancer
metastases in the brain. In the
right frontoparietal region,
there is a space-occupying,
heterogeneous lesion with
signs of central necrosis (a
hyperintense area on
T2-weighted (a) and
T2-FLAIR (d) MRI) with an
expressed area of perifocal
edema and intense CA
accumulation on the periphery
of the tumor (¢)—ring
enhancement. On
T1-weighted MRI (b), the
signal from the lesion is
isointense, due to which the
lesion is not differentiated on
the background of edema
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Fig. 16.14 Colorectal cancer metastases in the brain. In the right fron-
tal lobe, there is a space-occupying lesion with an irregular shape and
isointense signal on T2- and Tl-weighted MRI (a, b), with a pro-
nounced perifocal edema. After intravenous CA administration, on

T1-weighted MRI in the axial (c, d) and sagittal (e) projections, its
intense accumulation in the tumor is noted. On MR spectrum (f), there
is an increase in the Lip-Lac complex and a moderate increase in the
Cho peak
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Fig. 16.15 Colorectal cancer metastases in the brain. In the left post-
frontal region, there is an iso-hypointense lesion on T2-weighted MRI
(a) with signs of central necrosis and an area of a pronounced perifocal
edema. On T1-weighted MRI (b), the signal from the solid part of the
lesion is isointense, while on T2-FLAIR MRI (¢), it is significantly

reduced. Following intravenous CA administration on T1-weighted
MRI in axial T1 (d) and sagittal (e) projections, its intense and inhomo-
geneous accumulation (mostly along the periphery) is observed in the
tumor. On the spectrum (f), a marked peak of the Lip-Lac complex is
noted; other peaks, including Cho peak, are leveled
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Fig. 16.16 Colorectal cancer metastases in the brain. Condition after
radiosurgical treatment. In the left frontal region, there is a large space-
occupying lesion, hypointense on T2-weighted MRI (a), with signs of
central necrosis and a pronounced perifocal edema. After intravenous
CA administration on T1-weighted MRI in the axial (b, ¢) and coronal
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(d) projections, there is its weak, inhomogeneous accumulation, more
pronounced on the periphery of the lesion. On multi-voxel MR spectros-
copy (e, f), the Lip-Lac complex prevails in the central parts of the
metastasis. On the color maps of metabolite distribution (Lip-Lac, Cho,
NAA), the boundary between Cho and NAA is clearly visualized (g—i)
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Fig. 16.17 Colorectal cancer metastases in the brain. In the left fron-
toparietal region, there is a large space-occupying lesion, heteroge-
neously hypointense on T2-weighted (a) and T2-FLAIR (¢) MRI with a
pronounced perifocal edema (a hyperintense zone) and mass effect, in
the form of compression of the left lateral ventricle. On T1-weighted
MRI (b, ¢), there are small hyperintense inclusions in the structure of

the metastasis. On DWI MRI (d, e), on the anterior pole of the lesion, a
hypointense site is clearly differentiated. After intravenous CA admin-
istration, on T1-weighted MRI in the axial (f, g) and sagittal (h) projec-
tions, its intense accumulation is noted along the contour of the lesion;
a necrosis area is well differentiated along the anterior contour of the
metastasis
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Fig. 16.18 Metastasis of colon cancer. Recurrence after surgical edema of the brain substance persists in the left temporal region. After
removal. In the left temporal lobe, anteriorly to the postoperative cavity, intravenous CA administration, on T1-weighted MRI (¢, d), there is its
there is a space-occupying lesion characterized by a hypointense signal  intense accumulation in the tumor. On MR spectroscopy (f), there is a
on T2-weighted (a), T2-FLAIR (b), and DWI (e) MRI. A quite severe  spectrum typical for the metastatic tumor—a high Lip-Lac complex



Stomach Cancer (SQ)

In men, stomach cancer is detected two times more often than
in women. According to IARC, the maximum incidence of
stomach cancer was observed in men in Japan (Kutuki et al.
1996; Fan et al. 2004). In Russia, SC is second only to lung
cancer, 48.8 thousand new cases of gastric cancer are reported
annually, and 45,000 patients die from this disease each year.
According to Davydov and Axel (2014), mortality from gas-
tric cancer is one of the highest in Russia, ranking second
among men (12.0%) after lung cancer and in women (10.0%)
after breast cancer. Patients with SC have lower survival rates
as compared to lung cancer, breast cancer, and kidney cancer
(Go et al. 2011). In Western Europe and the USA, the 5-year
survival rate ranges within 25%. In Japan, known for success
in the treatment of gastric cancer, the figure is 66% among
patients with primary gastric cancer and 68.2% among
patients who underwent radical surgery (Verlato et al. 2012).

Most stomach carcinomas are adenocarcinomas and signet
ring cell carcinomas. In 75% of newly diagnosed patients, the
disease is identified in stages III-I1V; the frequency of detec-
tion of early forms of gastric cancer does not exceed 10-20%.
One of the potentially important markers that reflect the activ-
ity of metastases of stomach cancer is nm23 protein (non-
metastatic cell protein) (Ji et al. 2002; Lee et al. 2003).

The final destination of regional metastatic gastric cancer,
regardless of the tumor site, is a para-aortic lymph collector.
Even with a small depth of tumor invasion into the stomach
wall, for example, to the level of its muscle membrane or
submucosal layer, the frequency of lymphogenic metastases
may increase from 15 to 40% (Lewis et al. 2008).

Stomach cancer metastasizes to the brain even more often
than colorectal cancer. Kim (1999) noted the development of
metastatic brain lesions in only 13 (0.2%) of 8080 patients
with gastric carcinoma. In turn, York (1999) reported a 0.7%
frequency of SC metastases to the brain in 23 of 3320 patients.
Gastric cancer patients with brain metastases amount to not
more than 1% of all cases of brain metastases, both according
to autopsy findings and clinical manifestations (Zimm et al.
1981; Graf et al. 1988). Metastases in the brain develop
1-23 months after the diagnosis of gastric cancer, with the
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overall survival of patients of about 9 weeks. In our study, the
proportion of stomach cancer metastases in the brain was
0.4% of all metastatic lesions.

There are no specific radiological signs that would allow
to differentiate gastric cancer metastases in the brain from
secondary tumors from other primary sites.

17.1 Clinical Cases

See Figs. 17.1, 17.2,17.3,17.4,17.5, 17.6, 17.7, 17.8, 17.9,
17.10, and 17.11.

Fig.17.1 A stomach cancer metastasis in the brain. On axial CT after
intravenous CA administration, in the right parietal-occipital region,
there is a large heterogeneous space-occupying lesion with an intense
and uneven contrast media accumulation mainly on the periphery, with
signs of a pronounced perifocal edema in the form of low-density areas
(ring enhancement). The lateral ventricles are deformed

253

M. Dolgushin et al., Brain Metastases, DOI 10.1007/978-3-319-57760-9_17



254 17 Stomach Cancer (SC)

/ " ‘ AN
F oSSR >~

Fig. 17.2 A stomach cancer metastasis in the brain. A space-occupy- tions, as well as on the 3D reconstruction (e, f), a portion of osteode-
ing lesion with an irregular shape, unclear contours, and intra- and  struction is determined. After intravenous CA administration on CT (c)
extracranial spread, with the involvement of the dura mater and the and T1-weighted MRI in the sagittal (g) and coronary projections (h),
superior sagittal sinus, is identified in the posterior part of the squama  there is intense accumulation of the contrast agent in the soft tissue of
of the frontal bone. On CT in the axial (a, b) and coronary (c, d) projec-  the metastasis. The metastasis grows into the superior sagittal sinus
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Fig. 17.3 A stomach cancer
metastasis in the brain. In the
projection of the right
thalamus, there is a rounded
space-occupying lesion with
signs of central necrosis. On
T2-weighted MRI, the lesion
has a high signal (a); there is
no perifocal edema. On
T1-weighted MRI (b), the
solid part of the metastasis
has a moderately low signal,
while its cystic part has a
hypointense signal. After CA
administration (¢, d), the solid
part of the tumor is intensely
contrast enhanced
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Fig. 17.4 A stomach cancer
metastasis in the brain. A
rounded, space-occupying
lesion is detected in the deep
parts of the right
frontoparietal region. On
T2-weighted (a) and
T2-FLAIR (¢) MRI, there is a
hyperintense area with
perifocal edema—a picture of
ring enhancement. On
T1-weighted (b) MRI, the
signal from the solid part of
the tumor is reduced.
Following intravenous CA
administration on
T1-weighted MRI (d), its
intense and inhomogeneous
accumulation (mostly along
the periphery) is observed in
the metastasis tissue

Fig.17.5 A stomach cancer
metastasis in the brain. In the
left frontal region on
T2-weighted MRI (a), there is
a hypointense space-
occupying lesion with a
hyperintense area with an
expressed perifocal edema on
T2-weighted (a) and
T2-FLAIR MRI (c). Before
CA administration on
T1-weighted MRI (b), the
lesion has an isointense MR
signal and is poorly
differentiated. After
intravenous CA
administration on
T1-weighted fat sat MRI (d),
its intense and
inhomogeneous accumulation
is observed in the tumor
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Fig. 17.5 (continued)

Fig. 17.6 A stomach cancer metastasis in the brain. In the right fron-
toparietal region, there is a large solid-cystic nodule with signs of a mild
perifocal edema on T2-weighted and T2-FLAIR MRI (a, ¢). The solid
part of the lesion, the most pronounced on the anterior and posterior
pole of the metastasis, is characterized by a hypointense signal on

T1-weighted MRI (b), a moderately hyperintense signal on T2-weighted
and T2-FLAIR MRI (a, b), and a hyperintense signal on DWI MRI (d).
Following intravenous CA administration on T1-weighted MRI in the
axial (e) and sagittal (f) projections, its intense accumulation is observed
in the solid component of the tumor
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Fig. 17.7 A stomach cancer metastasis in the brain. In the deep parts on TIl-weighted (b) and DWI MRI (d). Following intravenous CA
of the right parietal region, there is an individual small focal lesion with  administration on T1-weighted fat sat MRI (e, f), its intense and rela-
an expressed area of perifocal edema on T2-weighted and T2-FLAIR  tively uniform accumulation in the tumor is observed

MRI (a, ¢). The tumor lesion is characterized by a hypointense signal
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Fig.17.8 Multiple stomach cancer metastases in the brain. A two level
study. In the right hemisphere of the cerebellum and in the right occipi-
tal region, there are two large space-occupying lesions with a slightly
increased signal on T2-weighted MRI (a, d) with signs of a pronounced
perifocal edema. After intravenous CA administration, on T1-weighted

MRI in the axial (b, e), coronary (c), and sagittal (f) projections, there
is its intense and relatively homogeneous accumulation in the tumor
lesions, with the “upper” metastasis having signs of infiltration of the
cerebellar tentorium and formation of a “tail.” There is no area of cen-
tral necrosis
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Fig. 17.9 A metastasis of gastric cancer. Condition after radiosurgical
treatment. In the right frontal lobe, there is a large space-occupying
lesion, tightly adjacent to the falx, with no apparent signs of perifocal
edema. The lesion is characterized by a hypointense signal (with the
presence of small hyperintense fragments) on T1-weighted MRI (a) and
a moderately high signal on T2-FLAIR MRI (b). Following intravenous
CA administration on T1-weighted fat sat MRI (c¢), its insignificant

fragmentary accumulation in the tumor is observed. On SWI (d) and
DWI MRI (e), the signal from the lesion is sharply reduced. On ASL
MRI, in the structure of the lesion, the decreased perfusion is decreased
(f). On MR tractography (g, h, i), the deformation of the conductive
pathways is determined along the periphery of the tumor; the conduc-
tive pathways downward from the tumor are intact
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Fig. 17.10 A stomach cancer metastasis in the brain. On CT (a), on
the background of artifacts from the hearing aids, only posterior por-
tions of the tumor are weakly visualized in the left temporal region
(b)—the arrow. On CT perfusion maps, the lesion is characterized by
high levels of CBV (¢), CBF (d), and MTT (e). On PET/CT with intra-

venous administration of '®F-choline, there is high RP accumulation (f).
In superimposed PET/CT images (g), the artifact from the metal con-
struction is smoothed, while on 3D reconstructions (h, i), the relation of
metastasis to the bone structures of the skull and the hearing aid is well
visualized
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Fig.17.11 A stomach cancer
metastasis in the brain. In the
right hemisphere of the
cerebellum, there is a large
space-occupying lesion with
an iso-hypointense signal on
DWI MRI (a); after CA
administration, its intense
accumulation in the
metastasis (b, ¢) is noted. Of
note is the presence of two
sites of tumor growth
anteriorly and posteriorly
from the main rounded tumor
lesion. In the whole-body
MR-DWI study (d—f), there is
an increased signal area in the
projection of the cardia, in
precardiac lymph nodes, and
in the liver parenchyma,
consistent with a tumor in the
stomach with metastases in
the regional lymph nodes and
liver (the arrows)




Esophageal Cancer (EC)

Esophageal cancer (EC) is a malignancy that is also relatively
rare in the European part of Russia; however, in recent years,
according to Lagergren and Lagergren (2002), its incidence is
increasing. The annual incidence of EC in Russia is more
than 7000 people. The disease develops predominantly in
men (over two times more often than in women). Most esoph-
ageal cancer patients belong to the age group over 60 years.
Its histological types include squamous cell EC, accounting
for 90% of cases, and adenocarcinoma; small cell carcinoma,
carcinosarcoma, etc. are very rarely diagnosed. The prognosis
for two main histological types of EC is unfavorable—the
5-year survival rate is 10—15% (Sundelof et al. 2002).

EC metastasizes to the brain, according to Weinberg et al.
(2003) and Song et al. (2014), who studied large groups of
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patients with EC (rn = 1588 and n = 1612, respectively), in
1.7% and 1.6% of cases. Thus, Song et al. noted that squa-
mous cell EC metastasizes to the brain more frequently than
adenocarcinoma. In most cases, brain metastases develop in
patients with large primary esophageal tumors and meta-
static involvement of distant lymph nodes. Intracranial EC
metastases account for less than 1% of all malignant tumor
metastases in the brain. We observed esophageal cancer
metastases in the brain in four patients (less than 1%).

18.1 Clinical Cases

See Figs. 18.1 and 18.2.
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Fig. 18.1 An esophageal cancer metastasis in the brain. In convexital
portions of the left postfrontal area, there is a large space-occupying
heterogeneous lesion, partially adjacent to the falx, with signs of central
necrosis. On T2-weighted and T2-FLAIR MRI (a, ¢), the signal from
the lesions is heterogeneous; the hyperintense area with an expressed
perifocal edema is well visualized. The solid part of the lesion is char-
acterized by a moderately low signal on T1-weighted MRI (b) and an
isointense signal on T2-FLAIR MRI (c¢). Following intravenous CA
administration, on T1-weighted fat sat MRI (d), its intense and inhomo-
geneous accumulation is observed in the solid part of the metastasis. On

MR tractography (e), there is deformation of the conductive paths in
this region. On Ktrans maps (f), its higher values are observed along the
periphery of the lesion. On CT perfusion maps of CBV (g) and CBF
(h), along the anterior pole of the metastasis, an increased perfusion
area is observed, and MTT (i) values are reduced. On CT without con-
trast enhancement, the lesion is not clearly visualized on the back-
ground of the expressed perifocal edema (j). On PET/CT with
BF-tyrosine (k, 1), there is its intense accumulation in the solid compo-
nent of the tumor and no accumulation in the central area of necrosis
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Fig. 18.2 A metastasis of esophageal cancer. In the left hemisphere of
the cerebellum, there is a heterogeneous lesion with an iso-hyperintense
signal on T2-weighted (a), T2-FLAIR (c), and DWI (d) MRI and an
iso-hypointense signal on T1-weighted MRI (b), with a hyperintense
area of perifocal edema on T2-weighted (a) and T2-FLAIR (c)
MRI. Following intravenous CA administration on T1-weighted fat sat

MRI (e, f), there is its intense accumulation in the solid part of the
tumor, with multiple trabeculae being differentiated in the metastasis
structure. There is an area with reduced perfusion in the structure of the
lesion on ASL (g). On SWI MRI (h, i), in the metastasis structure, there
are multiple pinpoint areas with a low signal
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Fig.18.2 (continued)



Pancreatic Cancer (PC)

Pancreatic cancer (PC) is a highly aggressive disease,
accounting for up to 3% of malignant tumors. In Russia,
more than 14,000 cases of pancreatic cancer are diagnosed
each year. According to Lemke et al. (2013), the 5-year sur-
vival rate is only 5%. More than 90% of pancreatic cancer is
represented by cancer that develops from the pancreatic duc-
tal epithelium (mainly adenocarcinoma) and 10.5% by can-
cer arising from islet cells. The prognosis for these patients
is extremely unfavorable. Pancreatic carcinomas are primar-
ily characterized by the lymphogenous spread to the regional
lymph nodes and lymph collectors around the celiac trunk
and aorta (Pneumaticos et al. 2009). Hematogenous metasta-
ses of pancreatic cancer affect the liver (80% of cases), peri-
toneum (50%) (Schneider et al. 2005), lungs (17%)
(Sancho-Chust 2009), less frequently muscles (Wafflart et al.
1996), kidneys (Martino et al. 2004), skin (Otegbayo et al.
2005), heart (Robinson et al. 1982), pleura (Turiaf et al.
1969), stomach (Takamori et al. 2005), and prostate
(Merseburger et al. 2005).

The spread of tumor cells to colonize distant organs is a
major factor in deaths of cancer patients (Steeg et al. 2016).

Pancreatic cancer rarely metastasizes to the brain (El
Kamar et al. 2004; Lemke et al. 2013; Matsumoto and
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Yoshida 2015). According to the literature, a total of 18 cases
were described of pancreatic cancer with brain metastases
since 1978 (Table 19.1). Park et al. (2003) identified metas-
tases to the brain in only four patients (0.3%) in the group of
1229 patients with pancreatic cancer; the median survival in
this group was 2.9 months (Table 19.1). In our clinical sam-
ple, pancreatic cancer metastases developed in six cases (less
than 1%).

Multiple brain metastases in prostate cancer may be local-
ized both supra- and subtentorially. Most of them have a cys-
tic nature and manifest with annular accumulation of the
contrast medium. The presence of cystic metastases of pan-
creatic cancer was observed in the majority of case series
from various authors. In our material, the metastatic prostate
cancer in the brain manifested in the form of a single node,
with clearly separated, intensely contrast-enhanced capsule
and small areas of CA accumulation in the central parts. Such
an X-ray picture can be typical for intracerebral tumors; in
addition, the presence of a clearly differentiated capsule in
these cases does not exclude an inflammatory origin of abnor-
malities (e.g., abscess). Using additional methods, including
CT perfusion, helps establish the correct diagnosis; however,
identification of tumors is often achieved only by a biopsy.
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Table 19.1 Localization of pancreatic cancer metastases in the brain structures

Author (No.) Year Number of patients Sex/age Site of metastases in the brain
Ferreira Montero V. et.al. 1983 1 M/62 No data available
2 Shangai V.A. 1984 1 M/57 No data available
3 Kuratsu jun-ichi et.al. 1990 2 M/56 Thalamus
M/58 vermis cerebelli
4 Ohira et al. 1991 1 M/25 bilateral temporal
5 Tsuji et al. 1996 1 F/62 Multiple
6 Ferreira Filho et al. 2001 1 M/49 Carcinomatous meningitis
7 Yamada K. et.al. 2002 1 M/62 Multiple
8 Park K.S. et al. 2003 4 M/48 Multiple
M/51 L. frontal lobe
M/52 L. parietal lobe
M/62 L. frontal, L. basal ganglia
9 El Kamar FG 2004 1 M/56 hemispheres and pons
10 Caricato M. et.al. 2006 1 M/67 Cerebellum
11 Kimura et al. 2008 1 M/50 Multiple
12 Naugler C. et.al. 2008 1 F/66 Pinus
13 Zaanan et al. 2009 1 M/57 Multiple
14 Matsumura T. et.al. 2009 1 M/64 No data available
15 Marepaily et al. 2009 1 F/36 Cerebellum
16 Shah SU et al. 2011 5 F/75 L. choroid
F/43 R. choroid
M/54 R. choroid
F/73 L. choroid
Fr79 R. choroid
17 Lemke et al. 2011 2 F/48 Cerebellum
M/66 R. parietal lobe
18 Chiang et al. 2012 1 M/54 L. frontal lobe
19 Rajappa et al. 2013 1 M/71 R. occipital lobe
20 Rao et al. 2013 1 M/57 Multiple
21 Matsumoto H. et al. 2015 1 M/68 R. temporoparietal region
22 Kumar A. et al. 2015 8 2/49-70 L. parieto-occipital region
R. parietal lobe
Multiple, CN XII
Multiple
Clivus, pituitary stalk, CNVI
Cerebellar vermis, fourth ventricle
Choroid
Multiple
23 Dolgushin 2015 1 F/66 Brainstem
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19.1 Clinical Cases

See Figs. 19.1 and 19.2.

Fig. 19.1 Multiple pancreatic cancer metastases in the brain. A three- weakly expressed or non-expressed hyperintense area of perifocal
level study. On CT (a—c) and T2-weighted MRI (d—f), in the brain mat-  edema; after CA administration, on T1-weighted MRI (g-i), its inten-
ter, there are multiple rounded cysts with clear contours, with a very  sive accumulation is noted along the contour of metastases



19.1

Clinical Cases

271

Lac+Lip

Fig. 19.2 A pancreatic cancer metastasis in the brain. In the
projection of the left cerebral peduncle with transition to the
thalamus, there is a rounded space-occupying lesion with clear
margins, a heterogeneously increased signal on T2-weighted
MRI (a), an isointense signal on T1-weighted MRI (b), and a
hypointense signal on DWI MRI (c¢). After CA administration
(d), its intense lumpy accumulation is noted in the central parts
of the metastasis, as well as accumulation in the form of a thin

rim. On the spectrum (e), there is a pronounced prevalence of
the Lip-Lac complex peak and a small Cho peak. On tractogra-
phy (), the lateral dislocation of conductive pathways is well
differentiated. On contrast-enhanced CT (g), the metastasis
intensely accumulates the contrast agent. On CT perfusion,
there is a marked increase in CBV (h) and CBF values (i),
mostly along the anterior pole of the metastasis



Prostate Cancer (PrQC)

Prostate cancer (PrC) is the most common solid tumor in
men and the second by mortality rate in male population
(Jeman et al. 2007). According to Jemal et al. (2011), the
estimated number of PrC cases in 2016 in the USA will reach
nearly 181,000 people, which makes up 21% of all cancers
in men, and 126,000 will presumably die from this disease
(8%). In Russia, almost 27,000 males develop PrC annually.
According to Davydov and Axel (2014a, b), in the structure
of morbidity of malignant neoplasms, PrC amounts to 12.1%
and is the leader by an increase in its incidence rate in the
male population (35.8%).

Although the incidence and survival rates vary widely in
different EU countries, mortality rates do not differ signifi-
cantly. PrC mortality tends to decrease, both in the USA and
in the EU. The survival rate has increased, probably due to
more active implementation of early diagnostic procedures
and screening programs. Thus, the 10-year and 15-year sur-
vival rate has already reached 93% and 77%, respectively.
Studies showed that men diagnosed with PrC in the early
stages had a minimal risk of death from cancer during
20 years after the diagnosis. PrC in elderly men is a greater
problem in the developed countries, where the percentage of
relatively older men is higher. Thus, according to Steliarova-
Foucher and Parkin (2011), PrC accounts to about 15% of
cancers in men in developed countries, whereas it is only 4%
in developing countries. It should be noted that the incidence
of PrC varies considerably depending on the region. For
example, according to the data published by the Swedish
National Board of Health and Welfare, Stockholm, in this
country, characterized by a high life expectancy and a rela-
tively low mortality from diseases associated with smoking,
PrC accounted for 37% of all new cancer cases in 2004.

PrC most often metastasizes to the bones, liver, lungs, and
lymph nodes and rarely to the brain. According to different
authors, bone tissue metastases in PrC amount from 54 to
85%. Thus, according to Ganova et al. (2014), who studied
PrC metastases in young and middle-aged men, more than
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80% of the lesions are located in the bones of the pelvis and
the lumbar spine. The authors noted that 73% of patients
were aged 54-59 years.

PrC metastases to the bones are mostly multiple, often of
an osteoblastic type, though there are also lytic lesions. Note
that bone involvement occurs in 95% of PrC patients with
brain metastases. Concomitant involvement of the bones and
lungs accounts for 31% of cases, while of the bones, lungs,
and liver accounts for 19%.

Metastases to the brain in the presence of concomitant
visceral metastases indicate an active process in the internal
organs. The combination of metastatic brain lesions with
other organ involvement is typical of PrC. Prostate cancer
metastasizes to the brain 28 months after the initial
diagnosis.

Prostate cancer metastasizes to the brain in 0.6-6%
(Catane et al. 1976; Castaldo et al. 1983; Khanson and
Imyanitov 2001; Tremont-Lukats et al. 2003; Hatzoglou
et al. 2014). According to Catane et al. (1976), based on the
analysis of diagnostic findings in a series of autopsies with
MTSs to the brain (n = 1202), PrC metastases were found
only in 0.8% of cases. According to Lynes et al. (1986), at
autopsies of 856 cases, PrC metastases to the brain were
identified in 1.3% (n = 11). When analyzing a large clinical
sample (n = 6107) in patients with secondary metastatic
brain lesions, Sutton et al. (1996) identified PrC metastases
in 0.9%, with 0.6% of them being diagnosed in vivo. In our
material, PrC metastases to the brain amounted to no more
than 1% (9 patients).

Prostate cancer metastasizes to CNS via both hematoge-
nous and mixed lymphohematogenous routes. By the lesion
location in the brain structures, Kalkun (1963) noted their
most frequent location in the brain substance (78%), less fre-
quently in the dura (18%) and pia (4%) mater. According to
Lynes et al. (1986), in a group of patients with prostate ade-
nocarcinoma (n = 55), metastases were observed in the
meninges in 67%, in the hemispheres in 25%, and in the
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cerebellum in 8%. Prostate cancer often metastasizes to the
orbital bones, the greater wing of the sphenoid bone,
significantly increasing the size of the orbit and causing a
secondary sclerotic bone response.

A neuroimaging picture of metastatic brain lesions in PrC
does not differ from that in cerebral metastases from other
organs: in most cases, a decreased density dominates on CT,
a decreased MR signal is observed in native (T1-weighted)
images, and an increased signal is predominant in
T2-weighted images. An increase in the density and an
increase in the intensity of MR signal characteristics are
often associated with the presence of hemorrhages in meta-
static lesions and protein-containing and calcified inclusions.
Lesions often accumulate the contrast agent with a pro-
nounced ring enhancement and an increased CT density (a
high intensity of MR signal), which is explained by the pres-

ence of necrosis in the central part of the lesion and its rich
vascularization on the periphery.

As noted above, PrC is one of the cancers that often (like
breast cancer) metastasizes to the cranial bones. In case
metastases are located in the bone structures of the skull base,
their visualization can be difficult. The use of additional
methods in such studies may facilitate their identification and,
in general, a correct diagnosis. In their study, Nemeth et al.
(2007) noted the low sensitivity of DWI method in the evalu-
ation of metastatic involvement of the skull bones in PrC, in
contrast to secondary tumors of another origin.

20.1 Clinical Cases

See Figs. 20.1, 20.2, 20.3, and 20.4.

Fig. 20.1 A prostate cancer metastasis in the brain. In the right cere-
bellar hemisphere, there is a large, space-occupying, solid-cystic lesion
with a decreased signal on T1-weighted MRI (a), showing signs of a
mild perifocal edema (b), accumulating the contrast agent on the
periphery as a thin rim and a thickening along the front contour (c¢). In
the whole-body DWI MRI study (d-g), there are high-signal areas in

the prostate gland, in nodules lateral to the right kidney, in the hilum of
the right lung, and around the left kidney (the arrows), consistent with
the changes identified on T2-weighted TIRM MRI (h-j): prostate
tumors with metastatic involvement of the retroperitoneal lymph nodes
and the hilum of the right lung
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Fig. 20.2 Prostate cancer metastases. On brain CT images, no abnor-  bones, including the apex of the petrous pyramid (c, e), pelvic lymph
malities are identified in the soft tissue (a) and bone (b) modes. On  nodes, and axillary lymph nodes (d)
PET/CT with '"®F-choline, there are multiple metastases in the skeletal
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Fig. 20.3 Multiple prostate cancer metastases in the brain. Along the
meninges, in the occipital regions, there is a space-occupying lesion,
isointense on T1 fatsat (a), intensely accumulating the contrast agent on
T1-weighted fat sat images (b, ¢, d). Noteworthy is the infiltrative
tumor spread along the dura and pia mater. On MR venography (e), the

lumina of transverse sinuses are not visualized. Intense accumulation of
the contrast agent is also observed in the tumor (f) on CT. On CT perfu-
sion, an increase in perfusion parameters (CBF, CBV, MTT) is observed
in the affected area (g—i)
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Fig.20.4 A prostate cancer metastasis in the brain. In the left cerebellar ~ edema on T2 and T2-FLAIR images (b, ¢), that homogeneously intensely
hemisphere, there is a solid, space-occupying lesion with a moderately =~ accumulates the contrast agent (d)
decreased signal on T1-weighted (a) MRI, showing a slight perifocal



Testicular Cancer

Testicular cancer does not exceed 2% by the frequency of
metastases in the brain (Guenot 1994). The clinical picture of
metastatic lesions in PrC and testicular cancer is not different
from the clinical picture of metastases of cancers from other
sites in the brain. We observed two cases of brain involve-
ment in this cancer (less than 1%).

CT studies conducted in patients with cerebral metasta-
ses of testicular cancer did not identify any specific radio-
logical characteristics and pathognomonic symptoms as
compared to those in metastatic brain lesions of other pri-
mary tumors. In a series of similar cases, the authors noted
that solitary metastases were found at the site of the pri-
mary tumor in the pelvic area (86%)—prostate and urinary
bladder—in the half of cases. The metastatic lesions identi-
fied have the density identical to or lower than that of the
brain; however, in case of an isodense structure, the pres-
ence of a metastatic lesion can be confirmed by the edema
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area surrounding the tumor. The contrast agent accumula-
tion has a ring-shaped character with the adjacent tissue
component—‘ring + tissue.”

MRI for suspected metastases in the brain should be per-
formed according to the standard protocol to obtain the
images in the axial (T1-weighted, T2-weighted, T2-FLAIR)
and sagittal (T1-weighted) planes and contrast-enhanced
T1-weighted sequences in three perpendicular planes or
SPGR (VIBE).

The tissue MRI characteristics of cerebral metastases of
testicular cancer are not specific and do not differ from the
majority of metastatic tumors with different histogenesis.

21.1 Clinical Cases

See Figs. 21.1 and 21.2.
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Testicular Cancer

Fig.21.1 A metastasis of
testicular cancer in the brain.
On T1-weighted MRI after
intravenous CA
administration in the axial (a),
frontal (b), and sagittal (c)
projections, in the left basal
portions of the left temporal
area, a small tumor is
identified that is widely
attached to the membranes of
the middle cranial fossa (the
arrows). Contrast
enhancement of dural “tails”
on either side of the tumor is
visualized
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Fig. 21.2 Testicular cancer metastases. In the right occipital region,
there is a space-occupying lesion with a moderately decreased signal on
T1-weighted MRI (a) and an increased signal on T2-weighted MRI (b)
with signs of an expressed perifocal edema on T2-FLIAR (c¢). On SWI
(SWAN) MRI (d), no hypointense inclusions were identified in the
tumor structure. After CA administration, its intense accumulation in

the metastasis is observed (e). On ASL maps (f), the lesion is character-
ized by an increased blood flow. On PET/CT with 18F-choline (g—j)
and whole-body DWI MRI (k), areas of abnormal RP accumulation and
increased signal areas are observed in the enlarged iliac and para-aortic
lymph nodes on the left (the arrows)



Uterine Cancer (UC)

Malignant tumors of the female genital organs occupy a spe-
cial place in the clinical oncology, since they are the most
common malignancies in women. Of the 12.7 million of new
cases with various forms of cancer reported each year in the
world, almost 1 million account for gynecologic tumors. In
Russia, in 2010, the number of newly diagnosed female gen-
ital tumors was 47 700 thousand, which was 17% of all
malignant tumors (Jemal et al. 2011).

Cervical cancer is one of the most common malignancies,
ranking seventh among all malignant cancers and fifth in the
structure of cancer incidence in women in the Russian
Federation, after breast cancer and gastrointestinal cancer. In
2012 more than 15.3 thousand cervical cancer patients and
7.37 thousand deaths were reported in Russia. According to
Davydov and Axel (2014), during the period from 2007 to
2012, an increase in the absolute number of cases of cervical
cancer was 11.2%, defining the fourth place by the increase
rate among malignant tumors. In the structure of malignant
neoplasms in the female population of Russia, the proportion
of cervical cancer decreased from 7.0% in 1989 to 5.3% in
2012.

In developed countries, standardized incidence rates (9.0
per 100,000) are two times lower than in developing coun-
tries (17.8 per 100,000), accounting for 78% of cases of cer-
vical cancer, while its proportion is 15% of all malignancies
in women (4.4% in developed countries). Disturbing is an
increase in the incidence of cervical cancer in Russia from
12.5 per 100,000 of female population in 2007 to 13.9 per
100,000 in 2012. The maximum age-standardized incidence
rates of cervical cancer were reported in the age group of
50-64 years old—31-32 per 100,000. Cervical cancer is the
leading cause of death among all malignant tumors in women
aged 15-40 years old, reaching 19.5%. In the age category of
40-54 years, cervical cancer moves to second place, account-
ing for 9.7%.

In developed countries, the incidence of uterine cancer
(UC) (12.9-100,000 of female population) was 2.2 times
higher than in developing countries (5.9 per 100,000). In the
structure of cancer incidence among the female population in
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the Russian Federation (2012), UC ranked second (7.5%)
after breast cancer (20.7%). During the period from 2007 to
2012, an increase in the absolute number of cases was 8.7%.
The incidence of UC increased in all age groups, starting
from 25 years, and reached the maximum values (91.9—
100,000) for the age group of 6064 years (Axel 2012).

The average age of patients with gynecologic cancer in
Russia decreased by 6 years—from 58 years in 1989 to 52 in
2010. An important factor is insufficient mass implementa-
tion of screening programs in Russia as compared with
Western European countries, allowing to diagnose precan-
cerous conditions and early forms of cancer.

Survival rates vary: good predictions are noted in the
USA, 72%; in European countries, 60%; and in developing
countries, 48%. The lowest survival rate was registered in
Eastern Europe.

According to literature, cerebral metastases of cervical
cancer, uterine cancer, and ovarian cancer are, on average,
0.5-1.2%, 0.6%, and 0.49-2.2%, respectively (Aalders et al.
1984; Ikeda and Yamada 1998; Chura et al. 2007; Ogava
2008; Setoodeh et al. 2012; Sierra et al. 2015). Spinal metas-
tases of cervical and ovarian cancer are detected in 6% and
0.1-0.12% of cases, respectively (Matsuyama et al. 1989;
Tiwari 2007).

The time interval from the detection of primary cancer to
the detection of metastatic brain lesions of cervical cancer
can reach up to 8 years. According to Kim et al. (2015), who
analyzed a group of patients with cerebral metastases of
malignant gynecologic tumors (n = 61) from 2002 to 2012,
the average interval for cervical, uterine, and ovarian cancer
was found to be 33.1 months, 27.8 months, and 21.6 months,
respectively. The survival rates for patients with brain metas-
tases of cervical, uterine, and ovarian cancer were 8.8 months,
23.3 months, and 14.1 months, respectively.

Although cerebral metastases are rare, according to
Martinez-Manas et al. (1998), well-differentiated endome-
trial carcinoma with signs of vascular invasion can metasta-
size to the brain even before clinical manifestations of the
primary tumor occur. According to Piura and Piura (2015),

283

M. Dolgushin et al., Brain Metastases, DOI 10.1007/978-3-319-57760-9_22



284

22 Uterine Cancer (UQ)

cerebral metastasis of endometrial carcinoma is so rare that
authors found only 115 cases in the analysis of 35 studies.
In our cases, UC metastases in the brain were detected in
7% of cases, which greatly exceeds the data from literature.
On CT and MRI, cerebral metastases of UC manifest both as
single and multiple tumors. Lesions are often solid, but we often
diagnosed metastases with a solid-cystic structure. Almost
always an expressed area with a perifocal edema is visualized.
Accumulation of the contrast agent by the solid part of the
metastasis significantly increases its density on the periphery;
therefore, a “target” type of accumulation is often observed.
Although the vast majority of cases of cerebral metastases
have a characteristic perifocal edema, we also diagnosed
large lesions without any perifocal edema in our studies.

These lesions had a dense solid structure with irregular
contours.

The solid part of UC metastases has almost similar low
values of cerebral blood volume, CBV and CBFE, such as
metastatic breast cancer. UC metastases have the lowest
MTT values = 5.36 + 0.74 (s), which indicates a rapid blood
flow through their parenchyma in comparison with other
cerebral metastases.

22.1 Clinical Cases

See Figs. 22.1, 22.2,22.3, 22.4, 22.5, 22.6, 22.7, 22.8, 22.9,
22.10, and 22.11.

Fig.22.1 A uterine cancer metastasis. On CT, in the right frontal lobe,
there are space-occupying lesion with a moderately high density, an
area of necrosis in the central parts, and a perifocal edema (a). The
metastasis intensely accumulates the radiopaque agent (b). On

T2-weighted MRI, the solid part of the tumor has an iso-hypointense
signal (c), while the central necrosis has an increased signal. There is
intense accumulation of the contrast agent in the solid structure of the
tumor (d-f)
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Fig.22.2 A uterine cancer
metastasis in the brain. On
T1-weighted MRI with
contrast enhancement in axial
(a), coronal (b), and sagittal
(¢, d) projections, in the deep
parts of the left frontoparietal
region, an oblong lesion is
detected with a pronounced
perifocal edema, unevenly
accumulating CA. The left
lateral ventricle is drastically
compressed

Fig.22.3 A uterine cancer
metastasis. On T1-weighted
MRI with contrast
enhancement in axial (a),
sagittal (b), and coronal (c, d)
projections, in the right
frontal region, there is a
space-occupying solid-cystic
lesion accumulating the
contrast agent along the
contour of the cystic
component with the formation
of a node in the most
expressed solid part of the
tumor (lower medial tumor
segments). The lateral and
third ventricles are deformed
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Fig.22.3 (continued)

Fig. 22.4 A uterine cancer metastasis in the brain. In the left parietal
lobe, there is a space-occupying lesion, heterogeneous on T2-weighted
(a), T1-weighted (b), and DWI (d), with signs of a hemorrhage—a
bright signal on T1-weighted images (b) and a pronounced perifocal

edema (a, ¢). On non-contrast-enhanced MR perfusion, there is a slight
increase in CBF along the lesion contour (e). Following intravenous CA
administration, its inhomogeneous accumulation along the contour of
the metastasis is observed (f)
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Fig. 22.5 A uterine cancer metastasis in the brain. A two-level study. increased signal on T1-weighted MRI (e, f). After CA accumulation, on
On MRI in the right parietal-occipital region, there is a huge tumor with ~ T1-weighted MRI (g, h) in the axial projection (i, j), in the sagittal
hemorrhagic and necrotic components; an iso-hyperintense signal on  projection, and (k, 1) in the frontal projection, its intense accumulation
T2-weighted (a, b) MRI, and T2-FLAIR MRI (c, d); and an irregularly  in the structure of metastasis, with almost no perifocal edema
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Fig.22.5 (continued)

Fig. 22.6 Multiple uterine cancer metastases in the brain. In the left  tense signal on DWI MRI (d). Perifocal edema is significant. After
frontoparietal region, there is a large lesion with a hypo-isointense MR intravenous CA administration, the lesion accumulates CA throughout
signal on T2-weighted MRI (a), an isointense signal on T1-weighted the entire area but more intensely in the form of a thin rim on the
MRI (b), an iso-hypointense signal on T2-FLAIR (c¢), and a hypoin-  periphery (e, f)
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Fig.22.7 Multiple uterine
cancer metastases in the brain.
On T1-weighted MRI, in the
axial (a, b), sagittal (c¢), and
frontal (d) projections after
intravenous CA
administration, there is a
multinodular lesion in the
right parietal-occipital region,
with signs of intense
accumulation of the contrast
agent in the form of thick
rolls. The central parts of
tumor are represented by
necrosis. The corpus callosum
and the median brain
structures are deformed

Fig.22.8 Multiple uterine cancer metastases in the brain. A two-level
study. On T2-weighted MRI (a, d), in the right frontal and frontoparie-
tal regions, there are large tumor lesions with a low decreased signal
with signs of a moderate perifocal edema. On T1-weighted MRI (b, e),

the signal from the lesions is moderately reduced. Following intrave-
nous CA administration (c), both lesions rapidly accumulate the con-
trast agent. On DWI MRI (b = 1000), the signal from the lesion is
reduced (f)
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Fig. 22.9 A uterine cancer metastasis in the brain. In the left temporal
region, there is an iso-hyperintense signal on T2-weighted and T2-FLAIR
MRI (a, ¢) with a pronounced area of perifocal edema. On T1-weighted
MRI (b), the signal from the lesion is isointense. After CA administration
in the axial (d), sagittal (e), and frontal (f, g) projections, its intense,

homogeneous accumulation is noted, somewhat more pronounced on the
periphery and less intense and uniform in the central parts of the tumor.
Despite the tumor being closely adjacent to the meninges, no evidence of
the “tail” symptom was found. On MR spectroscopy (h, i), there is a
marked peak of Lip-Lac complex and a well-defined Cho peak
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Fig.22.10 A uterine cancer metastasis in the brain. In the right frontal ~ pronounced perifocal edema. Following intravenous CA administra-
region, there is a solid lesion, hypo-isointense on T2-weighted MRI (a)  tion, the metastasis intensely accumulates it (d, e). On MR spectros-
and isointense on T1-weighted MRI (b) and T2-FLAIR MRI (¢), witha  copy, there is a pronounced prevalence of the Lip-Lac complex (f)
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Fig.22.11 A uterine cancer metastasis in the brain. In convexital parts ~ MRI (b, e, f) and a pronounced perifocal edema (c). After intravenous
of the right postfrontal area, there is a tumor lesion with a heteroge- CA administration, its intense accumulation is noted in the tumor (g—j);
neously increased signal on T2-weighted (a) and T2-FLAIR MRI (¢), the tumor fragment involving the meninges is well visualized. On T2
with areas of hemorrhages—hyperintense inclusions—on T1-weighted ~GRE MRI, the signal from the lesion is nonuniformly reduced (k, I)
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22.2 Post-radiation Changes

See Fig. 22.12.

Fig.22.12 A uterine cancer metastasis in the brain. A follow-up study
before and after radiosurgery. The patient had a pacemaker; therefore,
MRI could not be performed. In the left frontal lobe, there is a space-
occupying solid-cystic lesion accumulating the contrast agent in the CT
study (a) and having increased CBV (b), CBF (c¢), and MTT (d) values

on CT perfusion maps. In the control study, there is a significant reduc-
tion in the tumor size (e); however, a portion remains with moderately
elevated CT perfusion values along the anterior pole (f, g)—a residual
tumor—and increasing of the MTT values (h)



Ovarian Cancer

According to Hardy and Harvey (1989), the analysis of a
small group of ovarian carcinoma cases detected metastases
in the brain in 11.6% of cases. Bruzzone et al. (1993) identi-
fied metastatic brain lesions only in 2.2% of cases among
413 patients with ovarian carcinoma treated with platinum-
based therapy from 1981 to 1989. Mayer et al. (1978) found
brain metastases in 0.9% of 567 autopsies of patients who
died from ovarian cancer. In another large study by Pectasides
et al. (2006), during 22 years in the analysis group (n = 1450
patients with ovarian cancer), only 17 (1.17%) developed
brain metastases.

In our material, the proportion of ovarian cancer metasta-
ses in the brain was 1.8%, and there was a tendency to its
increase in recent years.

Most ovarian cancer metastases in the brain manifest as
single lesions. Lesions have a solid-cystic structure with a
predominance of the cystic component. Almost always an
area with a perifocal edema is visualized. The accumulation
of the contrast agent by the solid part of the metastasis is
expressed; the solid component of metastases is well visual-
ized on MRI. When lesions are multiple, metastases may
have different forms and can be detected by the presence of
necrosis. Hemorrhages in the structure of ovarian cancer
metastases are rare.

On SWI (SWAN) MRI, ovarian cancer metastases have a
small number of hypointense inclusions. On the spectrum,
there is a Lip-Lac complex typical of all metastases. On ASL
images, the blood flow activity is directly proportional to the
volume of the solid tumor, while the tumor is not visualized
when its cystic component is prevalent.

The solid part of ovarian cancer metastases showed the
lowest CBV values (5.34 + 1.45 ml/100 g). Metastatic ovar-
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ian cancer is also characterized by the lowest CBF
(49.51 = 19.6 ml/100 g/min) values and mean MTT values
(10.58 £ 6.27 s). Based on CT perfusion findings that identi-
fied perfusion indices specific to this type of metastases, the
primary source of metastases can be assumed.

Despite the complexity of the diagnosis related to the
close location of the pelvic organs and the presence of con-
comitant non-oncological diseases (tubo-ovarian abscesses,
cysts, endometriosis), PET allows quite accurately the iden-
tification of the initial site of the primary tumor and its
spread.

Grigsby et al. (2001), based on the data of the compara-
tive analysis of the results from a survey in women with cer-
vical and ovarian carcinoma (101 cases) by CT and PET,
found that even single-organ PET was three times more
effective than CT in detecting metastatic lesions of the pelvic
lymph nodes (67 and 20%, respectively). Also, PET addi-
tionally identified metastatic involvement of supraclavicular
lymph nodes in 8% of patients in this series.

The use of PET with 8F-FDG for the primary diagnosis
of metastatic brain lesions in ovarian cancer is impractical,
both due to the predominantly cystic structure of such metas-
tases and due to relatively low RP accumulation by the solid
part of the tumor that merges with the image of the intact
brain substance, since it physiologically accumulates the
radiopharmaceutical.

23.1 Clinical Cases

See Figs. 23.1, 23.2, 23.3, 23.4, 23.5, 23.6, 23.7, 23.8, and
23.9.
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Fig. 23.1 An ovarian cancer
metastasis in the brain. On
MRI in the left frontal region,
there is a rounded tumor
lesion with an increased
signal and signs of a perifocal
edema on T2 images (a),
intensely accumulating the
contrast agent (b)—ring
enhancement

Fig. 23.2 An ovarian cancer metastasis in the brain. In the left tempo-
ral region, there is a solid-cystic lesion with a heterogeneously high
signal on T2-weighted MRI (a) with an area of a pronounced perifocal

edema and an isointense signal in the solid portion on T1-weighted
MRI (b). The solid part of the tumor rapidly accumulates the contrast



23.1 Clinical Cases 297

Fig.23.3 An ovarian cancer metastasis in the brain. A two-level study.  parts of the tumor (b-d) and in the form of a thin rim—along the con-
In the right hemisphere of the cerebellum, there is a solid-cystic lesion  tour of cystic inclusions in the upper portions of the metastasis (e, f),
with a heterogeneously increased signal on T2-weighted MRI (a), with well-differentiated intratumoral trabeculae

intensely inhomogeneously accumulating the contrast agent in the solid

Fig. 23.4 An ovarian cancer metastasis in the brain. In the right pari- MRI (b); the lesion intensely accumulates the contrast agent (c—f).
etal region, there is a small lesion with an iso-hyperintense signal on ~ Upward from the lesion, there is a small portion of vascular origin that
T2-weighted MRI (a) with no signs of a perifocal edema and with hem-  also intensely accumulates the contrast agent (f)—venous angioma (the
orrhagic inclusions, as evidenced by an increased signal on T1-weighted — arrow)
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Fig.23.4 (continued)

Fig. 23.5 Ovarian cancer metastases in the brain. Along the menin-  increased (c). The lesion intensely accumulates the contrast agent (d,
ges in the left frontoparietal region, there is a space-occupying lesion  e); the tumor spread into the region of the middle cranial fossa is visual-
with an iso-hypointense signal on T2-weighted (a) and T2-FLAIR ized on sagittal constructs (f)

MRI (b). On DWI MRI, the signal from the tumor is heterogeneously



23.1 Clinical Cases

299

Fig. 23.6 Multiple ovarian cancer metastases. Condition after radio-
surgery. A two-level study. MRI revealed abnormal lesions in the con-
vexital parts of the right parietal region and a lesion in the left
frontoparietal region similar by its signal intensity—a decreased signal
on T2-weighted MRI (a), a heterogeneously increased signal on

T1-weighted MRI (b, ¢), and a drastically increased signal on DWI (d,
e) and T2-FLAIR MRI (f). Hemorrhagic changes have a high signal on
T1-weighted MRI. Following intravenous administration, CA lesions
weakly and fragmentarily accumulate the contrast agent (g—i)
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Fig. 23.7 Multiple ovarian cancer metastases in the brain. In the con-
vexital portions of the right postfrontal region, there is a lesion with an
increased signal on T2-weighted (a), T1-weighted (b), and DWI MRI
(c), with an area of a moderate perifocal edema on T2-FLAIR images

(d). Following intravenous CA administration, the lesion intensely
accumulates the contrast agent; there are also contrast agent accumula-
tion areas medially to the lesion and in the contralateral lobe (e, f) (the
arrows)
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Fig.23.8 Multiple ovarian cancer metastases in the brain. A two-level
study. In the basal portions of the right frontal region, there is a lesion
with a heterogeneous structure on T2-weighted MRI (a) and a hypo-
isointense signal on T1-weighted MRI (b) with an area of a moderate
perifocal edema (c). A similar lesion is located in the left frontal region

Lac+Lip

(d—f). Following intravenous CA administration, all lesions actively
accumulate the contrast agent on the periphery, with irregular contours
(g, h). Both are characterized by central necrotic changes. On MR spec-
troscopy (i), there is an increase in the Lip-Lac complex and a moderate
increase in the Cho peak
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Fig. 23.9 An ovarian cancer metastasis in the brain. In the left tempo-
ral region, there is a solid-cystic lesion with a heterogeneously increased
signal on T2-weighted MRI (a) and an iso-hypointense signal on
T1-weighted MRI (b) with a moderate perifocal edema area (c¢). On
DWI MRI (d), the signal from the lesion is heterogeneous due to the
plurality of cystic inclusions. On SWI MRI (e), individual pinpoint

inclusions with a low signal are determined in the metastasis structure.
Following intravenous CA administration, the lesion intensely and
inhomogeneously accumulates it (f, g); cystic components of the tumor
are well visualized on the background of solid elements. On MR trac-
tography, a deformation of adjacent conductive pathways (h) is
observed



Thyroid Cancer

Thyroid cancer (TC) is the most common tumor of the
endocrine system and amounts to 1-3% in the overall
structure of cancers. The incidence of thyroid cancer has
been steadily increasing within the past two decades,
especially in industrialized countries. In Europe, the aver-
age rates are 1.2-3 per 100000 population. In Russia,
more than 10000 patients are diagnosed with thyroid can-
cer every year. According to Davydov and Axel (2012), an
increase in the incidence of thyroid cancer amounted to
6.2% in 2007-2012. The increased incidence of thyroid
cancer is prevalent in the female population. Women make
up 86% of all thyroid malignancies identified (Paches
2000a, b).

Factors contributing to the development of thyroid can-
cer include hyperplastic processes and disorders of endo-
crine regulation, radiation exposure and occupational
hazards, stay in the areas of radiation accidents, and thy-
roid injuries.

Papillary carcinoma is a common tumor of the thyroid
gland. It accounts for about 70% of all malignant tumors
of the thyroid gland and usually develops in the third and
fourth decade of life. Papillary carcinoma is characterized
by lymphogenous metastasizing, while hematogenous
metastasizing occurs relatively infrequently, with the typ-
ical location of metastases being lungs. Follicular thyroid
cancer amounts to 15-20% and occurs in older age. The
incidence of lymphogenous metastasizing of follicular
carcinoma is 2—10%; hematogenous metastases occur in
20% of cases, typically in bones. Both forms of cancer are
characterized by rather slow growth and a favorable prog-
nosis. The 5- and 10-year survival rate in papillary and
follicular thyroid carcinomas is 95.3% and 94.2% and
90.1% and 85.7%, respectively. According to Pacini et al.
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(2008), despite the increase in its incidence, mortality
from thyroid cancer, in general, and from papillary thy-
roid carcinoma, in particular, remained stable both in
1973 and 2002 and amounted to 0.5 deaths per 100000
patients.

The proportion of other malignant thyroid tumors (med-
ullary carcinoma, undifferentiated/anaplastic cancer) does
not exceed 8—15%, while that of squamous cell carcinoma
is 3.1%. Squamous thyroid cancer is characterized by early
and extensive metastasizing, a severe clinical course and a
poor prognosis. Non-differentiated thyroid cancer is also
characterized by a severe clinical course with a median
survival of 5-6 months (Paches and Propp 1995; Valdina
2000).

The incidence of metastatic brain lesions with thyroid
cancer, according to different authors, is 0.1-5% (Parker
et al. 1986; Jyothirmayi et al. 1995; Altimari-Romero et al.
1997; Salvati et al. 2001; Mazzaferri et al. 2006; Al-Dhahri
et al. 2009). On the other hand, Pemberton (1939) found
metastases in 4-9% in the analysis of a series of 774 patients
with thyroid cancer. In a retrospective database study for the
period from 1976 to 2011, Tsuda et al. (2013) found metas-
tases of papillary carcinoma in the brain only in five cases.
The time from the detection of the primary tumor to the
detection of metastases of thyroid cancer in the brain is
2.8 years for papillary cancer and 1.2 years for anaplastic
cancer (Salvati et al. 1995).

In our sample, metastases of thyroid cancer were identi-
fied in 0.8% of cases.

Thyroid cancer metastases in the brain are presented as
a supra- and subtentorial lesions. In our cases, we also
noted metastatic involvement of the skull with intracranial
spread. No significant invasion of adjacent meninges was
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noted, while the destruction of bone structures infiltrated
by the tumor was total. The contrast agent accumulation
in the TC metastasis stroma in the brain is homogeneous,
in several cases microhemorrhagic inclusions were
observed in the form of increased signal portions on
T1-weighted MRI.

MRI provides for a study according to the standard proto-
cols—T2-weighted,  Tl-weighted, T2-FLAIR, and

T1-weighted + Gd MRI. Additional methods—3D SPGR,
SWI (SWAN), spectroscopy, and ASL—did not show any
significant differential diagnostic signs.

24.1 Clinical Cases

See Figs. 24.1,24.2,24.3,24.4, and 24.5.

Fig.24.1 A thyroid cancer metastasis in the brain. In the right cerebel-
lar hemisphere, there is large solid lesion with an increased signal on
T2-weighted MRI (a), with areas of hemorrhagic changes—an
increased signal on T1-weighted MRI (b) and a moderately pronounced

perifocal edema (c¢). On SWI MRI, individual blurred inclusions with a
decreased signal are identified in the tumor (d). After CA administra-
tion, its intense homogeneous accumulation is observed in the lesion (e,
f); the fourth ventricle is compressed
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Fig. 24.2 Multiple thyroid
cancer metastases. In the left
frontal and occipital areas,
there are lesions with a
heterogeneous structure on
T2-weighted and T2-FLAIR
MRI (a, b) with a moderate
perifocal edema. After CA
administration, its intense
inhomogeneous accumulation
is observed predominantly on
the periphery of metastases
(¢). MR spectroscopy shows
an increase in the peak of the
Lip-Lac complex as well as a
fairly high Cho peak (d)

[ Lac+Lip

Cho
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Fig. 24.3 A metastasis of thyroid cancer. On T1-weighted MRI with  of the right orbit with the spread into the infratemporal fossa. A vast
contrast enhancement in the axial (a, b) projection at two levels and  area of destruction of the orbital walls is observed. The optic nerve is
sagittal (c¢) projection, there is a tumor lesion located in the lateral parts  displaced medially; exophthalmos is present
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Fig. 24.4 A metastasis of thyroid cancer (before treatment). On CT in
the parietal-occipital areas (mostly on the right), there is a large lesion
with extra-intracranial spread; marked destruction of the cranial bones is
noted with the dislocation of bone fragments (a—c). The lesion is charac-
terized by an iso-hypointense signal on T1-weighted MRI (d) and an
increased signal on T2-FLAIR MRI (e). After CA administration, its

intense accumulation is noted in the solid part of the metastasis (f); cen-
tral parts of the tumor are presented by necrosis. On 3D-CT reconstruc-
tions (g), dilated surface veins and arteries of soft tissues of the head are
well visualized. On a PET/CT study, there are areas with abnormal RP
accumulation in the area of the spinous process and C2 vertebral arch (h,
Jj) and in the lateral lesions in the sacrum on the right (i, j)
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Fig. 24.4 (continued)
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Fig. 24.5 A metastasis of
thyroid cancer. Condition
after surgical removal of the
tumor. On CT in axial (a) and
frontal (b) projections and 3D
reconstruction (¢, d), there is
an extensive bone defect in
the area of the removed
metastasis




Rare Forms of Cancer with Metastases

in the Brain

In most cases, metastatic tumors classified as “rare forms of
cancer” also did not show any specific diagnostic character-
istics that would differentiate them from other metastases,
but we find we have to present this small group of cases.

25.1 Cancer of the Parotid Salivary Gland

The most common tumor of the salivary glands is a pleomor-
phic adenoma—a benign mixed tumor consisting of both
epithelial and mesenchymal tissues—and accounts for about
70% of all tumors of the salivary glands (Gnepp et al. 2001;
Som et al. 2003). Most of these tumors are located laterally
to the area of the facial nerve. Mostly, these are well-
separated painless tumors; they occur in middle-aged
patients. Malignant forms of ductal carcinoma are the most
common malignant variant of salivary gland tumors. In 25%
of cases, if untreated, they can metastasize with involvement
of meninges (Thackray and Lucas 1983; Peel and Gnepp
1985; Som et al. 1988; Olsen and Lewis 2001). Malignant
neoplasms are accompanied by severe pain and are identified
in the elderly; infiltrative spread to the salivary gland tissue
is possible. The 5-year survival is only about 50% (Som and
Brandwein 2003), with the cause of death being metastases,
including to the brain. The brain involvement is combined
with involvement of the lymph nodes in the neck. Since the
spread of the tumor occurs mainly by a hematogenous route,
distant metastases are found in 44% of cases (Olsen and
Lewis 2001). They usually affect the lungs, pleura, kidneys,
and choroid. We observed three cases of intracranial metas-
tases of the parotid gland tumor.

Metastases of the parotid gland cancer in the brain are
often cystic, with the solid component rapidly accumulating
the contrast agent. No reliable differential diagnostic charac-
teristics have been identified using additional methods. No
hemorrhages were observed (Figs. 25.1 and 25.2).

© Springer International Publishing AG 2018

25

25.2 Neuroendocrine Tumors (NETs)

Neuroendocrine tumors (NETs) heterogeneously group of
epithelial tumors developing from APUD system cells, char-
acterized by a positive immunohistochemical reaction to spe-
cific markers (chromogranin A, synaptophysin) and the ability
to produce a variety of peptide hormones and biogenic amines.
Standardized incidence rates for NETs in different countries
vary within 0.71-1.36 per 100000 patient-year (Gulec et al.
2002). The most common site of NETs is the gastrointestinal
tract (73.7%) and the bronchopulmonary system (25.1%).
Within the gastrointestinal tract, most tumors are located in the
small intestine (28.7%), the appendix (18.9%), and the rectum
(12.6%). The overall 5-year survival of patients with NETs,
regardless of their site, is 67.2—82% (Bektas et al. 2002).

NET metastases in the brain, including those of intracra-
nial nature (pituitary tumors), are extremely rare (our clini-
cal material includes two cases, one of which is presented
below).

In most cases, NETs have no clinical symptoms to com-
plications or to the development of carcinoid syndrome.
Therefore, in most cases, a primary tumor and metastases are
difficult to diagnose. The degree of differentiation of APUD
cells and their functional activity and synthesis of hormones
affect the rate and characteristics of tumor growth and its
ability to metastasize. The principal method of treatment for
NETs of the abdominal cavity and retroperitoneal space is
surgery. Most authors have quite a unanimous opinion on the
treatment strategy: a local excision can be performed for
tumors smaller than 2.0 cm; radical operations are performed
for larger tumors (subtotal resection of the stomach, small
intestine resection, and hemicolectomy (Neumann et al.
2002; Soga 2003)). For conservative treatment, hormonal
and chemotherapeutic drugs are used (6-methylprednisolone,
ACTH, Endoxan, 5-fluorouracil). The effect of their use is
low and short term.
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Fig. 25.1 Metastases of
parotid gland cancer. A
two-level study. On
T1-weighted MRI with
contrast enhancement,
multiple tumor lesions are
identified in the soft tissues of
the right malar area (a). In the
right parietal lobe region,
there is a solitary rounded
lesion that intensely
accumulates the contrast
agent of in the form of ring
enhancement (b)

Fig. 25.2 A metastasis of parotid gland cancer in the brain. In the
basal right temporal region, there is a lesion destroying the adjacent
bone structures and extending to the region of the right orbit, infratem-

poral fossa, as well as intracranially, deforming the temporal lobe and
shifting it upward (a—c). On a PET/CT study with 'F-FDG, there is an
increase in SUV along the contour of the tumor (d—f)
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Today, there are various methods for NET diagnosis: CT,
MRI and ultrasound methods; lately, radioisotope methods
are widely used—SPECT/CT with '""In-octreotide and PET/

CT with ®Ga-DOTA (TOC, TATE, NOC). These drugs allow
to evaluate the tumor receptor activity; therefore, they are
highly specific in the diagnosis of NETs (Fig. 25.3).

Fig. 25.3 Multiple neuroendocrine tumor metastases in the brain. Sub-
and supratentorially, there are multiple lesions with various sizes. In the
right frontal region, there is the largest cystic lesion with an increased signal
on T2-weighted MRI (a), a moderately high signal on DWI MRI (b), that
weakly accumulates the contrast agent along its contour (d). Small metas-
tases in the left frontal region and in the hemispheres of the cerebellum have
a mainly solid structure and intensely accumulate the contrast agent (c, d).
There is no perifocal edema. A radionuclide study with '"'In-octreotide on

whole-body scans in the frontal projection (e) shows lesions with increased
RP accumulation in the frontal areas of the brain, the hilum of the left lung,
and the liver. On SPECT images in the axial (f, g) and frontal (h) projec-
tions, the cystic lesion in the right frontal region is characterized by a
smaller area of increased RP accumulation than the small solid lesion in the
left frontal region. Multiple pinpoint metastases in the cerebellum exhibit
diffuse accumulation. A tumor site in the upper mediastinum is additionally
identified (h) (the image is courtesy of Professor Shiryaev, S.V.)
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25.3 Sarcoma (Fibrosarcoma)

Sarcoma (fibrosarcoma) is a malignant tumor of soft tissues
that is formed from the immature fibrous connective tissue. It
is often located in the muscles of extremities (hip, shoulder)
or torso. Brain sarcomas are quite rare, occur with a fre-
quency of up to 2%, and are usually located in the craniofa-
cial area. There are infantile fibrosarcoma (in children under
10 years of age) and adult fibrosarcoma (common in children
older than 10 years of age and in adults, more often at the age
of 40-55 years old) (Toro et al. 2006).

Brain sarcoma has all the properties of a malignant
tumor—aggressive rapid growth and the ability to grow into
normal tissues and metastasize. Sarcomas are characterized
by predominantly hematogenous metastasizing in 90%
(Friedrichs et al. 2006), with not less than two third of patients
having affected the lungs, less frequently bones, brain, pan-
creas, liver, and kidneys (Ottaiano et al. 2005). Warren and
Meyer (1938) and then a number of other authors (Taylor and
Nathanson 1942; Willis 1952; Pack and Ariel 1958) sug-
gested the possibility of lymphatic metastasizing of sarco-
mas; however, it accounts for no more than 10% (Behranwala
et al. 2004; Yanagawa et al. 2014). In our material, sarcomas
are presented by two cases of intracranial metastases.

CT and MRI manifestations of craniofacial sarcoma are
indistinguishable from those other malignancies growing in
this area. By the time of primary diagnosis, the tumor is usu-
ally advanced.

On CT, this is a soft tissue space-occupying lesion, caus-
ing the destruction of bone structures in the anterior cranial
fossa and craniofacial region. Presence of petrifications in
the tumor stroma is uncharacteristic. An MRI pattern depends
on the predominant histological structure. On T1-weighted
images, this is usually an isodense lesion as compared to the
brain; on T2-weighted images, the MR signal is variable
from hypo- to slightly hyperintense.

Osteogenic sarcoma causes bone destruction with an
aggressive periosteal reaction and formation of bony
growths, often observed in the lower jaw. On CT, this lesion
has an increased density with a periosteal reaction and a
solid component accumulating the contrast agent. On
T1-weighted MRI, in case of high mineralization, this is a
heterogeneous lesion with a low-intensity MR signal; if the
soft tissue component prevails, the signal has medium inten-
sity. If the tumor has a soft tissue structure, on T2-weighted
MRI, a high MR signal prevails; if intense mineralization is
observed, the MR signal is low (Yamaguchi et al. 2004)
(Figs. 25.4, 25.5, and 25.6).

25.4 Laryngeal Cancer

In the general structure of morbidity of malignant tumors,
laryngeal cancer (LC) occupies the ninth place and accounts
for 1.8-2.2% (Paches 2000a, b). In 2000, the number of
newly diagnosed LC cases was 7.7 per 100000 of Russian
population, while 65% of them were of working age (Chissov
et al. 2000). The disease predominantly develops in men
(96%) aged 50-70 years old (Kozhanov et al. 2008; Daykhes
et al. 2009).

In recent years, there is a trend to steady growth in the
incidence of this disease in women. According to Davydov
and Axel (2014a, b), the standardized increase in the inci-
dence of LC in the female population of the Russian
Federation for the period from 2007 to 2012 was 14.3%,
determining the second place (in terms of an increase rate) in
the structure of malignant tumors in women. In the male
population, in contrast, a downward trend in this parameter
was observed (—4.1%).

In the world population, the leading place in the LC inci-
dence belongs to Thailand and Poland. A high incidence was
noted in the countries of Western Europe—Italy, Spain, and
France. A more favorable situation was observed in the
Scandinavian countries and Japan, where the incidence is
two persons per 100000.

The leading etiological factor of LC development is the
combination of smoking and alcohol abuse. According to
many authors, up to 98% of patients have many years of his-
tory of smoking (Brennan et al. 1995). A certain role plays
chronic inflammatory processes in the larynx.

Malignant neoplasms of the larynx usually develop from
the surface epithelium and, in general, are presented by squa-
mous cell carcinoma (95%). Sarcomas, adenocarcinomas,
and other neuroendocrine cancers develop in the larynx
extremely rare. It should be noted that laryngeal cancer occu-
pies the first place among malignant tumors of the upper
respiratory tract by its incidence.

Regional metastases in LC are found in 35-60% of cases
(Vokes et al. 1993; Ushakov and Ivanov 2003). The risk of
distant metastasizing increases in the presence of multiple
regional metastases. Metastases to distant organs occur in
1-9% of cases, mainly by a lymphogenous route and more
often in younger patients. Most often the lungs are affected
and less frequently the mediastinum, pleura, and liver.
Metastases of laryngeal cancer in the brain are extremely
rare: the incidence of distant LC metastases, including cere-
bral metastases, does not exceed 1% (de Bree et al. 2001;
Ghosh and Prabhash 2011) (Figs. 25.7 and 25.8).



25.4 Laryngeal Cancer

313

Fig. 25.4 A sarcoma metastasis in the brain. On MRI, in the left
parietal-occipital region, there is a multinodular lesion with a solid-cystic
structure, with a high signal on T2-weighted MRI (a), with hemorrhagic
changes, as evidenced by hyperintense inclusions on T1-weighted MRI
(b) and hypointense inclusions on SWI MRI (h, i), surrounded by a

severe edema (c). There is intense, inhomogeneous accumulation of the
contrast agent by the solid areas and along the contour of the tumor cystic
components (d—f). On DWI, there is an inhomogeneous increase in the
signal from the tumor (g) due to the hemorrhagic component
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Fig. 25.5 A sarcoma metastasis in the brain. Condition after surgical
removal, recurrence, and disease progression. On the background of
postoperative changes in the left occipital region, there is a postopera-
tive cavity (a, b, ¢) along the inferior contour, where a small linear
portion of abnormal accumulation of the contrast agent is observed
(e, f). In the left temporal region, there is a lesion with a high MR signal

on T2-weighted (a) and T2-FLAIR MRI (c), uniformly intensely accu-
mulating the contrast agent (d, f). On DWI MRI, there is an increase in
the signal from the abovementioned areas (g). On SWI MRI, the lesion
in the left temporal region is not visualized; there is an extensive area of
an inhomogeneously decreased signal (h, i) in the left occipital region
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Fig.25.6 A sarcoma metastasis in the brain. In the right frontal region,
there is a large space-occupying lesion with an increased signal on
T2-weighted and T2-FLAIR MRI (a, ¢), surrounded by a region with a
perifocal edema. Noteworthy is the presence of a CSF cleft along the
periphery of the metastasis. On T1-weighted MRI, the signal from the

lesion is homogeneous, weakly hypointense (b). Following intravenous
CA administration, the lesion intensely and uniformly accumulates it
(d). On SWI MR, the signal from the main mass of the lesion is homo-
geneous and increased, except for the medial contour, where a hypoin-
tense portion is observed, representing venous vessels (e, f)
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Fig. 25.7 Multiple laryngeal cancer metastases in the brain. In the left ~ the axial (b), sagittal (d), and coronal (e) projections, there is intense
parietal region, there is a solid-cystic nodule with a heterogeneously  accumulation of the contrast agent on the periphery (in the solid com-
increased signal on T2-weighted MRI (a) with a small hyperintense = ponent) of the tumor. Multiple small lesions are identified in the cere-
area of perifocal edema. The lesion is iso-hypointense on T1-weighted  bellum, in the sagittal projection (f)

MRI (b). After intravenous CA administration on T1-weighted MRI in
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Fig. 25.8 Multiple laryngeal cancer metastases in the brain. A three-
level study. On T1-weighted MRI, multiple space-occupying lesions
with an isointense signal are identified in the brain matter (a—c).
Noteworthy is a markedly decreased signal on T2-weighted MRI (d—f)

with a mild area of perifocal edema, which is also observed in colorec-
tal cancer metastases. After IV administration of the contrast agent on
T1-weighted MRI (g-i), there is its weak and inhomogeneous accumu-
lation in these lesions



Metastases in the Brain
from an Unknown Primary Origin

There is still quite a large group of patients, in whom
secondary brain involvement is the only manifestation of
cancer. In this case, metastasis of unknown primary origin
(cancer of unknown primary origin, CUP) is suggested,
which does not mean that it actually does not exist. The
importance of solving the issue of specifying the diagnosis
of metastases of unknown primary origin cannot be overes-
timated. In a large frequency of cases, where the clinical
picture of metastatic involvement of the brain is the only
manifestation of a malignant tumor of unknown primary
origin, often inaccessibility of metastatic lesions for a
biopsy to obtain the tissue samples for morphological iden-
tification of the tumor does not allow to provide adequate
medical care for such patients. The development of modern
technologies gives us more and more new diagnostic possi-
bilities in this regard; however, so far, this does not give any
grounds for reasonable optimism. The incidence of CUPs
does not decrease; often the primary source is detected only
in an autopsy. This group of patients proves again that many
aspects related to the mechanisms of emergence and devel-
opment of human cancers have not yet been identified.

Statistical data on the incidence of tumors of unknown
primary origin in patients with proven metastases in the brain
is quite variable, with the latter being, according to various
estimates, 10—40% and 10-15% (Campos et al. 2009, Zimm
et al. 1981, Gramada et al. 2011). Indeed, it affects the life
expectancy of these patients, although the prognosis is simi-
lar both for patients with known and unknown primary origin
(Ruda et al. 2001).

The picture of multifocal brain involvement suggests the
metastatic origin of neoplasms.

In case of a solitary lesion, the differential diagnosis with
glioblastoma is carried out before a biopsy or a surgical
removal of the tumor, because of the similarity of their X-ray
pictures. Very important is correct taking of medical history,
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since glioblastoma transformed from glial tumors grade 2—
grade 3 may have a long duration with mild transient symp-
toms (impaired speech, dizziness, numbness in the fingers,
loss of consciousness, inadequate behavior), which is often
observed by the patient’s relatives. Metastases grow more
aggressively; the clinical picture develops rapidly.

On the other hand, in case of multifocal lesions, there is a
risk of misdiagnosis, since up to 20% (Campos et al. 2009)
of glioblastoma cases manifest by multifocal lesions and
multicentrically in 2.4%, with involvement of the contralat-
eral hemisphere of the brain (Shakur et al. 2013). Multifocal
brain lesions are also diagnosed in lymphoma, demyelinat-
ing diseases, parasitic infestation, etc.

In most cases with no primary lesion detected, metastases
in the brain occur in highly differentiated adenocarcinoma
(50-70% of all CUPs), poorly differentiated cancers
(20-25%), squamous cell carcinoma (about 10-5%), and
neuroendocrine tumors (about 1%) (Mayor 2010; Seyedin
and Geffen 2014).

The use of PET in the majority of cases (83%) allows to
identify the primary source of metastatic brain lesions, which
justifies its use at the first stage of diagnosis. The resolution
capability of PET is 5-6 mm, which certainly limits its pos-
sibilities; therefore, in no case, it eliminates the use of other
methods of radiation diagnosis. A subsequent biopsy of
abnormal extracranial lesions identified by PET or other
methods of diagnosis is also mandatory.

26.1 Clinical Cases

In this case, glioblastoma can be assumed due to the pres-
ence of one large lesion in the right frontal region (Figs. 26.1
and 26.2).

These are presumably metastases of melanoma.

319

M. Dolgushin et al., Brain Metastases, DOI 10.1007/978-3-319-57760-9_26



26 Metastases in the Brain from an Unknown Primary Origin

Fig.26.1 Metastases of unknown primary origin. On MRI in the right
frontal and parietal areas, there are space-occupying lesions with vari-
ous sizes. The largest tumor is located in the right frontal regions, with
signs of a weak perifocal edema (a), central necrosis, and a hypointense
signal on T1-weighted MRI (b). The solid portion of the tumor has a

heterogeneous signal on DWI MRI (¢) and an increased blood flow on
ASL MRI (d). There are quite a large number of hypointense inclusions
in the structure of lesions (arrows) on SWI MRI (e). After intravenous
administration of the contrast medium (f), its intense accumulation in
tumors is noted. These are presumably uterine cancer metastases
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Fig.26.2 Metastases of unknown primary origin. On MRI of the brain
substance, there are multiple space-occupying lesions with various
sizes. The largest tumor with signs of a hemorrhage, as evidenced by a
decreased signal on T2-weighted MRI (a) and an increased signal on
T1-weighted MRI (b), T2-FLAIR MRI (c¢), and DWI MRI (d), is
located in the right parietal region. There are no signs of perifocal

edema. Small pinpoint multiple lesions are also characterized by an
increased signal on T1-weighted MRI (b, the arrows). After intrave-
nous administration of the contrast medium, its intense accumulation in
tumors is noted (e). In the inversion 3D image reconstruction of T1vibe
images, multiple lesions are well visualized (f)



Part IV

Differential Diagnosis of Metastases of Extracranial
Malignant Tumors in the Brain and Other Lesions



Introduction to Differential Diagnosis
of Metastases in the Brain and Other

Lesions

Currently, the issue of interpretation of neuroradiological
findings in the differential diagnosis of metastatic brain
lesions, particularly in solitary (single) lesions, causes great
difficulties. With the development of imaging methods, from
direct angiography to magnetic resonance imaging and posi-
tron emission tomography, the perplexity of differential
diagnosis between primary and secondary brain tumors is
still in the spotlight. Most metastatic lesions do not have any
specific neuroimaging characteristics when using standard
diagnostic approaches. They can be solid and cystic, contain
in their structure areas of necrotic decay or hemorrhages,
and, in case of multiple metastatic lesions, may be character-
ized by all of the above at the same time. There are a number
of neoplastic and nonneoplastic lesions in the brain that have
similar clinical and radiological manifestations. In this sec-
tion, we will review some abnormal conditions and lesions
of the brain, which, from the point of view of a radiologist,
cause the greatest difficulty in the differential diagnosis with
metastatic brain lesions from primary extracranial malignant
tumors.

Perifocal edema of the brain substance not always has a
clear dependence on the size of a metastatic tumor lesion,
which does not allow to differentiate metastases with cer-
tainty, for example, from primary brain tumors, especially in
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case of a single lesion (Fig. 27.1). Moreover, as shown in the
previous section, metastases of various malignant tumors in
the brain, even from a single source, may have different tis-
sue characteristics, including different character of contrast
medium accumulation, different type of contrast enhance-
ment picture. The factor of multiplicity of brain lesions, even
if the patient has a known history of cancer, is either not a
pathognomonic characteristic reflecting metastatic involve-
ment (Fig. 27.2).

New high-tech CT and MRI methods, developed and
implemented into clinical practice, allowing to improve the
specificity and assess the structural component of abnormal
lesions and surrounding brain tissue, have already found
their application in routine practice. They have become the
methods of choice for some nosological forms. An in-depth,
detailed study of an abnormal processes in the brain based on
these methods provides additional possibilities in the differ-
ential diagnosis. Determination of differential diagnostic cri-
teria and algorithms in metastatic brain damage based on the
use of both standard and additional methods plays a key role
in making a diagnosis in modern clinical practice.

In this chapter, we aimed to describe the diversity of vari-
ous manifestations of tumors in the brain, which can mimic
its metastatic involvement.
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Fig.27.1 Verified solitary
lesions in the brain: abscess
(a), glioblastoma (b),
oligodendroglioma (¢), and
multiple sclerosis (d). At the
stage of specifying diagnosis,
differential diagnosis between
these lesions is difficult: all
solitary lesions are
characterized by intense
accumulation of the contrast
agent on the periphery, central
necrosis, and perifocal
edema—ring enhancement
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Fig.27.2 Multiple brain
lesions. Verified cases of lung
cancer metastases (a),
cysticercosis (b), fungal
infections (c), and acute
disseminated
encephalomyelitis (d).
Identification of these lesions
at the stages of specifying
diagnosis is difficult: multiple
lesions in each case have
various sizes and structures,
but all are characterized by
intense accumulation of the
contrast agent




Gliomas

Various glial tumors, due to their predominant involvement
of brain structures, are the main reason of difficulties in the
differential  diagnosis with intracranial metastases.
According to Russell and Rubinstein (1989), gliomas
account for 40-45% of all intracranial tumors, forming a
heterogeneous group of brain tumors, which consists of
both relatively benign forms and tumors with a severe
degree of malignancy.

In the truncated version of WHO classification (2016),
brain tumors are divided into:

Diffuse astrocytic and oligodendroglial tumors (diffuse astro-
cytoma (low grade), anaplastic (malignant) astrocytoma,
glioblastoma (variant—gliosarcoma), oligodendroglioma,
anaplastic oligodendroglioma, oligoastrocytoma)

Other astrocytic tumors: pilocytic astrocytoma (variant—
pilomyxoid astrocytoma), pleomorphic xanthoastrocy-
toma, and subependymal giant cell astrocytoma

Ependymal tumors (ependymoma, anaplastic ependymoma,
myxopapillary ependymoma, subependymoma)

Tumors of the choroid plexus

Neuronal and mixed neuronal-glial tumors

Tumors of the pineal region

Embryonic tumors

Meningiomas

Mesenchymal tumors

Melanotic tumors

Lymphomas

Histiocytosis

Germinomas

Tumors of the sellar region

Glial tumors, diverse by their histological structure, have
different CT and MRI manifestations. Many of them have
tissue characteristics similar to those of metastases.

Astrocytic tumors (ASTs) are divided into two large cate-
gories: these are prognostically unfavorable, diffusely grow-
ing (or diffuse) tumors accounting for up to 75% of all
astrocytic tumors and localized tumors with a more favorable
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prognosis. The first category includes tumors with an increas-
ing degree of anaplasia (from astrocytoma with a low degree
of malignancy to glioblastoma), characterized by the absence
of clear macro- and microscopic boundaries with the sur-
rounding brain substance. Glioblastoma often mimics soli-
tary metastatic lesions. The second category consists of
pilocytic astrocytomas, pleomorphic xanthoastrocytomas,
and subependymal giant cell astrocytomas that have macro-
and microscopic isolation from the brain substance but
develop much rarer and at a younger age. The peak incidence
of supratentorial astrocytomas is between the ages of 20 and
50 years, which is generally 10 years younger than that for
glioblastomas. These tumors can develop in any part of the
brain, with relatively smaller involvement of the occipital
lobes. When the tumor is located in the deep parts, there may
be a bilateral invasion. The abnormal process affects both
white and gray matter.

Low-grade astrocytomas (LGASC) are a group of diffuse
tumors that constitute about 10-15% of all gliomas. LGASC
affects mainly young adults (2040 years of age). The life
expectancy of patients with astrocytomas ranges from 2.5—
15 years.

LGASC:s by their radiological characteristics do overtly
not qualify for the differential diagnosis with metastases,
despite the fact that native CT and MRI scans can show char-
acteristics similar to those in metastases in some cases. On
CT, LGASCs are visualized as hypodense lesions without
clear boundaries with the surrounding brain substance. There
are also isodense forms of tumors, which in some cases may
result in a delayed diagnosis, if they are investigated only
using CT. Intravenous administration of a contrast medium
in most cases does not change their CT density or exhibits
individual portions of increased density on the background
of a hypodense area.

It is believed that perifocal edema is not typical for this
type of tumors. At the same time, CT or MRI does not allow
to differentiate between the tumor and perifocal edema due to
their similar densities and signal characteristics. The use of
additional intravenous contrast enhancement facilitates iden-
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tification of the tumor structure on the background of edema.
It is well known that benign, diffusely growing hemispheric
ASCs, for the most part, do not accumulate the contrast agent.

We must not forget that approximately 10-12% of cases
may be characterized by cystic or atypical diffuse ASC forms
(Fig. 28.1), with focal and even intense contrast enhancement,
which may have signs similar to those in metastases (Fig. 28.2).

It should be noted that infiltrative growth of ASCs results in
the tumor spread beyond the signal change area visible on
T2-weighted and T2-FLAIR images. On DWI MRI (with
b = 1000), low-grade ASCs have the signal strength equal to or
slightly lower than that of the normal white matter. The aver-
age ADC values for LGASCs, based on the results of our stud-
ies, are 1.52 = 0.4 mm?*/s. MR tractography provides additional
information on the structure of the nerve fibers of the white
matter in the area of ASC growth. The tumor causes destruc-

Fig. 28.1 Fibrillar
astrocytoma. In the right
frontal area on T1-weighted
MRI (a), there is a solid-
cystic space-occupying lesion
that has characteristics close
to those of the gray matter in
the solid part and a reduced
signal from the cystic
component located in the
posterior pole. The structure
of the tumor and its borders
are well differentiated after
contrast enhancement (b)

Fig. 28.2 Low-grade astrocytoma.
T1-weighted MRI (b), in the left frontal region, there is an area with  portion, a focus is visualized with an intense abnormal accumulation of

diffuse abnormal changes in the signal. Adjacent sulci are compressed.

tive changes in the conductive tracts of the brain; however, in
some cases, they can be traced in the tumor tissue. On perfu-
sion MRI or CT studies, ASCs are characterized by similar
parameters of local cerebral blood supply (CBV) and local
cerebral blood flow (CBF) in comparison with the surround-
ing brain substance. The specificity of spectroscopic charac-
teristics of LGASCs is low; however, a decrease in the NAA/
Cr and Cho/Cr peak ratio is detected on MR spectrograms
(Fig. 28.3). The absence of a lactate peak and low Cho peak
values are indicative of the benign nature of the brain lesion
with equal other CT and MRI manifestations of the tumor in
relation to the assessment of the degree of malignancy.
Gradual transformation of benign ASC into an anaplastic
form, well known in the clinical practice, can be demonstrated
by follow-up CT or MRI studies. Moreover, the presence or
appearance in the LGASC structure of an area of the contrast

On T2-weighted (a) and After intravenous contrast enhancement (c), in the depths of the

the contrast agent (the arrow)
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Fig. 28.3 Multiple astrocytomas. Studies at several levels. On lesions are virtually undetectable. On all scanning sequences, the
T2-weighted (a, b) and T2-FLAIR MRI (b, d), there are multiple foci  lesions have identical characteristics. On MR spectroscopy, the NAA
with an increased subcortical MR signal. On DWI MRI (e), these peak is decreased; the Lip-Lac complex peak is visualized
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Fig.28.3 (continued)

agent accumulation may characterize tumor portions with
more aggressive growth. Although rare, a combination of sev-
eral CNS disorders is a possible event, particularly, if the fact
of long-term multiyear growth of LGASC is considered.

In such cases, it is important not only to recognize the lesions
but also to establish their different origins or, on the contrary, to
identify allegedly common histogenesis of tumors, which is
especially important in multiple primary ASCs (Fig. 28.4).

On PET studies, benign intracerebral tumors are charac-
terized by low RP accumulation. On PET with '8F-FDG,
tumor lesions may manifest as ametabolic areas, which is
why the use of amino acids (''C-methionine, '*F-tyrosine) or
8F-choline with low background accumulation allows to
determine neoplastic origin of the disease, as well as suggest
the prognostic factors for tumor growth (Fig. 28.5).

Anaplastic astrocytoma (AnASC) is an infiltrative tumor
as a rule with well defined boundaries. In cystic degenera-
tion, hemorrhages are often observed, but necrosis cannot be
detected by a histological examination. AnASC amounts to
up to one third of all astrocytomas and 25% of all gliomas. It
develops in the majority of cases (75%) from LGASC. At a
microscopic examination, AnASCs are characterized by
aggregation of closely spaced astrocytes with polymorphism
and nuclear hyperchromatism.

On CT, AnASCs are inhomogeneous tumors with mixed
density. According to some researchers (Osborn 2004),
AnASCs are characterized by inhomogeneous contrast
enhancement on CT. The presence of annular contrast
enhancement suggests the tumor transformation into glioblas-
toma. Around the tumor, there is usually an edema with vary-
ing severity, having a low density and typically growing into
the white matter. Calcifications and hemorrhages are rare.

On MR images, AnASC often it looks like a poorly sepa-
rated lesion with a heterogeneous signal on T1-weighted

Cr

Lac+Lip
NAA )

and T2-weighted MRI. On T1-weighted MRI, there are
areas with a mixed iso- and hypointense signal; often hem-
orrhagic lesions with increased signal intensity can be
detected. Most AnASCs are typically distinguished by the
signal enhancement after administration of the contrast
agent (Fig. 28.6).

On DWI MRI, there is an increase in the heterogeneity of
the MR signal, appearance of high signal areas on DWI with
factor of b= 1000 s/mm? is normally not observed in LGASCs.
In this case, ADC values vary in tumor tissues accumulating
and not accumulating the contrast agent. Mean ADC values in
the tumor tissue, based on the results of our studies, varied
within the range of about 1.18-1.23 + 0.32 mm?%s. With
increasing anaplastic changes in the tumor, a decrease in the
fractional anisotropy index is noted.

Infiltrative tumor growth results in a total destruction of
the main structural elements of the white matter, in particu-
lar, conductive tracts. MR tractography becomes, under
these conditions, one of the unique methods of in life and,
most importantly, preoperative evaluation of the latter
(Jellison et al. 2004). On MR spectroscopy, AnASCs are
characterized by an increase in the Cho/Cr peak ratio and a
decrease in the NAA peak height (Podoprigora et al. 2001a,
b; Nelson et al. 2002). CT and MRI perfusion studies fur-
ther contribute to the assessment of structural changes
occurring in the tumor tissue in the course of anaplastic
transformation. Anaplastic lesions are characterized by a
typical inhomogeneous increase in hemodynamic parame-
ters; this particularly concerns the local cerebral blood flow
in the areas corresponding or not corresponding to the con-
trast agent accumulation. Anaplastic astrocytomas are char-
acterized by high accumulation of radiopharmaceuticals,
such as '""C-methionine and '8F- and 'F-choline-tyrosine
(Fig. 28.7).
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Fig. 28.4 Multiple
astrocytomas of the left
cerebral hemisphere. On
T2-weighted (a) and
T1-weighted MRI (b, ¢), two
lesions are visualized, having
an increased T2-weighted MR
signal and a decreased
T1-weighted MR signal. On
DWI MRI (d), these lesions
are iso-hypointense. Tumor
lesions have similar MR
characteristics on
T1-weighted and T2-weighted
MRI images, but they differ
on DWI MRI

Glioblastoma (GB) is the most malignant of all glial tumors
and occupies the extreme part of the spectrum of astrocyto-
mas. It is the most common primary CNS tumor, which
amounts to about 10-20% of all intracranial tumors (Orrison
and Hart 2000; Osborn 2004). Approximately half of all glio-
mas belong to GBs. This is the most common supratentorial
tumor in adults and is usually diagnosed in patients over
50 years of age and is rare before 30 years of age. A slight
predominance of the male population is noted. Glioblastomas
in particular account for the major set of differential diagnostic
radiological errors with metastatic tumors.

Macroscopically, GBs are usually lesions with a hetero-
geneous structure with central necrosis and a richly vascular-
ized stroma. Intratumoral hemorrhages are often observed.
Histologically, GBs have pronounced tumor cell atypia and
high mitotic activity. A characteristic feature of GBs are mul-
tiple foci of necrosis with the presence of so-called pseudo-
palisade formations that are presented by a multinucleated
palisade of elongated hyperchromatic nuclei and marked
proliferation of vascular endothelial cells (Matsko 1998).
Like in other infiltrative gliomas, there is no clear boundary
between the tumor, edema, and normal brain tissue; however,

due to pronounced contrast enhancement, the solid part of
the tumor on CT and MRI images looks quite localized.

On CT, the tumor density is heterogeneous. The central
low-density area is presented by necrosis, which is observed
in 95% of cases. Calcifications in GBs are very rare. Various
hemorrhages can be identified. The tumor is usually
surrounded by a pronounced perifocal edema merging visu-
ally with the infiltrative part of the tumor. After intravenous
administration of the contrast agent, expressed, but inhomo-
geneous, contrast enhancement is observed, often in the form
of a ring with jagged internal contours.

MR manifestations of GBs, in general, reflect abnormal
changes, showing significant tumor heterogeneity. On
T1-weighted images, there is a poorly localized, space-
occupying lesion with a mixed (iso-hypointense) signal and
central necrosis that usually has a reduced signal relative to
the tumor mass. On T2-weighted and T2-FLAIR MRI, tumor
manifestations are also diverse, with areas of a hypo-, iso-,
and hyperintense signal from the GB stroma, necrosis, cysts,
and hemorrhages. An extensive mass effect and edema of the
white matter often also accompany small-sized tumors,
which occurs in metastases (Figs. 28.8 and 28.9).
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Fig.28.5 Diffuse glioma of
the brainstem. On
T1-weighted MRI with
contrast enhancement (a) and
T2-FLAIR MRI (b) in the
sagittal projection, in the
region of the medulla
oblongata, there is an
extensive, diffusely spreading
lesion with no signs of
abnormal CA accumulation.
On PET with '®F-choline

(¢, d), there is low RP
accumulation in the affected
area (the arrow)

Fig. 28.6 Anaplastic astrocytoma. In the right frontotemporal region  contrast enhancement (e, f), there is a nonhomogeneous tumor with
on CT with (b) and without (a) contrast enhancement, there is a large  expressed contrast enhancement and a hemorrhagic/protein intracystic
lesion that includes a small solid nodule on its lateral contour and a  component characterized by a heterogeneous signal and forming a
large tumor cyst. The brain ventricles are compressed. On T2-weighted  hypointense signal along the lower contour (d, the arrow)

(c), T2-FLAIR (d), and T1-weighted MRI, on the background of
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Fig. 28.7 Anaplastic astrocytoma. MRI in the right frontoparietal
region visualizes a multicystic tumor with a hyperintense area of mod-
erate perifocal edema on T2-weighted MRI (a). There is intense accu-
mulation of the contrast agent on T1-weighted fat sat MRI with contrast

enhancement (b, ¢), on the periphery and in the solid component of the
lesion. On CT perfusion, CBV values (d) are high in the solid compo-
nent of the tumor and low in cystic one. On PET CT with '8F-choline (e,
f), there is its intense accumulation in the solid component of the lesion
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Fig. 28.8 Glioblastoma. In the right temporal lobe on axial CTs before (a) and after contrast enhancement (b, ¢), there is a tumor intensely accu-
mulating the contrast agent. In the center of the tumor, there is a small area of necrosis. A hypodense area around the tumor is presented by edema

O

Fig. 28.9 Glioblastoma. On CT before (a) and after (b, ¢) contrast enhancement, a tumor with a heterogeneous structure is identified.
enhancement in the left postfrontal area, parasagittally, there is a tumor  Perifocal edema has an equally high MR signal as compared to the area
with marked peripheral contrast enhancement and perifocal edema. The  of central decay. On T1-weighted MRI (f), there is intense, marginal
central area of necrosis does not accumulate the contrast agent. On  contrast enhancement typical for glioblastoma. The inner and outer
T2-weighted (d) and T1-weighted MRI (e) and after (f) contrast contours of the contrast-enhanced tumor are irregular
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Fig.28.10 Glioblastoma. Changes in the contrast enhancement. In the
left temporal region on T2-weighted (a) and T1-weighted MRI (b, ¢)
with the double dose of CA, performed 5 min after the intravenous
injection, a heterogeneous structure of the tumor with central necrosis,
annular contrast enhancement, and severe peritumoral edema are visu-
alized. 20 minutes after the intravenous injection of CA, there is an
increase in abnormal contrast enhancement area on MRI (d) due to the

As with AnASCs, tumor cells in GBs may be present out-
side the signal enhancement area and perifocal edema
detected by MRI. GBs spread extensively and quickly along
the tracts of the white matter, destroying the latter. In the
structure of GBs, often hemorrhage with varying degrees of
severity are visualized. In subacute hemorrhage, MR signal
increases in T1-weighted images.

Most GBs significantly and heterogeneously accumulate
the contrast agent on MRI; their borders cannot be differenti-
ated on T1-weighted images in the absence of a pronounced
hemorrhage in the glioblastoma stroma. The use of high
doses of the contrast medium and delayed investigations
increase the possibility of visualization of the infiltrative part

expansion of both external and internal borders; individual foci of con-
trast enhancement merging with the main mass of the tumor are also
visualized. On dynamic MRI 1 hour later, the expansion of the contrast
enhancement area (e) continues. On MRI at 24 h (f), there is residual
contrast enhancement in the area of edema/tumor infiltration and in the
central necrosis area. The original “ring” became hypointense as com-
pared with edema and necrosis

of the tumor extensively invading the surrounding brain tis-
sue (Fig. 28.10).

Multiple GBs occur in 5% of cases, when they are virtu-
ally indistinguishable from metastases without performing a
biopsy. The fact of gradual transformation of LGASCs first
into AnASCs and then into GBs is well known. In such
cases, changes in CT density and MRI signal typical for indi-
vidual nosological forms of gliomas within the same tumor,
a combination of different forms of gliomas, or transforma-
tion of changes can be simultaneously visualized in follow-
up studies.

Perfusion MRI or CT demonstrates a marked increase in
the main hemodynamic parameters both in solid and infiltra-
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Flg. 28.11 Glioblastoma. On MRI in the deep parts of the right fron-
totemporal region on T2-FLAIR (a) and T1-weighted contrast-enhanced
MRI (b, c), there is a space-occupying lesion with signs of central
necrosis, intensely accumulating the contrast agent on the periphery,

tive parts of GBs. In the central necrotic part of GB, regard-
less of the degree of necrosis, blood flow values are drastically
reduced.

Our studies and data from publications strongly suggest
that perfusion CT (or MRI) allows to differentiate brain glio-
mas with a high degree of reliability, depending on their
degree of malignancy. With an increasing degree of malig-
nancy in the tumor tissue, a clear trend to an increase in CBV
and CBF values is observed. Thus, all malignant gliomas are
characterized by higher values of CBV and, in particular,
cerebral blood flow rate, CBF (Fig. 28.11). These changes
are clearly visualized on the background of the surrounding
brain substance.

The highest values of perfusion parameters we obtained
in glioblastomas within the group of glial tumors (Fig. 28.12).

with a pronounced perifocal edema (ring enhancement). On CT perfu-
sion maps, there is an increase in CBV (d) and CBF values (e) in the
peripheral regions of the tumor, MTT values (f) are increased to a lesser
extent

Initially, their main histological feature is the presence of
abundant blood supply with formation, in many cases, of
arteriovenous shunts. On the perfusion maps, these tumors
typically have a high volume (CBV) and a particularly high
blood flow rate (CBF).

The central necrotic part of glioblastoma is characterized
by low perfusion values and is clearly contoured on the
maps with the infiltrative part of the tumor, which correlates
with PET findings (Fig. 28.13). Most of metastases in the
brain are also characterized by high perfusion values, and
only in cases of relatively low values (ovarian, lung, prostate
cancer), secondary nature of tumors can be assumed; how-
ever, in this case, an intense accumulation of the contrast
agent on T1-weighted images is the mandatory parameter,
which, to some extent, allows to eliminate grade 2 gliomas.
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Fig. 28.12 Quantitative CT perfusion parameters in patients with glial tumors as compared to the white matter. (a) CBV, (b) CBF, (¢) MTT. On
the graphs, “A” refers to astrocytoma, “ODG” oligodendroglioma, “AA” anaplastic astrocytoma, “GB” glioblastoma, and “WM” white matter

Fig.28.13 Multifocal glioblastoma. A follow-up study. At the patient’s
first presentation, MRI visualizes multiple space-occupying lesions with
indistinct contours and a hyperintense signal on T2-weighted and
T2-FLAIR MRI (a, b) in the substance of both cerebral hemispheres.
After CA administration, its accumulation is noted in only one of the
lesions (¢). Two weeks later, on the background of a sharp deterioration
of health, a drastic increase in the size of lesions was noted with forma-
tion of a larger lesion consisting of two pieces in the right frontoparietal

region: lateral (necrosis area) and medial (solid part of the tumor). In the
central fragment, CT (g) shows an increase in the density due to the
hemorrhagic component. On CT perfusion maps of CBV (d), CBF (e),
and MTT (f), high values are observed in the medial tumor fragment and
low in the necrotic area (lateral fragment). On PET/CT with '®F-tyrosine
(h, i), intense RP accumulation is observed by the solid component of
the tumor in the right hemisphere and its weak accumulation in the left
frontal area, indicative of a benign tumor (the arrow)
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28.1 DwI

The degree of invasion by tumor cells on the tumor/normal
tissue borderline is of fundamental importance for the radical-
ity of treatment of primary and secondary brain tumors.
Metastatic tumors are usually known to grow expansively and
have only a mechanical effect on the brain tissue. They have a
clear boundary with respect to the brain substance in contrast
to primary glial tumors that diffuse into the normal brain tis-
sue. Metastases, as previously shown, can be presented not
only by various forms, but also change their imaging charac-
teristics detected on CT and MRI with contrast enhancement
during growth. From this viewpoint, the method of diffusion-
weighted MRI (DWI) helps identify those regions of tumor
tissue that have expressed qualitative differences, which is
useful in the differential diagnosis of metastatic lesions of any
origin. Studies of the tumor borderline area and comparison of
images with contrast enhancement and ADC maps showed
that qualitative values of the diffusion coefficient correlate
with the presence of tumor cells on the tumor/normal tissue
borderline: the more tumor cells in the border area, the greater

probability of the presence of the primary tumor, not a metas-
tasis in the brain. The big disadvantage of the diffusion-based
methods is a marked dependence of the diagnostic results on
the presence and severity of perifocal edema.

Metastases, unlike primary glial tumors, have a lower
DWI signal in the edema area, which is likely due to a less
dense structure of the brain tissue and more free movement
of water molecules in the extracellular space. In case of a
higher diffusion coefficient (ADC) on the periphery, metas-
tases should be suspected. At lower ADC values in this area,
glioblastoma can be suspected.

On the tumor/normal tissue borderline, ADC values in the
group of cases of patients with brain metastases were higher
(p < 0.05) than in patients with a primary tumor—glioblas-
toma. Thus, with a typical GB structure, its central part (necro-
sis area) generally has a reduced MR signal and high ADC
values. The average ADC values in the GB stroma accumulat-
ing the contrast agent amounted to 1.19 +0.29 x 10~3. However,
numerical ADC values determined in GB, as well as in solid,
contrast-enhanced AnASC areas, quite widely overlap, which
does not allow, based solely on DWI findings, to assume the
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Table 28.1 Average ADC values in metastatic brain lesions (mea-
sured by DWI MRI)

Table 28.2 Averages ADC values in glioblastomas (measured by
DWI MRI)

The nearest The nearest

peritumoral Vasogenic Tumor peritumoral Vasogenic
Region of study Tumor stroma | area edema area Region of study stroma area edema area
Obtained ADC 1.15+0.2 1.37+0.2 1.56 +0.2 Obtained ADC 1.19+0.2 1.29+0.1 1.51+03
values (in values (in
10~>mm?/s) 1073 mm?/s)

Fig. 28.14 Glioblastoma. On MRI in the left temporoparietal region
on T2-weighted (a) and T1-weighted MRI, on the background of con-
trast enhancement (b), there is a tumor with a heterogeneous structure
and signs of central necrosis and perifocal edema. Glioblastoma

type of a neoplasm. In out material, average ADC values for
metastases were, respectively, 1.15 = 0.2 x 10~ mm?/s in the
tumor stroma, 1.37 + 0.2 x 10> mm?s in the near peritumoral
area, and 1.56 = 0.2 x 10~ mm?/s in the vasogenic edema area.
ADC values in the tumor itself were highly heterogeneous. In
the control group of glioblastomas, the average ADC values in
the solid part of the tumor were, respectively,
1.19 + 02 x 107 mm%*s in the tumor stroma,
1.29 + 0.1 x 107 mm?s in the near peritumoral area, and
1.51 £ 0.3 x 1073 mm?%s in the vasogenic edema area. DWI
characteristics and average ADC values in different areas of
metastatic lesions, glioblastomas, and peritumoral edema are
presented in Tables 28.1 and 28.2.

destroys conductive tracts of the white matter in the tumor infiltration
area; a part of the conductive tracts in the center of the lesion is intact
(a partial anisotropy map (c¢) and 3D MR tractography (d—f))

As can be seen from the tables, ADC values on the tumor
border in the group of patients with metastatic cancer were
slightly lower (p < 0.15) than in patients with GBs. A compara-
tive analysis of the perifocal area in the group of glioblastomas
and metastases allowed us to suggest different variants of the
tumor effect on the surrounding brain substance in 85% of cases.

On MR tractography, the destructive tumor growth in the
brain substance results in disintegration and destruction of neu-
ral tracts of the white matter at the GB site, with islets of intact
tracts observed in separate tumor fragments. This is an impor-
tant distinction between GBs in the differential diagnosis with
solitary metastases, which are characterized by displacement
and dislocation of tracts (Fig. 28.14).
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Proton MR spectroscopy in most cases demonstrates the
prevalence of a large lipid-lactate complex on the background
of a marked reduction in the peaks of all other cerebral tissue
metabolites. Manifestations of GBs, according to MRS, are
indistinguishable from manifestations of any other tumor,
where there is an area of decay (Fig. 28.15). According to Fan
et al. (2004), the method allows to perform the differential
diagnosis between metastases and glioblastoma based on the
ratio of choline and creatine peaks. However, in our studies, a
high peak of the Lip-Lac complex and a high choline peak
were determined in the majority of glioblastomas. When
selecting the region of interest, it is extremely important not
to capture the adjacent brain structures or necrosis area, which
will immediately affect the occurrence of “brain” or “dead”
peaks both in GB and a metastatic tumor.

The use of multi-voxel MRS with the possibility to posi-
tion the region of interest in any area of the selected section

Fig. 28.15 Glioblastoma. In the left postfrontal region, there is a
space-occupying, irregularly shaped lesion with sharp contours, an iso-
and hyperintense signal on T2-weighted (a) and T2-FLAIR MRI (c)
and an isointense signal on T1-weighted MRI (b), with a pronounced
perifocal edema. Following intravenous CA administration on

provides new possibilities in the assessment of changes in
the biochemical status of the tumor tissue, perifocal area, and
surrounding cerebral edema (Fig. 28.16). Construction of
color metabolite distribution maps complements the overall
picture of changes in metabolites.

28.2 SWI(SWAN)

Unlike secondary tumors, glioblastoma does not necessarily
pass a number of initial growth stages and, above all, does
not need to “fight” with the defenses of the recipient organ.
The tumor grows diffusely, involving and transforming nor-
mal tissues. Characteristics of the structure of the capillary
wall of microvessels in glioblastomas very often result in the
development of intratumoral micro- and even macroscopic
hemorrhages and necrosis foci resulting from the oblitera-

T1-weighted MRI in axial (d) and sagittal (e) projections, its intense
and inhomogeneous accumulation is observed in the tumor. On the
spectrum (f), the Lip-Lac complex is prevalent, but also Cho and NAA
peaks are well differentiated
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Fig. 28.16 Glioblastoma.
T1-weighted MRI (a), on the
background of contrast
enhancement and
T2-weighted MRI (b) with
the display of the multi-voxel
proton MR spectroscopy area
with the local region of
interest demonstrates an
inhomogeneous structure of
the neoplasm with peripheral
contrast enhancement and a
central necrotic part. Color
metabolite maps (c, d) clearly
demonstrate an NAA
reduction and an expressed
Lip-Lac complex in the tumor

tion of blood vessels. The tumor tissue contains a lot of small
and large abnormal new vessels and the so-called arteriove-
nous shunts.

MR sequences weighted by magnetic susceptibility
SWI (SWAN) allow to visualize these vascular changes.
On axial sections on SWI (SWAN) MRI, abnormal vessels
have a pinpoint or convoluted form. Microhemorrhages
surpassing by their area abnormal vessels are visualized in
the form micronodules or stains. It should be noted that
these changes in the MR signal are not detected on stan-
dard T2-weighted MRI.

Findings obtained using the SWI (SWAN) method
allowed to identify previously undetectable pathophysiologi-
cal changes in the glioblastoma tissue, which certainly com-
plements our knowledge of the structural organization of the
tumor, allowing to identify some of the characteristics that

were previously detected only histologically. A comparison
of findings from the histological analysis of glioblastoma
biopsy samples revealed a high degree of correlation with
SWI (SWAN) findings in the identification of multiple arte-
riovenous shunts and hemorrhages. These findings were
observed in 92% of cases, and, in 8% of cases, only abnor-
mal blood vessels without hemorrhages were noted. We did
not encounter a “homogeneous variant” of glioblastoma in
our cases at all. Thus, the destruction of vascular walls and
hemorrhages in the glioblastoma structure were observed
twice as often as in metastatic tumors (Fig. 28.17).

We have noted high sensitivity of SP SWI to administra-
tion of paramagnetic materials (gadolinium-containing con-
trast agents) in the presence of a solid part of the tumor.
Despite the fact that the relative degree of contrast enhance-
ment in the tumor structure on SWI (SWAN) MRI was lower
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Fig. 28.17 The ratio of %
microhemorrhages and
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than on routine T1-weighted MRI, in all cases, there was an
increase in the MR signal on the post-contrast series of
images from the infiltrative part of tumors and arteries. This
allowed to clearly distinguish between the tumor tissue and
perifocal edema that has a hyperintense MR signal in SWI
(SWAN) images (as opposed to T1-weighted images). This
undoubtedly provides additional information to assess the
characteristics of intracerebral lesions.

The quantitative assessment of changes in the relative inten-
sity of MR signal in the solid part of secondary tumors and
glioblastomas on SWI (SWAN) MRI before and after intrave-
nous administration of the contrast material conducted during
the study using the software package FUNCTOOL enabled a
detailed analysis of the character of CA accumulation in these
tumors (Fig. 28.18). Thus, metastases were divided into two
groups: with and without signs of hemorrhages.

The greatest difference in the values of relative signal
intensity was found in the structure of secondary tumors
without any signs of hemorrhages—a homogeneous form
and a variant with tortuous vessels (from 0.56 to 1.09 and
from 0.63 to 1.09, respectively), as well as in the solid part of
glioblastomas (from 0.86 to 1.15). In a much lesser extent,
the signal increased in the structure of metastatic tumors
with signs of hemorrhages (from 0.69 to 0.76).

A further advantage of contrast-enhanced SWI (SWAN)
MRI is the possibility to perform specific differentiation
between tumor vessels that accumulated contrast agent and
became brighter on MRI and hemorrhages that maintained
their hypointensity (Fig. 28.19).

The analysis of the use of pulsed SWI (SWAN) sequence
revealed specific pathophysiological changes in the tissues
of growing metastases and glioblastoma. Lower perfusion
rates in metastasis tissues, as opposed to the perfusion val-
ues in glioblastomas, despite the lack of multiple hemor-
rhages detected on SWI (SWAN) MRI, indicate a less
pronounced blood supply to the tumor (p <0,05) and suggest
that these features are related to the blood supply of tumors
due to vessels formed by tumors directly (which is more
characteristic of metastases) and not due to the altered pri-
mary vessels of the brain (Fig. 28.20).

Infiltrative growth of glioblastoma with the development
of related changes (deformation and tortuosity) in microves-
sels surrounding the “main” lesion in the brain tissue is
accompanied by prolongation of the mean transit time
(MTT). It can be assumed that vascular transformation pre-
cedes tumor growth, but this requires further investigation
with inclusion of brain tumors with various histological
structures into the analyzed sample. MTT values lower rela-
tive to the solid portion of the tumor around metastases sug-
gest a greater degree of demarcation of the tumor tissue from
the cerebral structures.

The availability of such valuable additional information
on the tumor structure and configuration of its flow, espe-
cially when combined with the results of the methods quan-
titatively —assessing hemodynamic changes (CT/MR
perfusion, PET, etc.), without any doubt, becomes an impor-
tant condition for improving the accuracy and specificity of
the diagnosis of various brain tumors.
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Fig. 28.19 Glioblastoma. In the left frontoparietal region on
T1-weighted MRI (a), T2-weighted MRI (b), T2-FLAIR MRI (d), and
T1-weighted contrast-enhanced MRI (e), there is a cystic tumor with a
moderate perifocal edema. CA accumulation on T1-weighted MRI in
the solid part of the tumor is inhomogeneous (e), which is associated
with necrotic and hemorrhagic inclusions, although they are not clearly

identified on routine MRI but are well visualized on SWI MRI—hem-
orrhagic hypointense areas on SWI MRI (¢) also retain the low signal
after the administration of contrast medium (f); vascular elements accu-
mulate the contrast agent. The boundary between the cystic and solid
portions of the tumor is well visualized on the background of perifocal
edema with an increased signal in T2-weighted and SWI images
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Fig. 28.20 Glioblastoma. In the posterior regions of the thalamus to
the left, on T2-weighted MRI (a), there is a rounded, space-occupying
lesion, with an iso- and hyperintense signal in T1-weighted MRI (b).
On T2-FLAIR MRI (c), the signal from the lesion is heterogeneously
increased; there is a pronounced perifocal edema. After CA administra-

Positron emission tomography (PET) with administration
of a radiotracer based on amino acids, for example,
UC-methionine, is the method of choice for assessing post-
radiation changes and continued growth of intracranial tumors,
including glioblastomas. PET is used much less frequently for
the primary diagnosis of intracerebral lesions. Glioblastomas,
as well as anaplastic astrocytomas and metastases, rapidly
accumulate !''C-methionine and other radiopharmaceuticals,
for example, '*F-tyrosine or '*F-choline (Fig. 28.21).

The comparative analysis of the findings obtained by
PET with the most common RP, such as ®F-fluorodeoxygl

tion (d), the lesion intensely accumulates it on the periphery. On SWI
MRI (e) after CA administration, multiple hypointense inclusions are
observed in the tumor structure. On a CT perfusion map of CBV (f),
high values are observed in the peripheral regions of the tumor

ucose("8FFFDG) and !''C-methionine in glial tumors,
revealed that the sensitivity and specificity of the method
using the above radiopharmaceuticals are 75-86% and
22-94%, respectively (Langleben and Segall 2000; Chao
et al. 2001; Chang et al. 2002; Belohlavek et al. 2003). The
accumulation index (AI) of methionine correlated with the
degree of anaplasia of gliomas (Derlon et al. 1989), benign
gliomas are characterized by “cold” lesions (Al within 1.5),
while malignant ones are characterized by “hot” lesions
(Al > 2) (Rudas et al. 2007, Skvortsova et al. 2014)
(Fig. 28.22).

Fig.28.21 Glioblastoma. On MRI in the right temporoparietal region,
there is a lesion with a hyperintense signal on T2-weighted, T2-FLAIR,
and DWIMRI (a, ¢, f) and heterogeneously hypointense on T1-weighted
MRI (b), with a pronounced perifocal edema. After CA administration
on T1-weighted fat sat MRI (d, e), there is intense and inhomogeneous

»
>

accumulation in the solid structure of the tumor. On MR tractography
(g), the conductive tract in the projection of the tumor cannot be traced.
On PET-CT with "*F-choline (g, i), there is a marked intense accumula-
tion of the radiopharmaceutical in the vascularized part of the tumor
and its absence in the necrosis area
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Fig.28.22 Glioblastoma. On MRI in the right temporoparietal region,
there is a lesion with a hyperintense signal on T2-weighted, T2-FLAIR,
and DWIMRI (a, ¢, f) and heterogeneously hypointense on T1-weighted
MRI (b), with a pronounced perifocal edema. After CA administration
on T1-weighted fat sat MRI (d, e), there is intense and inhomogeneous

accumulation in the solid structure of the tumor. On MR tractography
(g), the conductive tract in the projection of the tumor cannot be traced.
On PET-CT with '$F-choline (h, i), there is a marked intense accumula-
tion of the radiopharmaceutical in the vascularized part of the tumor
and its absence in the necrosis area
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In metastatic brain lesions, PET with '"*F-FDG can be
used as a more affordable product, while in large solid metas-
tases, RP accumulation values are always high before radio-
therapy; their decrease is observed after the treatment
(Maruyama et al. 1999), but in small (Iess than 1 cm) metas-
tases and their cystic forms, as well as when tumors are
located in the cortical and subcortical region, the diagnostic
value of PET decreases (Rohren et al. 2003).

According to our data, glioblastomas, even with a rela-
tively solid structure, are often characterized by high accu-
mulation of “F-FDG and at the same time markedly
accumulate '®F-tyrosine and '®F-choline (Figs. 28.23 and
28.24).

Gliosarcoma (GS) is the simultaneous combination of
GB and angiosarcoma (or fibrosarcoma). Macroscopically,

GS is a solid tumor with central necrosis. The sarcomatous
part is clearly separated from the adjacent brain substance,
while the astrocytic component has a soft structure and is
poorly separated from the surrounding structures.
Histological diagnosis of GS depends on the identification of
the glial and mesenchymal tumor components. The infiltra-
tive GS component is almost always glioblastoma.

In 15-30%, GSs produce extracranial metastases. They
also metastasize via a hematogenous route to the visceral
organs. GSs are characterized by superficial localization and
spread with possible dural invasion. Most often the temporal
lobe is affected. Manifestations of GS are variable. The
tumor may resemble metastases, meningioma, or GB. GSs
are usually less homogeneous than meningiomas, are widely
attached to the dura mater, and are always surrounded by a

Fig. 28.23 Glioblastoma. On MRI, in the deep parts of the left fronto-
parietal region, the lesion is detected with signs of central necrosis and
a moderately increased signal in the peripheral regions in T2-weighted,
T1-weighted, and T2-FLAIR images (a—c). After CA administration on
T1-weighted fat sat MRI (d), the tumor intensely and inhomogeneously
accumulates CA. On SWI MRI (e, f), there are multiple hypointense
areas in the lesion structure, preferably on the periphery. On MR

spectroscopy (g), there is a pronounced increase in the Lip-Lac
complex peak and a moderate Cho peak. On PET with ¥F-FDG (h),
there is an ametabolic area; on PET with '®F-choline (i), there is a sig-
nificant increase in the RP accumulation. On CT perfusion maps of
CBYV (j), CBF (k), and MTT (1), there are high values for all parameters
in peripheral tumor fragments
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Fig.28.23 (continued)

Fig. 28.24 Glioblastoma. A two-level study. On T2-weighted (a, d)
and T1-weighted contrast-enhanced MRI (b, e) in the left frontal region,
there is a space-occupying lesion consisting of three fragments: a
rounded lesion with necrosis in the center, intensely accumulating the
contrast agent on the periphery of the fragments and without clear out-
lines, and without any signs of contrast material accumulation, located,
respectively, parasagittally and convexitally. On the spectra in the cen-
tral fragment of the lesion (c), there is a pronounced increase in the Cho

»
'

peak and a moderate increase in the Lip-Lac complex; the peaks of
NAA and Cr are sharply decreased. In the parasagittal part of the lesion
(f), there is a decrease in the NAA peak and an increase in the Cho and
Lip-Lac peaks. On CT (h), there is an increase in the density from the
rounded lesion and a decrease in the density in the parasagittal fragment.
On CT perfusion maps, there is an increase in CBF (h) and MTT values
(i) only in the rounded lesion. On PET images with '8F-choline (j, 1) in
the fusion mode (k), the picture is similar to that in CT perfusion
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perifocal edema. Significant heterogeneity or nonuniform
annular enhancement after administration of the contrast
medium is typical for GSs. Standard MRI demonstrates an
inhomogeneous, quite localized tumor. This tumor is fre-
quently accompanied by necrosis and hemorrhages.
Following contrast enhancement, an increase in the signal
from the tumor is observed; however, its structure in the MR
image has heterogeneous character (Fig. 28.25). Nevertheless,
based on the MR characteristics, GS cannot be differentiated
from metastases, especially when it is small.

Pilocytic  astrocytoma (PASC) is a subtype of
ASC. Patients’ age, site, and prognosis for PASCs differ sig-
nificantly from those for diffuse infiltrative fibrous ASCs.
PASCs represent only 5-10% of all cerebral gliomas but
account for about one third of glial tumors in children. Of
these, tumors most often occur in the supratentorial area, in
the projection of the bottom of ventricle III and the optic
chiasm, and, subtentorially, in the cerebellar hemispheres.
Macroscopically, the appearance of PASCs varies depending
on their site. Cerebellar PASCs are well-marginated lesions
that can be a large cyst with a parietal nodule. Optochiasmal

Fig. 28.25 Gliosarcoma. In the right frontal region, on T1-weighted
(a), T2-weighted (b), and T1-weighted contrast-enhanced MRI in three
projections (d—f), a large tumor is identified, having a low MR signal on

hypothalamic PASCs have a nodular shape and are well
demarcated; thus, they may mimic metastases.

On CT, PASCs are visualized as round or oval lesions,
well demarcated and having hypo- or isodense characteris-
tics. Calcifications are observed in 10-20% of all PASCs
(Osborn 2004). Contrast enhancement is variable in nature.
Some tumors with solid structure have homogeneous and
pronounced contrast enhancement; others have a mural nod-
ule in the large cyst (Fig. 28.26).

On T1-weighted MRI, the solid part of PASC has usually
a hypo- or isointense signal; on T2-weighted MRI, this part
of the tumor appears hyperintense. The cystic part of the
neoplasm has a high MR signal in T2-weighted and
T2-FLAIR images. When using gadolinium-containing
products, there is an intense signal enhancement from the
solid portion of the tumors, mainly heterogeneous and quite
pronounced (Arslanoglu et al. 2003). The walls of the cystic
tumor in some cases can also accumulate the contrast agent.
Cases of malignization of the tumor and/or dissemination
along the meninges are exceptions, although described in
publications and observed in our series.

fa

T2-weighted (b) and T2-FLAIR (¢) MRI. The tumor intensely and
inhomogeneously accumulates the contrast agent. Perifocal edema is
mild; the ventricular system is deformed
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Fig. 28.26 Pilocytic astrocytoma. On T2-weighted MRI (a) and tumor (c, d) is heterogeneous, showing a mostly solid structure of the
T1-weighted MRI (b) in the projection of the subcortical nuclei on the  neoplasm with central necrosis and a cyst on the anterior pole. The third
right, the tumor is visualized with a relatively homogeneous structure  ventricle is narrowed

without a perifocal edema. The contrast agent accumulation in the



Oligodendroglioma (ODG)

Oligodendroglioma (ODG) is a relatively rare glioma, also
quite a demarcated tumor. Moreover, “pure” ODGs are even
more rare; mostly mixed gliomas are observed (oligoastrocyto-
mas). The tumor develops from a specific type of glial cells—
oligodendrocytes—and accounts for 2—-10% of all primary
intracranial tumors and 5-25% of gliomas. Most of ODGs are
slow-growing, benign, non-encapsulated infiltrative tumors of
the white matter, which are usually located paraventricularly.
85% of tumors are supratentorial, affecting mostly the frontal
lobe. The tumor is characterized by the formation of foci of
cystic degeneration and calcifications. Malignization of ODGs
manifests by cellular atypia, occurrence of mitoses in the
tumor, and proliferation of vascular endothelium (Fig. 29.1).

Oligodendroglioma is a most common intracranial tumor
that calcifies, which is clearly seen on CT. The neoplasm has
a mixed density. 75% of ODGs do not accumulate contrast
agent. MRI identifies a tumor with mixed hypo- and isoin-
tensity in T1-weighted images and hyperintense foci in
T2-weighted images (Fig. 29.2).

Although MRI is less sensitive than CT in determining
tumor calcifications, it is superior to CT in identification of
the tumor spread. In addition to the above, it is better to use
T2-weighted and T2-FLAIR MRI than TI1-weighted
MRI. MR contrast enhancement of ODGs is inhomoge-
neous. It is observed in up to 50% of cases and is more pro-
nounced with malignization of the tumor.

MRI and CT perfusion studies demonstrate the presence
of hyperperfusion foci in the structure of histologically
benign ODGs, characteristic of high-grade astrocytomas
(Lev 2004).

ODGs on PET with '8F-fluorodeoxyglucose show RP
accumulation parameters close to those in the white matter.
The use of '""C-methionine contributes to the differential
diagnosis between benign and malignant forms of the tumor.
BF-tyrosine and 'F-choline are accumulated rapidly and
allow to detect malignant fragments.

Anaplastic ODG can develop both primarily and directly
from the benign tumor tissue. With increasing anaplasia, the
tumor heterogeneity increases (cysts, necrosis, hemorrhages
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occur), perifocal edema becomes more severe, the brain dis-
location worsen, and expressed contrast enhancement is
observed (Fig. 29.3).

Thus, the main issue of the differential diagnosis of
metastases with primary brain tumors occurs in the presence
of intense contrast enhancement of the latter and formation
of the demarcated contour. Diffuse forms of intracerebral
tumors or heterogeneously contrast enhanced, with forma-
tion of “islands” of CA accumulation, usually do not cause
any differential issues. The full range of MR sequences
described above should be wused for the differential
diagnosis.

DWI MRI allows to suggest the intracerebral nature of the
tumor based on slightly higher ADC values. A large disper-
sion of ADC values in our cases allows only to suggest the
secondary nature of neoplasms. However, it should be
remembered that patients with large space-occupying lesions
may have been receiving hormones for some time to reduce
the edema, which affects these parameters.

CT or MR perfusion, including non-contrasted options,
definitely does not allow to perform the differential diagno-
sis due to heterogeneous manifestations of both primary and
secondary tumors, especially in patients with a newly diag-
nosed brain lesion. In cases of metastases of ovarian, pancre-
atic, or parotid gland cancer, the secondary origin of tumors
in the brain can be assumed by a slight increase in the perfu-
sion values.

MR spectroscopy allows to suggest the primary origin of
tumors in the brain by intact peaks from the brain matter (Cr,
NAA). It is important to consider the choice of the area of
voxel application in this study in order to avoid capturing the
brain tissue surrounding the tumor lesion into the region of
interest.

SWI (SWAN) MRI works well in practice, but only in
cases of anaplastic variants of intracerebral tumors (anaplas-
tic astrocytoma, glioblastoma), where a large number of
modified vessels and microhemorrhages are identified.
Metastases, except for those of melanoma and colon cancer,
contain much less hypointense inclusions.
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Fig. 29.1 Oligodendroglioma. In the left postfrontal area, on the lat-
eral radiograph (a) and CT in the axial projection (b), two adjacent
calcifications are visualized. On CT, there is additionally an area with
decreased brain tissue density, surrounding calcifications. In a series of
T2-weighted (c), T2-FLAIR (d), T1-weighted MRI before (e) and after

Oligodendroglial tumors should be discussed separately;
they can be characterized by insignificant accumulation of the
contrast agent, even their anaplastic variants. Calcified inclu-
sions may distort the picture on MR spectroscopy, SWI (SWAN),
or ASL MRI. They are also characterized by a heterogeneous
picture on CT perfusion imaging. However, they rarely manifest
by total contrast enhancement on MRI. The presence of portions
not accumulating the contrast agent allows to rule out metastases.

-

intravenous contrast enhancement (f), a space-occupying lesion is
determined, having mostly an increased MR signal (T2-weighted,
T2-FLAIR MRI) with portions of the reduced signal (calcifications)
and a local area of abnormal CA accumulation

The use of PET with ¥F-FDG for the differentiation of
malignant intracranial tumors and metastases does not make
sense, although in some cases, according to our observa-
tions, glioblastoma do not accumulate '*F-FDG, with intense
accumulation of '®F-Tyrosine and 'F-Choline. Metastases,
in turn, can blend with physiological "*F-FDG accumulation
in the brain tissue, which is particularly characteristic for a
small solid part (cystic variants).
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Fig. 29.2 Oligodendroglioma. In the right frontal region in poles (f) of the tumor, benign and malignant characteristics are
T2-weighted (a, d) and T2-FLAIR MRI (b) images, there is a large  observed, respectively (appearance of the Lip-Lac complex peak and a
space-occupying lesion with a heterogeneously high signal. After CA  pronounced increase in the Cho peak). On PET with '$F-tyrosine, tumor
administration, on T1-weighted (c), there are no signs of its accumula-  fragments are well differentiated with different RP accumulation, cor-
tion in the tumor. On the spectra from the anterior (e) and posterior  responding to various malignancy grades (g)
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Fig. 29.3 Oligodendroglioma. In the right frontoparietal region on nounced contrast enhancement. The central departments of the tumor
T2-weighted (a) and T1-weighted MRI before (b) and after (c) contrast  are presented by a cyst. Perifocal edema is minimal
enhancement, a well-demarcated, large tumor is observed with pro-



CNS Lymphoma

Primary lymphomas (PCNSL). Until recently, primary lym-
phoma of the central nervous system has been quite a rare
disease and accounted for about 1% of all brain tumors.
Among other diseases, in which the risk of primary CNS
lymphoma increases, are systemic collagenoses (systemic
lupus erythematosus, rheumatoid arthritis, etc.) and chronic
viral infections, in particular, Epstein-Barr virus infection.
By their histological structure, PCNSLs are virtually always
represented by a non-Hodgkin’s type and are mostly B-cell
lymphomas (Bergmann and Edel 1991). Primary T-cell CNS
lymphomas are also described but are rare. By their location,
90% of all lymphomas are supratentorial. Majority of all
cases (73%) are presented with a solitary lesion; in other
cases multiple brain lesions are determined. Leptomeningeal
or dural distribution typically occurs in systemic
lymphoma.

In order to verify the histological diagnosis and for subse-
quent chemotherapy and radiation therapy for suspected
brain lymphoma, a stereotactic biopsy (STB) is advisable.
Therefore, establishing the diagnosis of primary lymphoma
at the preoperative stage is an extremely important task,
which would significantly reduce the percentage of unjusti-
fied surgical interventions.

Tumor lesions look like quite clearly demarcated, space-
occupying lesions with various sizes, often rounded, with
clear contours, so they may mimic metastases or glioblas-
toma. At the same time, a solid, compact tumor structure is
observed in some patients and the presence in the stroma of
necrotic areas with different sizes in others (a smaller pro-
portion). The latter is considered a typical manifestation of
lymphomas in HIV-infected patients.

According to CT, the tumor in most cases has an increased
density. An isodense tumor is diagnosed in only 20% of
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cases. A necrotic area in the center of the tumor has lower
density relative to the stroma. Intense accumulation of the
contrast medium in the stroma of lymphoma after intrave-
nous injection is the characteristic CT manifestation of the
tumor and occurs almost always. Edema of the surrounding
brain substance, with varying severity, is identified as an area
with decreased density around a hyperdense tumor lesion
(Fig. 30.1).

The lymphoma stroma on standard MRI sequences has an
isointense or slightly hypointense MR signal relative to the
unaffected gray matter. In the presence of a necrotic decay
cavity in the tumor (usually in the central sections of the
tumor), this area is characterized by a high and low signal in
T2-weighted and T1-weighted images, respectively. Perifocal
edema with a high signal on T2-weighted MRI and a low sig-
nal on T1-weighted MRI was noted in 30—40% of cases. With
intravenous administration of the contrast medium, intense
homogeneous opacification of the tumor stroma is observed,
in the absence of accumulation in the necrotic area (if any)—
ring-shaped contrast enhancement (Figs. 30.2, 30.3, and 30.4).

Many authors reported both the absence and the presence
of mild peritumoral edema in lymphomas (in our study, only
32% of lymphomas were accompanied by a perifocal
edema). However, as is known, the use of hormones reduces
the severity of cerebral edema. Furthermore, the use of ste-
roids results in a significant reduction and even complete dis-
appearance of lymphoma nodules, which is certainly not
observed in metastases.

On diffusion-weighted MR images, lymphomas are char-
acterized by a high signal and the values of the apparent dif-
fusion coefficient (ADC) close to those of the normal gray
matter or have slightly increased ADC. The analysis of DW
MRI yielded the following findings (Table 30.1).
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Fig.30.1 Lymphoma. CT variants of lymphomas with different struc-
ture and location: (a) solid tumor in the right temporoparietal convexital
area; (b) mixed lymphoma with central necrosis of the genus of corpus

Proton MR spectroscopy (PMRS) determines in lympho-
mas a spectrum similar to that in malignant glial tumors.
However, both metastases and lymphoma spectra show a sig-
nificant increase in the lipid-lactate complex (which is also
found in glioblastomas and, to a lesser extent, in anaplastic
astrocytomas), but the reduction of the N-acetylaspartate
peak is not sharply pronounced. Thus, the signs of spectra of
brain lymphoma are the following: a moderate decrease in
the NAA peak on the background of increased Cho peaks
and Lac (+Lip) and a low ml peak. The analysis of results of
our spectroscopic studies allowed us to determine the mean
values of the metabolite ratio in the spectrum, characteristic
of brain lymphoma (Table 30.2). The Lip-Lac complex usu-
ally prevails in strongly pronounced central necrosis, which
does not allow to perform differentiation with a metastasis.

While MR spectroscopy parameters overlap to some
extent with signs occurring in metastases, MR/CT perfusion

callosum; (e¢) solid tumor of the splenium of the corpus callosum; (d)
nodular solid tumor of the midbrain; (e) mixed, multiple lymphoma; (f)
multiple, convexital tumor with a hemorrhage

studies show higher specificity of lymphomas. As it turned
out in studies conducted by many authors, numerical values
determined in the stroma of lymphomas were characterized
by lower perfusion rates, not similar to those of metastases
with an identical degree of contrast enhancement on contras-
enhanced MR images. Table 30.3 presents mean values of
perfusion parameters in the stroma of lymphomas.

Mortality after removal of lymphomas is higher than in
surgery of all intracerebral tumors. The frequency of compli-
cations in stereotactic biopsy of lymphomas for the purpose
of verification of the diagnosis appears to be also higher (up
to 50%). Basically, this is hemorrhagic impregnation of the
tumor stroma. In these circumstances, it becomes extremely
important to diagnose CNS lymphomas using noninvasive
methods, such as contrast-enhanced MRI and CT perfusion,
capable to suggest the presence of lymphoma with a high
degree of probability and allowing to avoid surgery.
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Fig. 30.2 Space-occupying lesions of the cerebellopontine angle.
T1-weighted MRI with contrast enhancement. The differential diagno-
sis of a variety of lesions characterized by intense accumulation of the

Using PET with ®F-FDG allows to quite accurately sug-
gest CNS lymphoma, as it is characterized by high SUV val-
ues (up to 20 units), which may occur as well only in
melanoma metastases and less likely in renal cell carcinoma
metastases (Fig. 30.5).

contrast agent and dislocation of the brainstem structures: lung cancer
metastasis (a), lymphoma (b), ependymoma (c), hemangioblastoma (d)

High sensitivity of PET with ®F-FDG to changes in
the metabolic activity of lymphomas on the background
of hormonal therapy or chemotherapy should also be
noted, which is manifested in the reduction of SUV val-
ues immediately after the initiation of the treatment.
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Fig. 30.3 TI-weighted MRI with contrast enhancement. Differential
diagnosis. Different brain lesions characterized by intense accumula-
tion of the contrast agent, extending to the ependyma of the lateral ven-

These positive changes with time on MRI, CT, and PET
during the treatment are a convincing argument in favor
of lymphoma.

Recently, conservative methods of treatment of lympho-
mas have been increasingly used—chemotherapy with or
without boost irradiation, achieving a stable remission and
regression of the tumor in many cases, even if it was ini-
tially large. However, there are structurally rare CNS lym-
phomas characterized by rapid growth and resistance to
currently used standard regimens of chemotherapy and
radiotherapy.

tricles: glioblastoma (a), ependymoma (b), choroid plexus papilloma
(¢), lymphoma (d)

Thus, by their manifestations, lymphomas often mimic
intracerebral tumors, especially when localized in the corpus
callosum and subcortical nuclei. Lymphomas can be differenti-
ated from metastases by low CBF values and a high signal on
DWI images (b = 1000). Lymphomas are characterized by a
pronounced accumulation of ®F-FDG in a PET study, signifi-
cantly greater than the physiological accumulation parameters.
In this case, it is important to know whether the patient receives
hormones at the time of the PET study, as lymphoma pretty
quickly reacts to such treatment, and the picture may be dis-
torted, showing low accumulation of radiopharmaceuticals.
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Fig. 30.4 Multiple lymphomas. On T1-weighted MRI after contrast enhancement, in the axial (a, b) and sagittal (¢) projections, multiple tumor
lesions are identified in the third ventricle of the brain, in the projection of foramina of Monro and mammillary bodies

Table 30.1 Mean ADC for brain lymphomas

Factor b Tumor stroma Necrosis area Edema area Intact white matter
b =500 0.95+0.23 1.81 £0.31 2.04 +0.19 0.83 +0.04
b= 1000 0.83 £0.20 1.73 £0.28 1.87 £0.11 0.78 £ 0.02

Table 30.2 The mean values of the ratio of major metabolites to the reference value of the creatine peak in the stroma of lymphomas

Ratios NAA/Cr Cho/Cr ml/Cr Lac/Cr NAA/Cho

Mean, SD 1.75 £ 0.28 1.60 = 0.20 0.72 £0.16 1.95+0.77 1.09 £ 0.11
Table 30.3 Average values of major CT perfusion parameters in the stroma of lymphomas

Perfusion parameters CBV (ml/100 g) CBF (ml/100 g/min) g/min) MTT (s)

Lymphoma 2.93+0091 16.38 + 3.87 6.06 = 3.70

Intact white matter 20+1.1 25+11.3 5+2.1
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L1vol1
Max: 23,65 SUV-bw

Peak: 19,64 SUV-bw  Size: 1 cm3
Thresh: 9,46 SUV-bw / 40 %

Fig.30.5 Lymphoma. In the right frontal and parietal areas, there are  visualized in the right frontal region. There is a typical increase in
multiple lesions with a heterogeneously high signal on T2-weighted 'SFFDG (e, f) accumulation in the lymphoma foci with high SUV
(a) and T2-FLAIR (b) MRI, rapidly accumulating the contrast agent  values (more than 10.0)

(c). On CT, the lesions cannot be differentiated; only the edema area is



Meningioma

Meningioma is the most common intracranial tumor among
neoplasms of non-glial origin (Buetow et al. 1991; Osborn
2004). Benign forms of meningiomas are histologically
characterized by a uniform arrangement of cells with moder-
ate polymorphism of nuclei, lack of necrosis and mitoses. In
this group, there are the following meningiomas: fibroblas-
tic, meningotheliomatous, secretory, transitional, psam-
momatous and other meningiomas. Atypical (usually
meningotheliomatous and mixed) meningiomas are charac-
terized by pronounced polymorphism of cells and nuclei,
presence of necrosis and mitotic figures, which results in the
characteristic radiographic manifestations similar to those in
metastases.

Meningiomas occur most frequently in the falx cerebelli
and parasagittal area (up to 50%) and in the ACF base region
(up to 10% of all intracranial meningiomas). The neoplasm
grows from the dura mater covering the intracranial surface
of the skull or dural sleeves extending to some cranial nerves.
Classic bone hyperostosis is detected in about 5% of cases,
however, the majority of patients are examined by MRI, and,
therefore, many examinations do not clearly visualize and
evaluate hyperostotic bone changes. Bone erosion can occur
in all types of meningiomas; they can also cause bone
destruction, but still hyperostoses are more frequently
observed.

By their appearance, meningiomas are subdivided into
two main forms. The first group includes tumors with a
spherical, lobular shape. The second group is characterized
by a flat form infiltrating the adjacent meninges and often the
bone (Fig. 31.1).

Meningiomas are usually well separated from the adja-
cent brain substance. The surface of most tumors is smooth
or lobular. There is often a pronounced arachnoid (CSF) cleft
containing dislocated vessels and elements of the dura mater
between the brain substance and the surface of the
meningioma.

CT with contrast enhancement is one of the main methods
of primary visualization for meningiomas, allowing to diag-
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nose at least 95% of intracranial neoplasms (Konovalov and
Kornienko 1985a, b). Meningiomas are most often identified
as lesions with well-differentiated contours due to intense
(40-45 HU) contrast agent accumulation. Therefore, the use
of contrast enhancement is one of the principal constituent
elements of CT diagnosis of meningiomas. In a quarter of
cases, meningiomas weakly accumulate the contrast mate-
rial. In general, in up to 75% of all cases, meningiomas have
more or less hyperdense characteristics. Up to 25% of
meningiomas contain calcifications in their structure, which
can be individual or multiple, punctate and very large. 3D
CT reconstructions are useful in hyperostotic meningiomas
to estimate the extent of bone destruction (Fig. 31.2).

On perfusion-weighted CT images, meningiomas are
divided into three main types based on their hemodynamic
manifestations that correlate well with the results of direct
cerebral angiography. We distinguished the following hemo-
dynamic types of tumors:

Type 1—low CBV (2.5-5.0 ml/100 g) and CBF (25—
30 ml/100 g/min) values with or without tumor vascula-
ture minimally visualized on AG;

Type 2—a moderate increase in CBV, CBF (10-11 ml/100 g
and 70-80 m1/100 g/min, respectively) with a moderately
expressed vascular spot in the capillary phase of AG;

Type 3—a pronounced increase in meningioma hemody-
namics (CBV—21-24 ml/100 g, CBF—110-
125 ml/100 g/min) in the presence of a highly vascularized
tumor on angiograms (Fig. 31.3).

The nature of MR signal changes in different histological
forms of meningiomas is ambiguous. On T1-weighted MRI,
most meningiomas, regardless of their histological type,
appear as iso- or hypointense space-occupying lesions as
compared to the cerebral cortex. Changes in MR signal on
T2-weighted MRI can correlate with histologic subtypes of
meningiomas. Thus, up to 90% of fibroblastic and transient
subtypes, as well as psammomatous meningiomas have
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Fig. 31.1 Meningioma. In the fronto-parietal convexital area on
T2-weighted (a) and T1-weighted MRI after intravenous CA adminis-
tration (b, ¢), a flat space-occupying lesion is detected, intensely accu-

mulating the contrast agent, infiltrating the adjacent bone, meninges
and soft tissues of the fronto-parietal region. The tumor that has V-type
spread along the falx completely invades the superior sagittal sinus

Fig.31.2 Meningioma. On CT, in the area of the squama of the frontal
bone (more on the right), there is a large lesion with hyperostotic inclu-
sions. In the axial projection (a), there are tumor structures with

lower signal intensity in T1- and T2-weighted images as
compared to the white matter of the brain, while two thirds
of meningotheliomatous tumors are hyperintense in
T2-weighted images.

Typical for olfactory fossa meningioma is the presence of
a vascular tumor matrix that contains blood vessels running
radially from the site of the primary meningioma growth.
Vessels are clearly visualized on sagittal T1-weighted and

increased density, extending both intra- and extracranially. On
3D-reconstruction (b) the extent of destruction of the bone tissue can be
clearly determined

T2-weighted MRI and can also be seen as hypointense struc-
tures with contrast enhancement (Fig. 31.4).

On MRI, most meningiomas intensely accumulate the
contrast agent. Accumulation of the contrast material may
extend beyond the main tumor nodule with formation of so-
called dural “tails” or infiltrative changes in the dura mater
on the periphery of the tumor. This symptom occurs in 50%
of all cases and only suggests the probable diagnosis of
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Fig. 31.3 Meningioma. In the projection on the olfactory fossa, on
axial CT (a) with contrast enhancement, on T2-weighted (b) and
T1-weighted MRI after CA administration (¢, d), a lenticular tumor

Fig.31.4 Meningioma. On T1-weighted MRI with contrast-enhanced
(a), there is a large tumor of the wings of the sphenoid bone on the right
with the spread into the orbit on the cavernous sinus, sella cavity and

meningioma, not being an absolute pathognomonic symp-
tom (Tokumaru et al. 1990). A dural tail can also occur in
reactive changes in the meninges of other genesis.

lesion is determined with homogeneous contrast accumulation. On CT
perfusion of CBF (e) and CBV (f), there are areas with both high and
average blood flow values

[

the right temporal area. On direct angiograms (b) and MR angiograms
(c), the tumor vasculature and its main supplying vascular trunk from
the maxillary artery are well visualized

Rarely, meningiomas can acquire unusual multicystic CT
or MRI manifestations. Calcifications are determined as
areas with low signal intensity on T1- and T2-weighted
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images. Completely calcified meningiomas occur in 10% of

cases, they have a hypointense MR signal on all sequences,
being more evident in T2-weighted and T2*-weighted
images (Figs. 31.5, 31.6, and 31.7).

Fig. 31.5 Calcified (psammomatous) meningioma. In the right post-
frontal convexital area on T2-weighted (a, b) and T1-weighted MRI (c),
a tumor is identified with a hypointense MR signal in all sequences.
Following contrast enhancement (d), intense CA accumulation in the

A CSF cleft on the surface of the tumor is identified in the
majority of cases (up to 70-80%) along the outer contour of
the tumor with high signal intensity on T2-weighted MRI
and a decreased signal on T1-weighted MRI, with no differ-

.

tumor tissue located around the calcificate periphery. Additionally, the
second, smaller meningioma nodule is clearly visualized in the left
frontal parasagittal region. The T2-weighted MR image shows a marked
decrease in the signal from the calcified part of meningioma
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Fig.31.6 Calcified meningioma. On T2-weighted (a) and T1-weighted  (c), there is CA accumulation in the solid part of the tumor, located on
MRI (b) in the left frontal parasagittal region, there is a tumor with a  the periphery of the calcificate
hypointense MR signal in all sequences. With contrast enhancement

Fig. 31.7 Calcified meningioma. On T2-weighted (a, b) and departments of the right postfrontal area. With contrast enhancement,
T1-weighted MRI before (¢, d) and after (e, f) intravenous CA admin-  poor accumulation of contrast agent is observed in the solid part of the
istration, a small tumor with a hypointense MR signal (better visualized  tumor, located on the periphery of the calcificate

on T2-weighted MRI) is identified in all sequences in the convexital
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ences in the signal intensity from CSF clefts located at some
distance (Fig. 31.8). A CSF cleft around the tumor can be
undetectable in atypical and anaplastic meningiomas.
Usually, this is not observed over the entire contour of the
tumor, but in separate portion of contact with the brain. It is
there, where the perifocal edema is most pronounced. This
may indicate (although not in 100% of cases) a high proba-
bility of invasive tumor growth.

Metastatic tumors can also grow exophytically and cause
infiltration of the dura mater, but the above CSF and vascular
formations are never located between the tumor and the brain.

More than half of patients with meningiomas experience
a perifocal edema of the brain substance. In cases where

Fig.31.8 Meningioma. On T2-weighted (a, b) and T1-weighted MRI
(c), in the left parietal-parasagittal region, there is a relatively small
lesion adjacent by its medial contour to the falx and partly to the wall of

meningiomas have isointense characteristics relative to the
brain on T2-weighted MRI, they are generally well visual-
ized on the background of the brain edema. Only in rare
cases, especially in small meningiomas of the anterior and
middle cranial fossae and the falx, the tumor contours can be
poorly visualized due to a pronounced perifocal edema.
Isointense, small meningiomas can be easily missed in stan-
dard MR images. Contrast enhancement is the method of
choice in the visualization of meningiomas.

On DWI, meningiomas are distinguished by certain het-
erogeneity of MR signal changes and ADC with a tendency
to the presence of distinctions between benign, atypical and
anaplastic forms (ADC values—0.83 £0.11; 0.91 £0.16 and

the superior sagittal sinus; a CSF cleft symptom around it (b) and con-
trast enhancement of surrounding falx departments (d)—a “tail sign”—
are observed
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0.97 = 0.19, respectively). Benign meningiomas have a
homogenous, slightly increased or isointense signal relative
to the unaffected brain substance on DWI b = 1000 s/mm?.
While edema surrounding the tumor usually has a higher sig-
nal than the tumor on DWI b = 500 ¢/mm? and becomes
invisible on DWIb = 1000 s/mm?. On ADC maps, meningio-
mas visually did not differ from the white matter, but in the
presence of a peritumoral edema they clearly stood out on its
background. In some cases, ADC maps clearly identified
“the CSF cleft symptom” in the form of a thin band with high
intensity on the map between the meningioma capsule and
the surrounding structures. In the stroma of benign menin-
giomas, average ADC values were 0.89 +0.13 x 103 mm?/s.

MR spectroscopic characteristics of supratentorial
meningiomas are identical to those for tumors with sub-
ratentorial location—there is a flattened and broad Glu-
NAA peak and a high choline peak. Meningiomas are
characterized by occurrence of an alanine peak (Ala). In
combination with this peak, there is a marked increase in the
choline peak (Cho), the presence of lactate (Lac) and lipid

(Lip) peaks. Lactate and lipid content can have different
proportions. A decreased NAA (N-acetylaspartate) peak and
a high GIx peak (glutamine/glutamate) form a so-called
single trapezoid complex. Some researchers have noted a
decrease in the creatine peak (Cr) in meningiomas. In gen-
eral, in comparison with other tumors, meningioma spec-
trum is distinguished by the combination of high Cho, GIx,
Lac + Lip peaks, a low NAA peak and the presence of an
Ala peak (1.5 ppm) that is not detected in the spectrum of
other neoplastic lesions. In non-neoplastic lesions, the Ala
peak occurs, for example, in the spectrum of a bacterial
abscess.

Multiple meningiomas (meningotheliomatosis) is a rare
phenomenon. They develop in neurofibromatosis type II in
children and adolescents in combination with other manifes-
tations of the underlying disease or as an independent condi-
tion in adults (Sheehy and Crockard, 1983), accounting for
1-10% of all meningiomas (Figs. 31.9 and 31.10).

Thus, isolated typical meningiomas, due to intense accu-
mulation of the contrast agent, are usually well differentiated

Fig.31.9 Multiple meningiomas. Neurofibromatosis type II. On a MRI series with contrast enhancement, in the axial (a—c), sagittal (d) and fron-
tal (e, f) projections, multiple sub- and supratentorial tumor nodules are determined with distinct and homogeneous contrast enhancement
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Fig. 31.10 Neurofibromatosis type II. On T1-weighted MRI after
administration of the contrast agent, in the axial (a—c), frontal (d, e) and
sagittal (f) projections, there are bilateral vestibular schwannomas and

on the background of the brain, and their diagnosis is rarely
difficult. When solitary meningiomas causing perifocal
edema are located in the ventricular system or when they
have multiple manifestations, diagnostic difficulties occur,
especially if the patient has a history of cancer. Such radio-
graphic symptoms as “tail” or presence of calcificates in the
tumor may have a diagnostic value. Meningiomas are usu-
ally characterized by high perfusion values both in CT and

multiple meningiomas of the brain both sub- and supratentorially
(mainly parasagittal location)

MRI studies, which is typical for the majority of metastases.
In spectroscopy, a high Cho peak allows to rule out metasta-
ses, but close location of small tumors to the skull bones often
makes it difficult to obtain adequate study results. Identification
of the meningioma matrix with contrast enhancement or angi-
ography is a pathognomonic sign; this type of blood supply is
not typical for metastases. Malignant meningiomas with signs
of decay can fully simulate metastases.



Hemangiopericytoma

Hemangiopericytoma is a rare (up to 1%) primary intracra-
nial neoplasm. According to the WHO classification, heman-
giopericytoma belongs to tumors of unknown origin,
although some consider them to be histologically similar to
angioblastic meningiomas. There is a hypothesis that they
come from pericytes—cells surrounding capillaries
(Casentino et al. 1993; Parker et al. 1999). Macroscopically
hemangiopericytomas resemble meningiomas. Mostly these
are dense tumors with a lumpy surface, often well demar-
cated, infiltrating the brain tissue, and attached to the dura
mater with their wide base and are exceptionally well vascu-
larized (Konovalov et al. 2005).

On CT, hemangiopericytomas have heterogeneously
increased density without contrast enhancement and are
characterized by marked contrast enhancement that further
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highlights the heterogeneity of the tumor structure, mainly
due to the presence of cysts and areas of necrosis. A CT per-
fusion study demonstrates exceptionally high flow rates in
the tumor stroma, with the heterogeneity of its distribution,
more pronounced than that in meningiomas. Distinctive fea-
tures of metastases are rather hyperostotic than destructive
changes in the adjacent bone structures.

MR signs of hemangiopericytoma are variable. The het-
erogeneity of the tumor structure is best demonstrated on
T2-weighted MRI, while on T1-weighted MRI, they may
look almost isointense. The accumulation of the contrast
agent has also pronounced and heterogeneous character.
Very often large abnormal blood vessels can be detected in
the tumor stroma (Fig. 32.1).

Fig.32.1 Hemangiopericytoma. On contrast-enhanced CT (a), in the
parietal region, there is an extensive intra-extracranial tumor, as well as
a multinodular lesion in the right parietal region without a significant
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perifocal edema. On perfusion maps of CBV (b) and CBF (¢), the tumor

is characterized by a sharp increase in the blood flow
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Hemangioblastoma

Hemangioblastoma belong to rare, benign tumors, whose
histological origin is still debated. It is believed that heman-
gioblastoma (HMB) occurs in 1-2.5% of all intracranial
tumors. The proportion of childhood tumors accounts for
about 20% of all Hemangioblastoma. The tumor is detected
as one of the manifestations of von Hippel-Lindau disease in
up to 10% of cases.

The tumor is detected on non-contrast-enhanced CT as a
lesion with similar and higher density as compared to that of
the brain substance. It is located on one of the cystic walls,
entering into its lumen, and intensely accumulates the con-
trast material (up to 60-85 HU). In the solid form, the whole
tumor mass becomes hyperdense after contrast enhancement.
In the cystic form, MRI well visualizes the cystic component,
which is characterized by a low MR signal on T1- and high
signal on T2-weighted images. On this background, a mural

33

solid nodule of hemangioblastoma is visualized, intensely
accumulating the contrast agent (Figs. 33.1 and 33.2).

Solid HMB forms have rounded and convoluted areas of a
signal loss from the blood in large neoplasm vessels in the
tumor stroma. The presence of a large number of such vessels
better visualized by T2-weighted MR sequences in the HMB
structure is highly pathognomonic for this type of tumors. In
all such cases, especially in craniospinal location, direct angi-
ography should be carried out in order to clarify the location
of multiple large vessels and determine surgical tactics. It
should be remembered that in case of von Hippel-Lindau dis-
ease, there may be multiple HMBs with both intracranial and
intravertebral location. This makes it advisable to conduct a
comprehensive MRI study of the CNS with the mandatory
use of intravenous contrast enhancement, since small tumor
nodules can remain undetected on conventional MR images.

Fig. 33.1 Hemangioblastoma. On T2-weighted (a) and T1-weighted
MRI (b), in the projection of the medial portions of the right cerebellar
hemisphere, there is a cystic lesion with a mural nodule, which is
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located at the level of the foramen magnum and well visualized on
T1-weighted MRI with contrast enhancement (c¢)
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Fig.33.2 Hemangioblastoma. On MRI, in the projection of the lateral
parts of the right cerebellar hemisphere, there is a large, space-
occupying lesion with a mixed structure and a cystic component that is
located medially to the solid fragment of the tumor; the latter is quite

/

A

Fig.33.3 Hemangioblastoma. CT. On axial CT (a), on the background
of contrast enhancement in the projection of the right cerebellopontine
angle, a space-occupying lesion with high density and a heterogeneous

The use of a perfusion CT study helps improve the preopera-
tive differential diagnosis of HMBs, especially in cases of a
predominantly solid tumor structure. CBV and CBF values of
the tumor are the highest among intra- and extracerebral
tumors with the subtentorial location (Fig. 33.3).

Thus, despite the fact that hemangiopericytoma and
hemangioblastoma are rare tumors, their X-ray picture with
accompanying intense accumulation of the contrast agent

clearly visualized on axial T2-weighted (a) and T1-weighted images
(b). After contrast enhancement, there is an increase in the MR signal
from the tumor; cystic walls do not accumulate the contrast agent (c),
which is not typical for metastatic tumors

structure is visualized. CT perfusion maps (b, CBV; ¢, CBF) demon-
strate high blood flow levels in the tumor tissue

causes a number of diagnostic difficulties. In this case, the
use of CT perfusion imaging allows to reliably confirm
hemangiopericytoma by very high CBV and CBF values; the
possible exceptions can be melanomas characterized by sim-
ilar values of perfusion. In cases of cystic Hemangioblastoma,
the solid component is usually small. Weak or completely
absent contrast enhancement of the cystic cavity walls is
typical.



Cavernous Angiomas, Cavernous

Malformations

Cavernous angiomas, cavernous malformations, were allo-
cated into the group of true malformations in the interna-
tional histological classification of tumors of the central
nervous system only in 1979. Before this, cavernous angio-
mas (CAs) were regarded as tumors. CAs represent the sys-
tem of communicating vascular cavities with various sizes
and sinusoid shapes, filled with blood. Vascular cavities are
separated by connective partitions with different thicknesses,
which are common to several adjacent microcavities. The
walls of the cavities are lined with the endothelium forming
papillary excrescences. Each cavity is characterized by an
independent argyrophil framework, lack of muscle, and elas-
tic fibers; capillaries or intertwined bands of endothelial cells
can be located between them. There is no brain tissue in the
CA structure; however, there can be cysts, areas of
thrombosed masses, sclerosis, and calcificates. The origin of
sclerotic changes in the majority of cases is unequivocal—
development of clots characteristic of CA. Microhemorrhages
within the malformation, as well as beyond its borders, are
considered a typical feature of CAs. The perifocal area is
characterized by reactive changes in the glia with its yellow
discoloration due to imbibition of the brain substance with
hemosiderin accumulated in macrophages. The size of CAs
varies from several microns to several centimeters. In a hem-
orrhage inside the cavernoma, a rupture of the inter-cavity
walls and formation of larger cavities are possible. This
results in the fact that in some cases cavernous angioma con-
sists of only a few cavities filled with blood, i.e., they are
essentially a one- or multi-chamber hematoma.

Diagnosis of cavernous angioma on the background of
hematoma on CT and MRI is very difficult, which is due to
several factors—a small size of the malformation and a pos-
sible self-destruction of the malformation in case of the
hemorrhage.

MR manifestations of hematomas are more specific. In
the early stages, contrast enhancement of hematomas is
determined primarily by the presence of water molecules—
they look isointense in T1-weighted images and hyperin-
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tense in T2-weighted images. In the following hours,
oxyhemoglobin transforms to deoxyhemoglobin, which sub-
stantially shortens the relaxation time T2 in the hematoma
area. The latter becomes very dark in T2-weighted images
but is still isointense on T1-weighted MRI. Further oxidation
results in the formation of methemoglobin, which signifi-
cantly increases the signal from hematoma in T1-weighted
and T2-weighted images. An increase in the MR signal
(especially on T1-weighted MRI) extends from the periph-
ery to the center, indicating lysis of erythrocytes and
“release” of methemoglobin—intracellular methemoglobin
has a high MR signal in T1-weighted images and a low sig-
nal in T2-weighted images, and “free” methemoglobin is
characterized by a high MR signal in all sequences (Figs. 34.1
and 34.2). At the late subacute phase and early chronic phase,
on the periphery of the hematoma, a narrow area of a low
signal, visible in T2-weighted images, begins to form, repre-
sented by the deposition of hemosiderin in macrophages of
the hematoma capsule. By this time, the hematoma has an
increased signal from the center and a low signal as a thin
rim from the periphery in all sequences (Fig. 34.3).

Of great importance for determining the surgical treat-
ment and a follow-up scheme is the determination of the
form of mixed vascular malformations underlying the hema-
toma. It should be borne in mind that visualization of small
malformations on the background of a hematoma is impos-
sible, since the latter “covers” all other effects. The type of
malformation can be determined only in the absence of a
hematoma or its small size.

On CT, cavernous angiomas (if they are large enough) are
visualized as foci with a regular, round, or irregular shape
and high density, virtually not accumulating the contrast
agent. With long-term (more than 1.5 months) persistence of
a CT focus with increased density without undergoing any
substantial transformation, a cavernous angioma can be sus-
pected, as the hematoma density will certainly change with
time. This “classic” picture is detected maximum in half of
suspected cavernous angiomas located supratentorially.
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Fig.34.1 Cavernous angioma. In native axial CT sections (a, b), there =~ MR signal with a hypointense peripheral rim in the left frontal lobe. A
is a hyperdense lesion with microcalcifications in the structure in the  speckled nature of the contrast enhancement of this lesion is noted. On
left frontal region. On a series of brain MRIs performed in T2-weighted =~ SWI (h) and DWI (i) MRI, a marked reduction of MRI signal from the
(¢), T2-FLAIR (d), and T1-weighted sequences before (e) and after (f,  whole structure of the lesion is noted

g) intravenous contrast enhancement, the lesion has a heterogeneous
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Fig.34.2 Cavernous angioma. On T2-weighted (a) and T1-weighted
MRI (b, ¢), an area of nonuniform signal change is identified in the
projection of the pons. On T2-weighted images, peripheral parts of this
area have a marked hypointense signal. On T1-weighted MRI in the

axial (b) and sagittal (c) projections, along with areas of an increased
signal represented by the hemorrhagic component, there is an addi-
tional area of signal changes that has access to the ventral surface of the
pons—a solid portion of cavernous angioma

Fig. 34.3 Cavernous angioma. At the level of the right basal ganglia,
there is a hypointense lesion on T2-weighted MRI (a) and T2-FLAIR
MRI (b) and a space-occupying lesion on SWI MRI (e). A cellular
structure is clearly visualized in the central parts of the lesion. On
T1-weighted MRI (¢, d), the lesion has “mottled” appearance due to the

presence of small subacute hemorrhages (an increased MR signal).
There is no perifocal edema, which is not typical for a metastatic lesion
with a hemorrhage. On MR tractography, the corticospinal tract runs
along the posterior contour of the hypointense area, with no signs of
damage (f)



380

34 Cavernous Angiomas, Cavernous Malformations

Thus, standard CT or MRI allows to suspect CA based
on the heterogeneity of the hemorrhagic content (bleed-
ings differentiated by time), especially in prolonged cases;
CT can visualize calcifications that are the most signifi-
cant signs of cavernomas. Calcifications in metastases can
only be observed on long-term chemotherapy (primarily
with Avastin). Uneven, “lumpy” accumulation of the con-
trast agent in the CA structure is also a characteristic

feature. Using applications such as MR spectroscopy,
DWI, or ASL is not reasonable because of pronounced
artifacts from hemosiderin. CT and MR perfusion imag-
ing is characterized by low values, reflecting a very poor
blood flow, or its complete absence, allowing to rule out
the metastatic tumor origin. SWI (SWAN) MRI is highly
sensitive, and its use in some cases allows to identify
additional small CAs.



Tumors of Sellar and Parasellar Region

The sellar region usually consists of the Turkish saddle with
adjacent structures located near the CSF cisterns with the
hypothalamus, the bottom of third ventricle, and the cavern-
ous sinus. Metastases to this area do not occur often, and in
our cases, we observed this process more often in breast can-
cer. The main issue of the differential diagnosis is the clinical
picture, including hormonal changes in the anterior pituitary,
which may be characteristic of a number of primary tumors
of the sellar region (Fig. 35.1).

35.1 Pituitary Adenoma

Pituitary tumors occupy the third place among the central
nervous system neoplasms and, according to different
authors, range from 4% to 17% (Kadashev 1992). Based on
their size, pituitary adenomas are classified as microadeno-
mas (10 mm) and macroadenomas (over 10 mm).

Visualization of macroadenomas with modern CT and MRI
does not present too much difficulty (Kornienko 1993;
Konovalov 1997; Dedov 1997; Kornienko 2012). More difficult
in this case becomes the differential diagnosis with other space-
occupying lesions of the optic chiasm and sellar region (Asa
2008). Thus, in most of our cases, the tumor had extrasellar
growth at the time of initial diagnosis. In these cases, it is impor-
tant to determine the extent of the process and its association
with the lesions in the parasellar region, such as the optic chi-
asm, optic nerves, internal carotid artery, cavernous sinus, etc.

In the study using CT, the destruction of the sellar walls is
identified. Pituitary tumors can spread parasellarly into the
middle cranial fossa and anteriorly to the bottom of the anterior
cranial fossa and into the main cavity of the sphenoid sinus and
ethmoid cells.

On spiral CT, adenoma in the absence of an intratumoral
hemorrhage is usually iso- or weakly hyperdense relative to
the brain substance. Hemorrhage areas have higher density
in the acute phase.
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On T1-weighted MR images, macroadenomas typically
look like space-occupying lesions coming from the cavity of
the dilated and deepened Turkish saddle and are character-
ized by an iso- or hypointense MR signal. The intact anterior
pituitary can be traced along the adenoma contour as a
brighter fragment. In T2-weighted and T2-FLAIR images,
macroadenomas are characterized by a high signal more
often than microadenomas. Following intravenous contrast
enhancement, there is quite pronounced accumulation of the
contrast material by adenoma, making it hyperintense rela-
tive to the brain, in most cases.

On MR spectroscopy, we found a marked increase in the
choline peak and an increase in the lipid-lactate complex
peak on the background of a decrease in the N-acetylaspartate
peak in pituitary adenomas.

The study of tumor hemodynamics has become an
important part of a comprehensive evaluation of pituitary
adenomas, especially those that are accompanied with
hemorrhages. The method of CT perfusion imaging in the
diagnosis of skull base tumors and, in particular, in the dif-
ferential diagnosis of pituitary adenomas showed high sen-
sitivity and high specificity in verification of histology of
neoplasms. Low values of blood flow velocity (sometimes
comparable to those of the brain), a moderately pro-
nounced CBYV increase, and very high values of the transit
time MTT are typical for pituitary adenomas, no matter
what size they reach. These properties help perform a dif-
ferential diagnosis of pituitary adenomas from other
lesions, including parasellar metastases in most cases
(Figs. 35.2 and 35.3).

Thus, it is extremely difficult to differentiate pituitary
adenomas from metastases on routine CT and MRI; the
most appropriate is the use of CT perfusion imaging that
identifies the characteristics of pituitary adenomas,
described above. Moreover, the secondary nature of a sellar
tumor can be suggested only in case of a patient with a pre-
vious history of cancer.
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Fig.35.1 MRI with contrast enhancement. Metastasis (a), meningioma (b), astrocytoma (c), adenoma (d). Differential diagnosis: all lesions are
characterized by intense accumulation of the contrast agent and the suprasellar spread

35.2 Meningiomas (Parasellar, Sphenoid
Wing Meningioma, Pterional)

Meningiomas (parasellar, sphenoid wing meningioma, pteri-
onal) constitute about 12% of all intracranial meningiomas.
The site of their initial growth may be the tuberculum sellae,
anterior clinoid process, medial portions of the large wing,
cavernous sinus, rarely dorsum sellae, and diaphragm.
Meningiomas initially growing from the optic nerve sheath
may also grow into the cavernous sinus. Olfactory fossa
meningiomas often grow into the tuberculum sellae region

and directly into the sella. The tumor border is more difficult
to differentiate if it is located in the projection of the cavern-
ous sinus. Tumors of the wings of the sphenoid bone, even
small ones, can cause the development of an extensive peri-
focal edema of the temporal lobe of the brain.

Based on CT findings, bone changes can be detected that
occur both in metastases and in meningiomas, in particular
bone destruction, bone marrow invasion, and, last but not
least, hyperostosis. The latter changes are frequently
diagnosed in meningiomas of the wings of the sphenoid bone
and tuberculum sellae.
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Fig. 35.2 Pituitary adenoma. On a CT series before (a, b) and after
(c, d) contrast enhancement, there is a large pituitary tumor with pre-
dominantly laterosellar growth to the right, where a cystic part of the
tumor is further visualized (a hypodense area). The tumor rapidly accu-
mulates CA. CT perfusion of CBV (e), CBF (f), and MTT (g) shows an

In T1-weighted MR images, the majority of meningiomas
are characterized by an iso- or hypointense, relatively homo-
geneous MR signal. The symptom of the dura matter
enhancement at the MCF floor (as well as along the clivus of
the sphenoid bone) can be identified only by MRI. Sometimes
after contrast enhancement, the outer wall of the cavernous

o

increase in the blood flow volume and prolongation of the contrast
agent transit time. Changes in the blood flow velocity in adenoma are
characterized by a minimal increase in comparison to the brain tissue.
On T2-weighted MRI (h, i), the tumor structure, spread, and enveloping
of carotid siphons are clearly visualized

sinus can be visualized, if the tumor mass pushes it outwards;
lateral contours of the tumor are usually smooth and oval
(meningioma grows within the sinus from the inner layer of
the dura mater). If a dark MR signal band from the sinus wall
is included in the tumor stroma and the outer contour appears
lumpy on MRI, these are typical manifestations of the
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Fig.35.3 Pituitary adenoma.
On CT with contrast
enhancement, there is an
intra-suprasellar tumor
intensely accumulating the
contrast agent (a, b).
Perfusion maps show low
CBF values (¢) and
prolongation of the transit
time (d)

cavernous sinus wall invasion with involvement of both dura
mater layers. Rarely, meningiomas of the anterior cranial
fossa and tuberculum sellae can grow toward the sphenoid
sinus and ethmoid bone cells.

Spiral CT perfusion imaging may be useful for a differ-
ential diagnosis of parasellar pituitary adenomas and
cavernous sinus meningiomas, as CBF and CBV values are
significantly higher in meningiomas, while pituitary adeno-
mas are mostly characterized by a prolongation of MTT
values (Fig. 35.4). Differentiation of metastases from
meningioma is quite difficult, as both are characterized by
high perfusion values.

35.3 Glioma of the Optic Nerves, Chiasm,
and Hypothalamus

Glioma of the optic nerves, chiasm, and hypothalamus com-
prises 3—-5% of all intracranial tumors and 25-30 % of tumors
of the optic chiasm and sellar region in children. Tumors of

= .

the optic chiasm often involve the hypothalamus and third
ventricle in the process. Largely, these are benign piloid
astrocytomas (75%), but, despite their benignity, they are
characterized by an unfavorable prognosis depending on
their site and spread. Tumors of the optic nerve cause an
enlargement of the optic canal on the affected side; in case of
the involvement of both optic nerves, the enlargement of the
optic canals occurs on both sides (symmetric or asymmet-
ric); in case of the chiasmal involvement, changes in the sella
turcica appear; in case of giant tumors, changes in the sella
turcica and hypertensive hydrocephalic changes develop.

In case of the involvement of the optic chiasm, optic tracts,
and hypothalamus, CT shows an iso- or hypodense space-
occupying lesion moderately accumulating the contrast mate-
rial. In case of advanced tumors, accumulation of the contrast
material along the optic tracts up to the lateral geniculate bod-
ies and often around the third ventricle is observed.

Most informative in the differential diagnosis for all
lesions at this site are CT and MRI, while cerebral angiogra-
phy is additionally preferred for vascular lesions. The degree
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Fig. 35.4 Meningioma. Cases of several patients. Case No. 1.
Meningioma of the right cavernous sinus (a, d). Post-contrast SKT
(a) and perfusion CBV map (d) show a small tumor with a high blood
flow volume. Case No. 2. Meningioma of the tuberculum sellaec. MRI
with contrast (b) and CBV map (e) show an intensely contrast-enhanced

of blood supply to optic chiasm gliomas can be estimated
using CT perfusion: low or moderately increased CBV and
CBF values are typical, and MTT values are variable
(Fig. 35.5).

An MRI signal from the tumor is equal to the signal
from the brain tissue or is hypointense in T1-weighted
images and moderately hyperintense in T2-weighted
images. Often, cystic cavities are formed in the tumors or
are adjacent to them, which is most typical for giant glio-
mas. Density of cystic components on CT and their signal
on MRI are equal to the density and signal from the cere-
brospinal fluid. T2-weighted imaging successfully
detects tumor growth along the optic tract, even in cases
where CT with contrast enhancement fails to detect these
changes. Intravenous enhancement shows accumulation
of the contrast material in the tumor from minor to homo-
geneously intense (Fig. 35.6). Most often piloid astrocy-
tomas are intensely contrasted. A high degree of contrast
enhancement also distinguishes anaplastic gliomas
located at this site.

tumor of the suprasellar region with a high CBV value. Case No. 3.
Meningioma of the left cavernous sinus with the spread into the poste-
rior cranial fossa. On a CT (¢) and CBV map (f), there is a lesion
intensely accumulating the contrast agent and characterized by high
perfusion values throughout the tumor stroma

Thus, benign gliomas, poorly accumulating or not accu-
mulating the contrast agent on MRI, do not cause any diffi-
culties in the differential diagnosis. In other -cases,
differentiation of chiasmosellar glioma is difficult, since
edema that accompanies active growth of a metastasis can
also simulate the diffuse distribution of glioma, for example,
along the optic tracts.

35.4 Sellar Germinoma

Only 20% of them develop in the suprasellar cistern and
very rarely in the pituitary fossa. Germinomas contain
large polygonal fetal cells, agglomerates of lymphocytes,
and dense connective tissue stroma. Suprasellar germino-
mas are non-encapsulated tumors with infiltrative growth;
they can metastasize to the ventricular walls and basal
cisterns.

On a CT study without contrast enhancement, germinomas
have moderately increased density, which homogeneously
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Fig. 35.5 Glioma chiasma. On CT after intravenous CA administra-  blood flow velocity in the tumor tissue as compared to the brain sub-
tion (a), there is a large tumor in the chiasmosellar area with isodense  stance on the background of a marked prolongation of the contrast
characteristics and minimally marked contrast enhancement in the cen-  agent transit time MTT (c)

tral parts of the tumor. CT perfusion of CBF (b) shows low levels of

Fig. 35.6 Gliomas of the chiasm and third ventricle bottom (piloid contrast T1-weighted MRI, in the axial (d), frontal (e), and sagittal (f)
astrocytoma). On MRI, a space-occupying lesion is detected endosu-  projections, there is uneven, but intense, accumulation of the contrast
prasellarly, characterized by an increased signal in T2-weighted images  agent by the tumor

(a) and slightly decreased in T1-weighted images (b, ¢). On post-
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increases after administering the contrast agent. The tumor
contains no calcifications. Primary germinoma pineal region
can be detected in this case. The described characteristics are
similar to those of lymphoma, and differences can include age,
patient history, and presence of a tumor in the pineal region.

Most suprasellar germinomas are well determined by
MRI, as their size by the time of clinical manifestations is
already significant. Typically, they are located along the mid-
line at the floor of the third ventricle. The germinoma struc-
ture is homogeneous, and only in rare cases the tumor stroma
contains small cysts, usually located on the periphery. The
signal from germinomas moderately differs from the signal
of the brain tissue. Germinomas are iso- or slightly hypoin-
tense in T1-weighted images and iso- or slightly hyperin-
tense in T2-weighted images. Typically, germinomas
intensely accumulate the contrast agent, and metastatic
tumor foci can be detected along the lateral ventricle epen-
dyma and in the subarachnoid space (Fig. 35.7). In general,
in case of a primary tumor in the pineal region, neoplasms
always have a certain similarity in their structures, which is
better visualized on MRI.

35.5 Fibrosarcoma (FS)

Fibrosarcoma (FS) is one of the most common malignant
soft tissue tumors that is formed from immature fibrous con-
nective tissue. It is often located in the muscles of the extrem-
ities (hip, shoulder) or torso. There are infantile fibrosarcoma
(in children under 10 years of age) and adult fibrosarcoma
(common in children older than 10 years of age and in adults,
more often at the age of 40-55 years old) (Toro 2006).

CT and MRI manifestations of craniofacial fibrosarcoma
are generally indistinguishable from those of other malignan-
cies growing in this area. By the time of primary diagnosis, the
tumor is usually advanced. On CT, this is a soft tissue space-
occupying lesion, causing the destruction of the bone structures
in the anterior cranial fossa and craniofacial region. Presence of
calcifications in the tumor stroma is uncharacteristic.

An MRI pattern depends on the predominant histological
structure. On T1-weighted images, this is usually an isodense
lesion as compared to the brain; on T2-weighted images, the
MR signal is variable from hypo- to slightly hyperintense
(Fig. 35.8).

Fig.35.7 Germinoma. On T1-weighted MRI, in the axial (a) and sag-
ittal (b) projections after CA administration, there is a large space-
occupying lesion in the projection of the pineal region, intensely

accumulating the contrast agent, as well as metastases in the chiasmo-
sellar area, subependymal in the anterior horns of the lateral ventricles
and in caudal portions of the fourth ventricle
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Fig. 35.8 Fibrosarcoma. On T2-weighted (a), T2-FLAIR (b), and
T1-weighted MRI before (¢) and after (d-f) intravenous contrast
enhancement, in the subarachnoid spaces of the skull base, and, to a
lesser extent, supratentorially, there is an abnormal soft tissue structure
which fills the specified spaces, including the cerebrospinal fluid cis-

r

terns of the skull base. The tumor mass is better visualized after contrast
enhancement. The degree of tumor enhancement is also quite pro-
nounced on CT (g). The perfusion study shows a moderate increase in
CBF values (h) and low CBV values (i) in the tumor structure




Tumors of the Pineal Region

Metastases to the pineal region of malignant tumors are quite
rare, occurring not more than in 1%. Primary tumors of the
pineal region are also relatively rare, accounting for 0.5-1%
of all intracranial tumors; in children, their proportion in the
structure (3—8%) is slightly higher. Both benign and malig-
nant (75%) tumors develop in the pineal region (Jooma et al.
1983; Bruce et al. 1993; Allen et al. 1996; Konovalov and
Pitskhelauri 2004). According to the modern histological
classification (2016), tumors of the pineal region are pre-
sented by four major groups: (a) pineocytoma, (b) parenchy-
mal tumor, (¢) pineoblastoma, and (d) papillary tumor. Four
main syndromes prevail in the clinical picture of the pineal
region lesions: (a) intracranial hypertension due to compres-
sion of the cerebral aqueduct and hydrocephalus, (b) Parinaud
syndrome (midbrain involvement), (c) cerebellar disorders,
and (d) endocrine disorders (premature sexual development,
diabetes insipidus).

36.1 Glial Tumors

Glial tumors spread to the pineal region from the neighbor-
ing structures and brain structures—the midbrain, thalamus,
optic thalamus, quadrigeminal plate, and splenium of the
corpus callosum. This series of tumors are mainly repre-
sented by astrocytomas and ependymomas. As a rule, in the
group of astrocytic gliomas of the pineal region, benign
forms are more common—diffusely growing gliomas of the
optic thalamus or quadrigeminal plate; malignant ones (glio-
blastoma) are much rarer. CT and MRI characteristics of
malignant astrocytomas, including glioblastoma, are charac-
terized by various structures and types of accumulation of
the contrast agent (Fig. 36.1).
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36.2 Germ-Cell Tumors

Germ-cell tumors are dysembryogenetic tumors that mostly
affect the reproductive organs but can also be identified
within the CNS, while being usually located medially. In the
central nervous system, they are more likely to occur in the
pineal region, followed by the suprasellar region, and they
are rarely diagnosed in the optic thalami and basal ganglia,
ventricular system, cerebellum, etc. According to their histo-
logical structure, germ-cell tumors can be divided into sev-
eral subtypes: germinoma, embryonal carcinoma,
endodermal sinus tumor, choriocarcinoma, teratoma, and
mixed tumors. Embryonal carcinoma, endodermal sinus
tumor, and choriocarcinoma are regarded as non-germinal
germ-cell tumors.

36.2.1 Germinomas

Germinomas are observed in up to 67% of cases among
germ-cell tumors, and their typical site is the pineal
region; thus, they make up about 40% of all tumors in this
area, though they may also be observed in other brain
regions: suprasellarly—from 25% to 35%, in the projec-
tion of the basal ganglia—up to 10% of cases. Germinomas
are non-encapsulated lesions, grow usually expansively,
but may have infiltrative growth. They often become cal-
cified and have hemorrhages. Histologically, testicular
germinomas are identical to seminomas and consist of
cords or meshes of glycogen-containing large tumor cells
with large vesicular nuclei, surrounded by a fibrous con-
nective tissue with lymphocyte accumulations located in-
between (Macko 1998).
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Fig. 36.1 Glioblastoma. On T2-weighted MRI (a) and T1-weighted
MRI before (b) and after (c—f) intravenous contrast enhancement, in the
projection of the right optic thalamus, there is a space-occupying lesion

On CT, germinomas have a typical location in the pro-
jection of posterior regions of the III ventricle, often with
tamponade of the cisterna ambiens, and usually occlude the
CSF tracts at this level by the time of the study. As a rule,
germinomas look like a homogeneous (save for calcifica-
tions) and isodense lesion in relation to the brain, whose
density after intravenous CA administration increases up to
50-65 HU.

MRI reveals a relatively homogeneous iso- or hypoin-
tense lesion relative to the brain in T1-weighted images and
an iso- or hyperintense lesion in T2-weighted images.
Around the tumor in T2-weighted images, an area with an
increased signal is often visualized, presented with a reactive
edema of the brain substance due to the tumor invasion.

with a necrotic center and an intensely contrast-enhanced infiltrative
peripheral part. There is no perifocal edema. The posterior sections of
the third ventricle and quadrigeminal plate are deformed

Contrast enhancement is usually pronounced, specifying the
location and the extent of the tumor. MRI better than CT
visualizes the quadrigeminal plate and internal cerebral
veins. Germinomas tend to metastasize along the subarach-
noid space, to the subependymal zone along the ventricular
system and the spinal cord. At the same time, due to an
unusual pattern of metastasizing of germinomas along the
anterior regions of the lateral ventricles, it has a characteris-
tic manifestation, sometimes referred to as the “ear sign”
(Figs. 36.2 and 36.3).

When the tumor spreads along the spinal subarachnoid
space, tumor lesions with an atypical form and structure may
be formed that do not have certain differences, for example,
from metastases in other organs.



36.2 Germ-Cell Tumors

Fig. 36.2 Germinoma. On axial CT with contrast enhancement (a),
there is a tumor with moderately high density in the pineal region with
pinpoint calcified inclusions. On T2-weighted MRI (b), the tumor has a
compact structure with a hyper-isointense signal with respect to the

Fig.36.3 Germinoma. On
T1-weighted MRI in the axial
projection (a), there is a
space-occupying lesion with a
decreased signal and with
signs of infiltration of the
adjacent sections of the optic
thalamus in the pineal gland.
After intravenous CA
administration (b), in addition
to enhancement of the signal
from the pineal region tumor
itself, there is widespread
metastasizing along the
ependyma of the ventricular
system and subarachnoid
spaces of the brain
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gray matter of the brain. On the background of contrast enhancement
(c—f), a pronounced contrast enhancement of the tumors is observed
with signs of its metastasizing along the ependyma of the ventricular
system (the “ear sign” in the anterior horn of the lateral ventricles)
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36.3 Non-Germinal Germ-Cell Brain Tumors

Non-germinal germ-cell brain tumors are relatively rare
malignancies of the brain. Their characteristic feature is pro-
duction of specific tumor markers — alpha-fetoprotein and
human chorionic gonadotropin.

36.3.1 Choriocarcinoma

Choriocarcinoma is the most rare among germ-cell tumors
of the pineal region. Distinguished by high malignancy and
invasive growth, they have a less favorable prognosis.

CT and MRI manifestations of the tumor are nonspecific.
There is only their high vascularization with typical MR charac-
teristics for subacute hemorrhages (Fig. 36.4). Increasing the level
of human chorionic gonadotropin in the serum and cerebrospinal
fluid is an important additional differential diagnostic criterion.

36.4 Mixed Germ-Cell Tumors

Mixed germ-cell tumors occur more frequently than the
group of malignancies mentioned above and contain ele-
ments of these tumors. CT and MRI manifestations are non-

specific and are indistinguishable within this histological
category of brain tumors. Areas of cystic degeneration, cal-
cificates, and hemorrhages are identified. Contrast enhance-
ment is expressed and heterogeneous. Typical signs are rapid
growth, extensive invasion of the surrounding brain struc-
tures, and metastasizing (up to 30%) along the ependyma,
lateral ventricles, and subarachnoid space (Fig. 36.5).
However, in the early stages of the disease, tumors may be
small.

As noted above, the differential diagnosis between dif-
ferent histological types of tumors of the pineal region is
difficult. The MRI signal characteristics and CT density
of tumors often overlap. The only exceptions are der-
moids, lipomas, and teratomas that have manifestations
differing from those of other lesions. Quadrigeminal plate
gliomas cause its thickening and deformation with sings
of obstruction of the cerebral aqueduct; contrast enhance-
ment is not typical for them. Gliomas, growing into the
pineal region, have a tendency to displacement of forma-
tions of posterior portions of the third ventricle and asym-
metrical positioning with respect to the midline. The
presence of a calcification in the pineal gland does not
allow to perform the differential diagnosis, as it can occur
both in germ-cell and parenchymal tumors of the pineal
region.

Fig. 36.4 Choriocarcinoma. On axial CT (a) without contrast enhance-
ment, there is a tumor lesion with high density in the projection of poste-
rior portions of the third ventricle. The lateral ventricles are dilated along

the falx cerebri, and accumulation of fresh blood is visualized in the dor-
sal horn of the left lateral ventricle. On T1- (b) and T2-weighted MRI (c),
there is a rounded lesion with traces of a fresh and subacute hemorrhage
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Fig. 36.5 A malignant mixed germ-cell tumor. On T1-weighted MRI,  sagittal images, signs of metastasizing along the ependyma of the lat-
there are multiple tumor lesions (a) intensely accumulating the contrast  eral and fourth ventricles are further visualized (b)
agent in the projection of the lateral ventricles and the pineal region. On



Orbital Tumors

According to publications, more than 100 different types of
lesions can develop in the orbit (Rootman 1988; Baert 2000).
The main role in the diagnosis of orbital lesions plays the
analysis of history and clinical symptoms, and only a small
proportion of cases requires neuroradiological studies to
clarify the diagnosis. CT examinations of the orbit use
mainly thin-slice helical scanning with reformations in the
plane of interest. The use of CT perfusion imaging became a
new approach in the diagnosis of orbital lesions, which
opened a new era in the evaluation of hemodynamics of
orbital tumors. MRI studies of the orbit are distinguished by
the mandatory use of fat suppression techniques, both before
and after intravenous contrast enhancement. Preference is
given to T2- and Tl-weighted sequences with thin
3-millimeter slices, directed along the course of the optic
nerves in the axial, sagittal, and oblique views. Frontal pro-
jections should be oriented perpendicularly to the optic
nerve; therefore, they are performed at least twice.
Metastasizing of malignant tumors to the orbit is an uncom-
mon event; however, attention should be paid to this area in
melanoma and breast cancer.

37.1 Neurofibromas (NF)

Neurofibromas (NF) can be solitary, plexiform, and diffuse.
Solitary NF usually develops in adults, while plexiform NF
(typical for type I neurofibromatosis) develops within the
first 5 years of life (Brovkina 1993). Plexiform (or reticular)
neurofibromas are the most frequent in the orbit.

On CT, a single NF looks like a rounded, oblong, or oval
encapsulated formation with the density close to that of the
brain tissue, but this pattern, in general, is nonspecific; it has
a medium degree of contrast enhancement.

On MR, NF has a homogeneous structure with irregular
outlines: the tumor is usually represented by an infiltrative
mass with irregular contours, which sometimes infiltrate the
orbital adipose tissue. It is homogeneous and iso- or hypoin-
tense relative to the muscle tissue in T1-weighted images.

© Springer International Publishing AG 2018

37

On T2-weighted images, it can be homogeneously hyperin-
tense or show a so-called target sign—a hypointense signal
from the central area of the tumor, surrounded by a hyperin-
tense rim. The contrast agent is accumulated heterogeneously
in NF, and tumors can be indistinguishable from neuromas
by the contrast enhancement pattern (Fig. 37.1).

Neurofibroma malignizes less often than neuroma.
Malignization usually occurs in patients with type I neurofi-
bromatosis. In the case of malignization, they become more
aggressive and may grow intracranially.

37.2 Glioma of the Optic Nerve

Glioma of the optic nerve is often a benign, slow-growing
tumor, amounting to 66% of all primary tumors of the optic
nerve. In 65% of cases, glioma develops within the first
decade of life, but only 5% of gliomas are detected before
2 years of age. According to Shields (1998), gliomas account
for 1-2% of all orbital tumors, while according to Baert
(2006), up to 4%. Women are affected more often than men
(3:2). 30-40% of patients with gliomas have manifestations
of NF I, and 15% of patients with NF I have an optic nerve
glioma.

On CT, glioma of the optic nerve is usually visualized as
a spherical, spindle-shaped, or lobular space-occupying
lesion growing along the optic nerve. Its lobulation is caused
by convolutions of the dilating optic nerve. The tumor
spreads to the optic canal and into the cranial cavity, causing
the dilation of the optic canal, and is easily detected by
CT. Typically, the density of optic nerve gliomas on CT
ranges from 25 to 60 HU.

Pilocytic astrocytomas, compared to other gliomas, are
characterized by higher CBV and CBF values (Fig. 37.2).
Fibrillary astrocytomas have basic hemodynamic parameters
similar to those of the white matter of the brain.

According to MRI, the tumor has an isointense or slightly
hypointense signal in T1-weighted images, as compared to
the brain tissue, and a combination of an isointense signal in
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Fig. 37.1 Neurofibroma. On CT (a) in the right orbit, there is a large
isodense tumor causing severe exophthalmos. Based on CT perfusion
findings (b), hemodynamic parameters in the tumor (CBV) are not
increased as compared to the white substance. On T2-weighted (c, f)
and T1-weighted MRI (d), an encapsulated tumor is detected with a

the center and a hyperintense signal in the peripheral regions
in T2-weighted images. There are hyperintense foci in the
glioma structure due to small cysts. T2-weighted imaging
successfully detects the tumor spread along the optic tracts,
even in cases where CT with contrast enhancement fails to
detect these changes. T1-weighted fat sat sequence achieves
a clearer visualization of tumors, especially if they accumu-
late a contrast agent. Contrast enhancement varies from
mild to intense; however, its use is advisable in all cases.

37.3 Sheath Meningioma

Sheath meningioma makes up about 1/3 of the primary
tumors of the optic nerve and about 5% of primary tumors
of the orbit. The source of growth for meningiomas at this

heterogeneous structure of the MR signal (hyperintense in T2-weighted
images and a decreased signal in T1-weighted images). On T1-weighted
MRI with contrast enhancement, there is intense, uneven accumulation
of the contrast agent in the tumor (e)

site is arachnoid villi between the solid and arachnoid
sheaths.

CT shows a thickened optic nerve (up to a four- to sixfold
increase in the diameter); eccentric tumor growth is possible
with local thickening along the optic nerve. There may be
both single and multiple calcifications. Intense contrast
enhancement (40—45 HU) of the tumor is a typical character-
istic of meningiomas.

The MR picture may vary depending on the histological
subtype of the tumor. Meningioma may be isointense as com-
pared to muscles in T1-weighted images and isointense or
hyperintense in T2-weighted images. The use of fat suppres-
sion techniques and contrast enhancement is most effective for
detecting optic nerve meningiomas. In most cases meningio-
mas are intensely contrast-enhanced, and only in one quarter
of cases contrast material accumulation is weak (Fig. 37.3).
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Fig.37.2 Right-sided optic nerve glioma. On the CT scan in axial pro-
jection (a), there is a large heterogeneous tumor with a hyperdense site
in the center. CT perfusion parameters are heterogeneous. An increase

37.4 Orbital Cancer

Among malignant orbital tumors, the most common are
orbital sarcomas and lacrimal gland cancer, which constitute
13-16% of all tumors of the orbit. Lacrimal gland cancer
occurs mainly at the age of 40-50 years. Its main morpho-
logical forms are adenoid cystic carcinoma (50-60%),
malignant mixed tumor (34-48%), and adenocarcinoma
(less than 20%). Primary orbital cancer also occurs. A tumor
can be regarded as a result of the transformation of dystopic
epithelial cells during embryogenesis. The tumor grows
without a capsule, has a stringy structure, and is dense and
whitish. Primary orbital cancer occurs twice less frequently
than sarcomas (Brovkina 2008). Sarcomas are located intra-
and extraconally in 47% of cases.

Primary orbital cancer and sarcoma have clear boundar-
ies, irregular shape, and bone destruction on CT. Sarcomas
are isointense in relation to muscles in T1-weighted MR
images, while in T2-weighted images, they are hypointense

in the blood flow velocity (b) and volume (c) is observed primarily in
the central parts of the tumor

and rarely have a heterogeneous signal. The eyeball is often
affected. Contrast enhancement is moderate; the recom-
mended sequence is one with fat suppression and contrast
enhancement (Fig. 37.4).

37.5 Primary Orbital Melanoma

Primary malignant melanomas of the ciliary body (10%),
choroid (85%), and iris (5%) are relatively rare. The major-
ity of patients with secondary tumors underwent an enucle-
ation or evisceration of one eye. The tumor recurred within
one year in 50% of cases. The prognosis is generally poor
due to frequent metastases (Atlas 1987). Tumor develop-
ment is possible from the blue nevus, ectopic melanocytes,
and congenital peridermal melanosis (Brovkina 2008). Eye
melanoma can metastasize to the liver, lungs, kidneys, and
brain. Elderly people suffer more often, with the average
age of 53 years. The disease is diagnosed in men and
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Fig. 37.3 Multiple meningiomas. On MRI in the axial (a) and oblique
sagittal (b) projections on the background of intravenous contrast
enhancement on T1-weighted MRI, there are bilateral intraorbital
tumor lesions with formation of exophthalmos on the left, in the lesion

women with an equal frequency. Northern Europeans are
more prone to the disease, the disease being extremely rare
in Africans.

In general, eye melanoma has similar CT and MRI char-
acteristics with secondary metastatic melanomas in the brain.
On CT, melanoma is hyperdense and sharply demarcated.
The tumor diffusely accumulates the contrast agent
(Fig. 37.5). The tumor is moderately to significantly hyperin-
tense in T1-weighted images. Melanomas are hypointense in

depth; the optic nerve is tight. In addition, space-occupying lesions are
detected in the tuberculum sellae and convexital departments of the left
temporal region

T2-weighted images. The tumor diffusely accumulates the
contrast agent in T1-weighted images with contrast enhance-
ment (Motoyama 2011).

On a PET study, melanoma is always characterized by an
intense accumulation of radiopharmaceuticals, including
expressed accumulation of F-FDG. It is important to
remember that whole-body PET scans should be performed
in melanoma, including the extremities, since it allows to
detect distant metastases (Fig. 37.6).
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Fig. 37.4 Right-sided orbital cancer. On CT scan in axial projection invasion, which intensely accumulates the contrast agent, has high
with contrast enhancement at two levels (a—c) in the bone (a) and brain  hemodynamic parameters during CT perfusion studies of CBF (d) and
modes (b, ¢), a local destruction of the medial orbital wall with tumor CBYV (e) and an increase in MTT values (f)
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Fig.37.5 Primary eye melanoma. On the axial (a, b) and frontal (¢, d) CT in the projection of the eyeballs, there are well-visualized lenticular
hyperdense lesions with clear contours. The eyeballs are not enlarged. There is no exophthalmos
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Fig.37.6 Primary eye melanoma. On brain CT in the axial projection  jection of the medial contour of the left eyeball (b) and the liver (c, d, e),
(a), along the medial contour of the eyeball, there is a lesion with high  there are space-occupying lesions intensely accumulating RP (the
density (the arrow). On whole-body PET/CT with 18F-FDG in the pro-  arrows)



Orbital Sarcoidosis

Orbital sarcoidosis is a chronic multisystem granulomatous
disease involving all organ systems. In case of systemic
involvement, clinical manifestations of sarcoidosis occur in
the CNS in 10% of cases (Mafee and Dorodi 1999). Typical
features of the lacrimal gland involvement include an
increase in its size, painless at palpation, and dry eyes. In
case of involvement of the anterior chamber of the eye,
symptoms include soreness, conjunctivitis, and uveitis; and
involvement of the posterior chamber results to perivasculi-
tis, infiltrates in the vitreous body and retinal changes, eye-
ball movement limitation, and diplopia. The optic nerve
involvement manifests by perineuritis, papillitis, and loss of
vision (Kellinghaus et al. 2004). Sarcoidosis more often
occurs in adults aged from 30 to 50 years old, predominantly
in women. It is ten times more frequently diagnosed among
aborigines of the African deserts. Also, the disease is com-
mon in Puerto Ricans, Irish, and Scandinavians (Brovkina
2008).

An isodense increase in the nerve diameter is observed on
CT before administration of the contrast material. After con-
trast enhancement, abnormal accumulation of the contrast
agent by the optic nerve and other intraorbital structures is
identified. In addition, IV contrast enhancement shows an
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increase of the lacrimal gland and diffuse irregular thicken-
ing of the extraocular muscles.

T1-weighted MRI sequences reveal an isointense enlarge-
ment of intraorbital structures. On T2-weighted images,
hypointense (relative to normal muscle) or slightly hyperin-
tense abnormal intraorbital masses can be visualized. T2
-FLAIR sequence can demonstrate sarcoidal parenchymal
lesions in the brain. The optic nerve affected by orbital sar-
coidosis and intraorbital granulomatous masses intensely
accumulates the contrast agent. Contrast enhancement of the
lacrimal gland and orbital muscles is also more pronounced
than normal. In case of the CNS involvement, MRI shows
contrast-enhanced intracranial cisternal and parenchymal
lesions. Optimal scanning: study with contrast enhancement
and suppression of fat MR signal. Not only the orbit should
be examined but also the whole brain in order to identify
other foci of sarcoidosis (Figs. 38.1 and 38.2).

Thus, the most informative method of differential diagno-
sis of tumors in the orbital area is CT perfusion, which allows
to exclude a range of tumors characterized by relatively low
flow rates. Also, metastatic involvement is characterized by
the formation of nodular forms, while infiltrative spread of
metastases to the oculomotor muscles is rare.
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Fig.38.1 Sarcoidosis. MRI of the orbits in T2-weighted (a), T2-FLAIR
(b), T2 fat sat (c), and T1 fat sat (d) sequences shows uneven thickening
of the medial and lateral rectus muscles of the right orbit. Following
intravenous CA administration, abnormal contrast enhancement of the

optic nerve membranes is observed with the spread to the optic nerve
and the right optic canal and the spread along the meninges in the area
of the frontal clinoid and the body of the sphenoid bone (e-h).
Histological specimen (i)
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Fig.38.2 Sarcoidosis. On T2-weighted (a) and T1-weighted MRI (b),  and sagittal (f) scans, sites of the contrast agent accumulation are visu-
an area with a nonuniform signal change is identified in the right tem-  alized in the right temporal region and a contrast-enhanced site along
poral basal area with the sings of perifocal edema. After intravenous the meninges of the brainstem and cranial nerves (arrows)

CA administration in T1-weighted MRI, in the axial (¢, d), frontal (e),



Intracranial Infection

According to many researchers, an increase of infectious and
parasitic diseases of the central nervous system has been
noted worldwide, despite the emergence of new therapies and
the establishment of antimicrobial and anti-inflammatory
pharmaceuticals (Yakhno and Shtulman 2001; Whiteman
et al. 2002). This increase is partly attributed to the spread of
acquired immunodeficiency syndrome (AIDS), as well as the
use of immune-suppressing drugs to treat cancer and to per-
form organ transplants. Emergence of life-threatening infec-
tious diseases of the central nervous system may be associated
with a number of adverse factors, such as staying in the focus
of infection, presence of an open head injury, cerebrospinal
fluid leakage, sinusitis, otitis media, etc., especially in a com-
promised immune system. In these cases of decisive impor-
tance is early diagnosis of the disease. Such imaging methods
as CT and MRI are particularly important for a comprehen-
sive neurologic and laboratory (CSF analysis) investigation.

39.1 Bacterial Infection
A variety of pathogenic agents (bacterial, viral, fungal, and
parasitic) may penetrate into the brain tissue through the
blood or via a direct contact with the source of infection.
Characteristics of the brain structure—absence of lympho-
cytes, a small number of capillaries in the subarachnoid
space, and the presence of perivascular cerebrospinal fluid
spaces—may result in an inflammatory reaction caused by
pathogens entering the intracranial or intravertebral spaces.
CSF, in particular, is an excellent medium for dissemination
of an infectious process. Pathogens can penetrate the brain
tissue and induce focal (abscesses, cysts) or diffuse (enceph-
alitis) lesions and inflammation of the meninges (meningitis,
ependymitis, arachnoiditis) or cerebrospinal fluid spaces
(subdural and epidural empyema).

Inflammation of the brain and its membranes is usually
accompanied by intense abnormal accumulation of the con-
trast agent in CT and MRI images. In cases of encysted and
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multiple lesions, the X-ray picture is similar to that in
metastases.

Brain abscesses are a relatively rare intracranial pathol-
ogy accounting for, according to different sources, 1-8%
depending on the level of economic development of the
country, where the study was carried out (Bhatia et al. 1973;
Osenbach and Loftus 1992). The growing number of patients
with HIV infection resulted in an increased incidence of
brain abscesses. The male to female ratio is 2:1, while the
average age of onset is 35-45 years. In 25% of cases, brain
abscesses develop in children and adolescents younger than
15 years of age. Until 2 years of age, brain abscess is rarely
diagnosed, mainly after meningitis caused by Citrobacter
diversus or other gram-negative bacteria.

In adults, brain abscesses developing due to hematoge-
nous metastasizing most often are caused by anaerobic bac-
teria or a mixture of aerobic and anaerobic bacteria. In
children, the most common pathogens are staphylococci,
streptococci, and pneumococci. In patients with head trauma
or those undergoing surgery, abscesses are typically caused
by Staphylococcus aureus.

Predisposing factors for the development of brain
abscesses are chronic lung infections, osteomyelitis, chole-
cystitis, gastrointestinal infection, and purulent skin diseases
(furunculosis, etc.). Therefore, inflammatory emboli carried
over from the extracranial structures may be called “infec-
tious metastases.”

Standard CT and MRI methods used in the differential
diagnosis of cerebral space-occupying lesions have high sen-
sitivity (95%) but low specificity (50-60%); it is not always
possible to give a definite answer about the origin of an
abnormal intracranial lesion. The use of additional CT-MRI
perfusion and MR-diffusion methods, as well as MR spec-
troscopy increases the specificity and provides the possibil-
ity to avoid diagnostic errors in the diagnosis (Chang et al.
2002; Fertikh et al. 2007; Kastrup et al. 2008; Chiang et al.
2009; Shetty et al. 2010; Pal et al. 2010; Hsu et al. 2013;
Ozbayrak et al. 2015).
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On T2-weighted MRI, early cerebrosides are visualized as
areas of increased signal intensity, weakly or virtually indis-
tinguishable from the surrounding edema. Proton density-
weighted MR images and T2-weighted and T2-FLAIR MR
images allow to detect cerebritis earlier than CT, visualizing
initial changes in the brain. On T1-weighted MRI, cerebritis
appears isointense or hypointense relative to the intact brain
tissue, with a possible mass effect, which manifests in the
compression of gyri and/or the adjacent ventricle. On
T1-weighted MRI, lesions with subacute microhemorrhages
in the affected area as hyperintense areas relative to the nor-
mal or edematous brain substance. Contrast enhancement is
usually slightly pronounced and inhomogeneous in the earli-
est stage. On CT, the affected area can be either undetected or
visualized as the area with decreased density without clear
boundaries with the brain.

A cerebritis focus eventually transforms into an abscess in
its central portion of the liquid necrosis areas, which is well
visualized on CT and particularly on MRI and is limited by a
collagenous capsule (Fig. 39.1).

The most characteristic CT and MRI feature of a formed
abscess is a rounded lesion with a thin-walled capsule,
intensely accumulating the contrast agent (a “ring” phenom-
enon), with clear and smooth inner contours (Fig. 39.2).

In typical cases, the central part of the abscess has a reduced
density on CT and a heterogeneously modified MR signal on
MRI, increased on T2-weighted MRI and decreased on
T1-weighted MRI relative to the brain. Thus, on T1-weighted
MRI, the signal from the abscess center is always higher than that
from the cerebrospinal fluid in the lateral ventricles. On
T2-weighted MRI, the signal intensity varies depending on the

Fig. 39.1 An abscess. On CT with contrast enhancement, in the left
frontal area, there is a rounded space-occupying lesion with a thin cap-
sule and a pronounced perifocal edema

choice of the echo time (TE) in the spin echo pulse sequence,
protein composition, and viscosity of the central cavity contents.

On non-contrast enhanced MRI, a mature abscess often
has a distinctive rim around its edge. The signal on the edge
of an abscess is isointense or slightly hyperintense than the
signal of the white matter on T1-weighted MRI and hyperin-
tense on T2-weighted MRI. Properties of the MR signal on
the abscess edge are associated with collagen, products of
hemorrhages, and the presence of paramagnetic free radicals
in macrophages involved in the phagocytosis and heteroge-
neously distributed along the abscess periphery (Lai et al.
2005). With successful surgical or therapeutic treatment of
the abscess and a decrease in the activity of phagocytes, the
hyperintensive rim on T1-weighted MRI degrades. Thus, the
presence of the rim may serve as a better indicator of the
treatment course than the residual contrast enhancement that
can be observed on MRI with contrast enhancement for sev-
eral months after the treatment.

Multiple abscesses are rare (Fig. 39.3). A supratentorial
location is typical for brain abscesses. In practice, however,
abscesses in the posterior fossa also can be encountered.

DWI MRI usually reveals a marked increase in the MR
signal from the central parts of the abscess (purulent-necrotic
area), indicating a decrease in the diffusion of water mole-
cules in the specified area. ADC values in the central zone
and capsule of the abscess are significantly lower (p < 0.005)
than in the white matter of the brain (Table. 39.1) with diffu-
sion factor of » = 500 and b = 1000 s/mm?,

Table 39.1 compares the ADC values inside the annular
contrast-enhancement area of abscesses and glioblastomas.
In patients with glioblastomas, the necrotic area in the center
of the tumor had higher ADC values than in abscesses.

The reason for limited movement of the water molecules
in the central portion of the abscess is primarily attributed to
the presence of pus, having a high viscosity and containing
large amounts of cellular components and debris. Ebisu et al.
(1996), studying in vitro the pus aspirated from the abscess,
found an increase in MR signal on DWI and low ADC values
on ADC maps.

At the same time, it should be noted that not every abscess
content has low values on ADC maps. According to our study,
in approximately 25% of cases, ADC parameters from pus may
be greater than those from the white matter. The explanation
for this may be the effect of high T2 value from purulent masses
on ADC values when constructing the maps (Fig. 39.4).

Proton MR spectroscopy is another method of increasing
the MRI specificity in the differential diagnosis of brain
abscesses (Dev et al. 1998; Burtscher and Holtas 2001). MR
spectra obtained from the central part of the abscess have
quite specific characteristics. In the spectra of untreated
abscesses, there are peaks of acetate (1.92 ppm), lactate
(1.3 ppm), alanine (1.5 ppm), succinate (2.4 ppm), and a
pyruvate complex (0.9 ppm), which includes amino acids
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Fig. 39.2 An abscess. On T2-weighted (a), T1-weighted (b), and occupying lesion with a thin capsule intensely accumulating the con-
T1-weighted MRI after intravenous contrast enhancement (c¢), in the trast agent and a pronounced perifocal edema
deep parts of the right frontoparietal region, there is a rounded space-

Fig. 39.3 Multiple abscesses. A three-level study. On CT scans in the  contrast material in the walls of multiple abscesses in the temporo-
axial projection with contrast enhancement (a—c) on the background of  parietal-occipital region. The right lateral ventricle is drastically com-
a pronounced cerebral edema, there is ring-shaped accumulation of the  pressed, and the ventricular system is severely displaced to the left

Table 39.1 The apparent diffusion coefficient (ADC) of water molecules in abnormal brain tissues

ADC x 1073 (mm?/s) Abscess (b = 500 s/mm?) Abscess (b = 1000 s/mm?) Glioblastoma (b = 1000 s/mm?)
Abscess capsule/tumor 1.01 £0.16 0.997 = 0.09 1.18 = 0.09

Edema 1.83 +0.31 1.65 £ 0.25 1.59 +0.16

Pus/necrosis 0.58 +0.14 0.65 +0.15 2.15+0.34

White matter 0.84 = 0.07 0.80 = 0.04 0.82 = 0.04

valine, leucine, and isoleucine. Acetate, lactate, pyruvate, A new approach in the study of abscesses and surrounding

and succinate are metabolic end products associated with brain tissue is the use of perfusion methods in the diagnosis,
microbial activity. Acetate and succinate are never found in  especially those based on SKT. The capsule of the abscess in
necrotic tumors and, therefore, are specific markers of pyo- most cases is characterized by moderately elevated or decreased
genic abscesses (Fig. 39.5). CBYV and CBF values and high MTT values (Figs. 39.6 and 39.7).
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Fig. 39.4 Brain abscess. On CT (a) in the right frontal lobe of the brain, there is a microannular lesion. On T2-weighted MRI (b), a small-sized
rounded lesion with a perifocal edema is detected. An MR signal is typically high on DWI sequences (c)

Fig.39.5 Brain abscess. On
T1-weighted (a) and
T2-weighted MRI (b), in the
left frontal region, there is a
rounded space-occupying
lesion with a fairly thick
capsule and a perifocal
edema. The abscess capsule
has an increased signal on
T1-weighted MRI (arrows)
and a hypointense signal on
T2-weighted MRI. On
diffusion MRI (¢), there is
typically a high MR signal;
the presence of acetate (Ac),
lactate (Lac), and amino acid
peaks (AA) is detected by
MR spectroscopy (d). The
NAA peak is reduced
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Fig. 39.6 Brain abscess. On contrast-enhanced CT (a), T2-weighted ~On DW-MRI (f), a pronounced increase in the MR signal is observed.
(b), T2-FLAIR (c), and T1-weighted MRI before (d) and after contrast On CBV (g), CBF (h), and MTT (i) perfusion maps, there are charac-
enhancement (e), there are two ring-shaped lesions adjacent to each teristic changes in the blood flow in the capsule of the “growing”
other, surrounded by a perifocal edema in the left frontoparietal region.  abscess
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Fig. 39.7 Brain abscess. On
MRI in the left temporal
region, there is a rounded
space-occupying lesion that
intensely accumulates
contrast agent on the
periphery in T1-weighted
images (a) with contrast
enhancement, has a sharply
increased signal in DWI (b),
and decreased CBV values (c, d)
on a CT-perfusion map

Thus, a sharp increase in the signal in DWI images
(b = 1000), low perfusion values, and the presence of typical
AA, Ac, or Succ peaks facilitate the correct diagnosis of a brain
abscess.

39.2 Tuberculosis

One-third of the world’s population are carriers of tuberculo-
sis mycobacteria (Lonnroth et al. 2010); however, the dis-
ease only occurs in 10% of patients and generally develops
in the pulmonary form (Russell 2007). Brain tuberculosis is
still common in many developed countries. Tuberculomas
may have a similar radiological picture with metastases, as
they also manifest in the form of restricted lesions. The clini-
cal picture is also similar and manifests by headaches, con-
vulsions, paresis of cranial nerves. The active migration of

the population, as well as the main provocative factor—
human immunodeficiency virus may contribute to the devel-
opment of tuberculosis in recent years (Idris et al. 2007).
Tuberculosis of the central nervous system can manifest in
different forms or their combinations—meningitis, abscesses,
and much less frequently in the form of an isolated tubercu-
loma of the brain parenchyma. Keep in mind that chest radi-
ography can give a positive result only in 30% of patients
(Kaufmann 2006).

Tuberculoma consists of a central area of solid necrosis
surrounded by a capsule of collagen tissue and epithelioid,
polynuclear giant, and mononuclear inflammatory cells. TB
bacilli can be detected both in the necrotic center and the cap-
sule. There is an edema and proliferation of astrocytes outside
the capsule. Tuberculomas may be located in the cerebral cor-
tex; cerebellum; subarachnoid, subdural, and epidural spaces;
and in the spinal cord and can be single and multiple (Bernaerts
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et al. 2003; Helmy et al. 2011). In most cases, these neoplasms
are detected supratentorially, but, according to Kumar et al.
(2000), in children, they are more often located subtentorially.
In rare cases, tuberculomas are also rarely located in the
Turkish saddle, cerebellopontine cistern, pineal, and intraven-
tricular regions. The combination with involvement of menin-
ges does not always occur. Most tuberculomas are diagnosed
in patients with miliary pulmonary tuberculosis.

CT with contrast enhancement visualizes small lesions
with annular opacification. One-third of patients have a spe-
cial sign in the form of a centrally located calcification or
pinpoint contrast enhancement, surrounded by a hypointense
area with a rim with increased density. However, this sign is
not pathognomonic.

Tuberculomas are isointense relative to the gray matter on
T1-weighted MRI without contrast enhancement and may
have a slightly hyperintensive rim (because of the possible

accumulation of paramagnetic substances shortening T1,
e.g., free radicals, etc.). On T2-weighted MRI, the signal
from tuberculoma varies. They are often more iso- or hypoin-
tense than the brain matter, which is related to T2 shortening
due to the presence of free paramagnetic radicals in macro-
phages heterogeneously dispersed within the tuberculoma.
Thicker in structure than the brain substance, a mature tuber-
culoma has a decreased MRI signal on T2-weighted MRI. In
case of the fluid contents in the center (necrosis), tubercu-
loma may be hyperintense on T2-weighted MRI (Figs. 39.8,
39.9, and 39.10). The surrounding edema is minimal around
small lesions, and, as shown by CT studies, is always smaller
than edema around a bacterial abscess with an appropriate
size. The edema is significantly expressed at early stages of
the lesion formation.

CT and PT characteristics in standard sequences do not
have any differential diagnostic features—these are ring-

Fig.39.8 Tuberculoma. On T2-weighted MRI (a) in the projection of
the medial portions of the left temporal region, there is a hypointense
rounded lesion with a pronounced perifocal edema; in T1-weighted
images (b), the lesion is not differentiated on the background of edema.

On T2-FLAIR MRI (c), the lesion is also hypointense. On DWI MRI
(d), there is an increase of the signal from the lesion. After the admin-
istration of the contrast agent on T1-weighted MRI (e, f), its intensive
accumulation along the contour of tuberculoma is noted
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Fig. 39.9 Multiple brain tuberculomas. Three-level study. On
T2-weighted MRI (a, b, ¢), there are multiple lesions with an increased
MR signal in the cerebral hemispheres; on Tl-weighted contrast-
enhanced MRI (d, e, f), there are lesions with an increased MR signal

shaped cystic lesions with marked accumulation of the con-
trast agent along the contour. Calcifications are best
determined by CT. On MRI, calcifications are best visualized
by gradient echo sequence.

MR spectroscopy of tuberculomas in some cases allows
to perform differential diagnosis, but not with metastases, as
both are manifested by an increased Lip-Lac complex (Santy
et al. 2011). Diagnosis is generally based on the study of
cerebrospinal fluid. In case of involvement of the meninges,
there are inhomogeneous conglomerates accumulating the
contrast agent and fragments distributed along the arachnoid
meninges in the form of “branches.”

in the chiasmatic cistern and cisterna ambiens, in the anterior portion of
the great longitudinal fissure and lateral fissures, the lenticular nucleus
on the right and the left frontal lobe

39.2.1 Meningitis (Bacterial, Tuberculous)

The causes and predisposing factors of bacterial meningitis
can include a common infection (pneumonia, parameningeal
infection), head injury, a defect in the brain meninges, prior
surgery, cancer, alcoholism, immunodeficiency, etc. The agent
type depends on the patient’s age and predisposing factors.
Prior to entry into the CNS, bacteria usually colonize the
nasal mucosa, subsequently entering the subarachnoid space
by local tissue invasion or via a hematogenous route.
Bacteria can penetrate the meninges directly through ana-
tomical defects in the skull or from the parameningeal
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Fig. 39.10 Brain tuberculoma. On T2-weighted (a) and T2-FLAIR
MRI (b), in the convexital parts of the left temporal lobe of the brain,
there is a lesion with an increased MR signal; on T1-weighted MRI
before (c¢) and after (d, e) contrast enhancement, expressed and homo-

spaces, such as sinuses or middle ear. The resulting inflam-
matory response causes release of inflammatory cytokines,
interleukin-1 and interleukin-6, and tumor necrosis factor,
which increase the permeability of the blood-brain barrier,
resulting in the development of a vasogenic brain edema and
changes in the cerebral blood flow and may have a direct
neurotoxic effect.

Cerebral edema, hydrocephalus, and cerebrovascular
accident can occur as complications of bacterial meningitis,
but infection of the brain tissue per se is rare. Complications
may develop within a few days or weeks and are diagnosed
in nearly 50% of adults with bacterial meningitis.
Involvement of the brain parenchyma with edema and mass

geneous opacification is observed in the form of a circular lesion with
clear contours. On diffusion MRI (f), an increase in the MR signal is
undetectable

effect can be both diffuse and focal. Subdural fluid accumu-
lation formed in case of infectious involvement of the arach-
noid membrane and its necrosis become limited infectious
foci—empyemas. Inflammatory occlusion of CSF pathways
causes hydrocephalus. Ventriculitis is a relatively rare com-
plication of leptomeningitis.

MRI without contrast enhancement in patients with
uncomplicated bacterial meningitis has no specific fea-
tures. Post-contrast MRI usually visualizes opacification of
the thickened meningeal membranes surrounding the cere-
bral hemispheres (Fig. 39.11). Although symptoms of
opacification of the meninges can also be identified by CT,
however, the accuracy of MRI diagnosis is higher.



39 Intracranial Infection

h

Fig.39.11 Bacterial meningitis. On T2-weighted (a) and T1-weighted MRI in the axial (b) and frontal (¢, d) projections, on the background of
contrast enhancement, thickening and opacification of the dura mater are observed

Multiplanar MRI better visualizes the loss of elasticity of
the subarachnoid space with dilation of the great longitudi-
nal fissure, which, according to some researchers, is an early
sign of acute meningitis. In general, standard MRI and MRI
with contrast enhancement identify more manifestations of
meningitis per se and its subsequent complications, includ-
ing heart attack, cerebritis/abscess, subdural empyema, and
ventriculitis, than CT.

39.2.2 Viral Infection

Early detection and accurate diagnosis of a viral causative
agent in the CNS are extremely important, because most of
these diseases can be treated. Viruses can affect the central
nervous system in three ways: (1) by penetrating hemato-
genically (viruses carried by arthropods), (2) spreading along
axons via axonal transport (herpes simplex virus), and (3)
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causing an autoimmune reaction resulting in demyelination
of the nerve fibers (chicken pox or influenza virus).

Intracranial viral infections are manifested by focal or dif-
fuse inflammatory processes in the brain tissue (encephalitis)
and meninges (meningitis). The incidence of viral meningitis
and encephalitis is particularly high in children and adoles-
cents. The cause of the disease may be an acute or chronic CNS
infection. Viral encephalitis is most often caused by pathogens
of childhood exanthematous viral infections, viruses carried by
arthropods, as well as herpes simplex virus type 1.

On MRI, abnormal changes caused by viral encephalitis
manifest in the form of individual or interrelated hyperin-
tense areas in T2-weighted images, iso- or hypointense on
T1-weighted MRI, with a variety of mass effect signs. Foci
of subacute hemorrhage (extracellular hemoglobin) show an
increase in the MR signal intensity in T1-weighted images.
Localized or generalized brain atrophy is best visualized on
T2-FLAIR MRI. These main characteristics are observed in
the majority of cases of viral encephalitis; however, some
infections have specific manifestations that are characteris-
tics of this infection and help perform the differential
diagnosis.

Herpes simplex virus 1 (HSV-1) is a causative agent of
95% cases of herpesviral encephalitis. In adults, the infec-
tion occurs in persons with preexisting antibodies and, thus,
represents the virus reactivation. In immunocompetent
patients (without AIDS), HSV-1 virus can cause necrotizing
encephalitis of the temporal lobes and the orbital surface of
the frontal lobes. It may also affect the surface of the insular
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Fig. 39.12 The subacute phase of herpes encephalitis. On contrast-
enhanced CT (a) and T2-weighted (b) and T1-weighted MRI (c), in the
left temporal lobe, there is an extensive area with heterogeneous density
and a high signal in T1-weighted images, typical of the subacute phase

cortex, cerebral hemispheres, and posterior portions of the
occipital cortex. The involvement is usually bilateral, with
the spread to the basal ganglia (Schroth et al. 1987). Later,
with the development of the disease, the affected area may
also include the cingulate gyrus. Infections of the brainstem
may occur, which are caused by the retrograde spread of the
virus along the cisternal portion of nerve V to the
brainstem.

CT imaging shows areas with reduced density in the tem-
poral lobes, sometimes with involvement of the frontal or
occipital lobes. Opacification and hemorrhages are rarely
visualized. In herpesviral encephalitis, MRI shows early
signs of a brain edema with an increase in the signal intensity
in the temporal and anterior parts of the frontal lobes in
T2-weighted and T2-FLAIR images.

In complicated cases, perfusion CT helps to perform the
differential diagnosis of intracerebral malignant tumors.
Despite abnormal contrast enhancement in the affected brain
area, low blood flow values are registered in encephalitis.
MR spectroscopy clearly visualizes the emergence of a Lac/
Lip peak, especially in the acute phase, with its gradual
decrease during the transition to the chronic phase. The NAA
peak undergoes reverse changes: decreases in early disease
and gradually increases as the brain structure recovers. The
degree of NAA peak recovery depends on the severity of the
primary brain involvement and the beginning of antiviral
therapy. In a CT perfusion study, viral inflammatory changes
are characterized by low blood flow values (CBV, CBF) and
increased MTT values (Fig. 39.12).

of a hemorrhage. After the contrast agent administration (d), its weakly
expressed accumulation is observed on the periphery of the hematoma.
CBYV (e) and MTT (f) values are decreased
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Fig.39.12 (continued)



Parasitic Infestations

Toxoplasmosis is a parasitic disease caused by cysts of
Toxoplasma gondii, contained in the raw meat. The infection
in humans is possible not only as a result of consumption of
such meat but also through animal’s excrements, raw milk,
blood transfusion, organ transplant, the use of non-sterile
needles, cat litter, as well as via an intrauterine route. The
causative agent of the disease is widespread. From 6 to 90%
of people in different regions have anti-Toxoplasma antibod-
ies, with up to 30% of the world population being infested on
average. Toxoplasma much more commonly affects the
internal organs (brain, lungs) in patients with AIDS.

On CT without contrast enhancement, toxoplasmic
encephalitis has characteristic manifestations in the form of
multiple iso- or hypodense areas located predominantly in
the basal ganglia (76 to 88%) and corticosubcortical layer.
The disease can affect the posterior cranial fossa.
Hemorrhages are very rare. Dimensions of lesions range
from <1 to >3 cm. (Osborn 2004). Post-contrast CT images
demonstrate annular or nodular opacification. Annular
opacification with the central region with decreased density
is a common manifestation of toxoplasmosis. The rim of
contrast enhancement is usually thin and smooth, but thick
and uneven rims are encountered in large lesions (Post
et al. 1983). The ring accumulating the contrast medium
corresponds to an area of an intense inflammatory reaction,
and an edema surrounds the periphery of the ring.

MRI with and without contrast enhancement is more
sensitive to both new and chronic lesions of toxoplasmic
encephalitis than pre- and post-contrast CT. On T2-weighted
MRI, active lesions have a variable MRI signal. They can
be more hyperintense than the brain substance and indistin-
guishable from the high-intensity edema area. There may
be an iso- or hypointense lesion in the center, surrounded
by a high-intensity edema area. On T1-weighted MRI, the
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signal from the affected area can be isointense or hypoin-
tense (Figs. 40.1 and 40.2). After administration of gado-
linium, there is its annular or nodular accumulation in the
active area, well distinguished from the surrounding
hypointense edema. Typical is the uneven accumulation of
the contrast agent with formation of a local thickening
along the contour or at the center of the lesion. At the same
time, some fragments of the rest of the cyst surface can
remain non-contrast enhanced. MRI and CT patterns of
contrast enhancement are generally similar. Hemorrhages
in toxoplasmosis are rare.

If there are calcifications, the latter can be pinpoint or
quite large and dense. An encephalomalacia area may be
formed. On MRI, calcified lesions appear as areas with a
hypointense signal in T1- and T2-weighted images and are
better visible in the gradient echo sequence.

Cysticercosis is a quite frequent invasion of the central
nervous system, observed worldwide. In endemic regions,
it occurs both in immunodeficient and immunocompetent
patients. The causative agent of the disease is the larval
form of pork tapeworm (7aenia solium). The infection
occurs by ingestion of food contaminated with larvae. A
person infected by larvae becomes the main host of para-
sites during their entire life cycle. In the intestine, larvae
develop into adult tapeworms of 1-8 m long. Tapeworms
do not cause any symptoms by themselves, but they pro-
duce a large number of eggs found in the intestines and
feces. In the digestive tract, a thick outer membrane of the
egg dissolves, releasing an enclosed oncosphere. These
oncospheres or primary larvae penetrate through the diges-
tive tract walls into the blood, and 60-95% of cases affect
the brain via hematogenous dissemination. Intracranially,
oncospheres are located in the brain, meninges, choroidal
plexus, and ependyma.
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Fig.40.1 Toxoplasmosis. On
T2-FLAIR (a) and
T1-weighted MRI (b), there
are multiple foci with an
increased MR signal in
T2-FLAIR images and a
decreased signal in
T1-weighted images. On DWI
MRI (c), there are multiple
pinpoint areas with an
increased signal; larger
lesions are characterized by a
heterogeneous signal. After
CA administration, its intense
accumulation in these areas is
noted (d), with a clearly
visualized, irregular
thickening of the lateral wall
in the largest lesion in the
right frontotemporal area

(the arrow)

At the initial stage called vesicular, the disease mani-
fests as small foci that are hypodense on CT, hyperintense
on T2-weighted MRI, and hypointense on T1-weighted
MRI. These structures usually do not accumulate the con-
trast agent, do not have a cystic component, and may be
undetectable at all (Hawk et al. 2005). Subsequently, a
1-2 cm cyst is formed within the next few weeks, which is
well visualized by CT and MRI. Cysts can be seen at the
boundary of the gray and white matter, as well as in the
basal ganglia, cerebellum, and brainstem. An edema
around the cyst is small and is often absent altogether. The
cyst walls are thin and smooth. Protoscolex is visualized

as a lesion or a nodule inside the cyst, which can be seen
better on MRI than on CT (Fig. 40.3). A bright signal
from CSF on T2-weighted MRI may disguise scolex;
therefore, it is better seen in proton density-weighted or
T2-FLAIR images. At this stage, cystic walls can some-
times accumulate the contrast agent. Cysts are isointense
relative to CSF in MRI images obtained in all pulsed
sequences and have the same CT density as that of
CSFE. MRI often reveals a larger number of viable cysts
than CT.

In 5-7 years, a cysticercus larva begins to produce and
dies (the colloidal vesicular stage), and an inflammatory
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Fig. 40.2 Toxoplasmosis. On T2-weighted (a, b) and T1-weighted
MRI on the background of contrast enhancement (c—e), there are mul-
tiple foci of an increased MR signal and signs of intense accumulation

reaction develops around the parasite with formation of a
fibrous capsule. The protein concentration in the cystic
fluid increases. As a result, cysts become slightly hyperin-
tense on T1-weighted MRI and bright on T2-weighted
MRI. A scolex inside the cyst is well visualized in the
background of a high signal from the cystic contents on
T2-weighted MRI. In the granular and nodular stage, the
fluid resorption from the cyst occurs (moribund parasite),

of the contrast agent. On DWI (f), the signal is increased at the periph-
ery of the largest lesion in the right hemisphere of the cerebellum

the capsule thickens, and a granulomatous nodule forms
that has annular or homogenous contrast enhancement. At
the final stage, the nodule becomes mineralized (calcified).
Granulomatous nodules are replaced by gliosis with subse-
quent calcification, which is visualized on CT but can be
also seen on T2-weighted MRI as a small section of a
hypointense signal and even better in the gradient echo
pulsed sequence.
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Fig. 40.3 Cysticercosis. A three-level study. On a series of T2-weighted MRI (a—c) and T1-weighted MRI (d—f), there are multiple small cysts
located on the convexital surface of the cerebral hemispheres. Arrows show a parietal scolex of the parasite

40.1 Brain Echinococcosis

It is caused by a slowly growing cysticercus Echinococcus
granulosus. Inside the bladder, daughter bladders are pro-
duced that cannot grow inward but outward from the main
bladder, increasing its volume. Echinococcus is a tapeworm
that lives in the digestive tract of the vertebrates. The life cycle
of the parasite begins with excretion of its eggs with feces of a
host, which can enter the digestive tract of an intermediate
host. This parasite penetrates the intestinal wall and spreads in
the body via venous and lymphatic routes (Zayats et al. 2002).
This parasitic agent is often accumulated in the liver or lungs,
while the brain may be the end organ. Intracranial parasites
form gradually increasing cysts. E. multilocularis can also
infect the brain, forming small clusters of cysts called alveoli.

CT detects Echinococcus as a clearly delimited, rounded,
low-density area (equal to the density of CSF). Intravenous
administration of a contrast material does not change the CT
picture. The degree of displacement and deformation of the
ventricular system depends on the Echinococcus size.
Multiple cysts tend to be small sized and are combined in a
single formation, extending sometimes quite widely along
the subarachnoid space and the ventricular system (Fig. 40.4).
Calcification of hooklets or walls of dead parasites is detected
mainly in adult parasites and is related with the deposition of
lime salts in the cyst capsule (extremely rare in immature
parasites).

On MR studies, hydatid cysts are slightly more hyperin-
tense than the gray matter (proton density-weighted MRI)
and isointense in relation to the CSF on T2-weighted images.
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Fig. 40.4 Echinococcus. On T2-weighted (a) and T1-weighted MRI
before (b) and after (¢, d) contrast enhancement, a lesion is visualized
in the left temporal region, consisting of a large number of cysts (a
cluster). The walls of individual cysts accumulate contrast agents. On
diffusion MRI (e), cysts have a low MR signal. Proton spectroscopy (f)

Cysts typically have a slightly higher MR signal as compared
to CSF on T1-weighted images. There is usually no edema.
The accumulation of the contrast agent is observed in rare
cases along the cyst periphery, probably due to a local inflam-
matory granulomatous process around the capsule. A slight

of the central portions of the lesion with the cystic and capsular portions
of the Echinococcus demonstrates the presence of high peaks of succi-
nate (Succ), alanine (Ala), and lipid-lactate complex (Lac). The NAA
peak is significantly reduced

mass effect can be noted. Hemorrhages into the cavity of
hydatid cysts are rare, but possible. A distinctive feature is a
low signal on DWI MRI (b = 1000), weak accumulation of
the contrast medium, and the presence of amino acid peaks
on MR spectroscopy.



Demyelinating Diseases

The term “demyelinating disease” (DD) of the central ner-
vous system refers to primary, usually idiopathic, abnormal
processes that cause the destruction of the normal myelin
development. Such diseases currently include multiple scle-
rosis in the classical form, its atypical variants (Marburg dis-
ease, Balo sclerosis, Schilder’s disease), and inflammatory
demyelinating pseudotumor (IDP). In addition, demyelinat-
ing diseases include diseases with secondary demyelination
and destruction of myelin, such as acute disseminated
encephalomyelitis (ADEM), progressive multifocal leuko-
encephalopathy (PML), HIV leukoencephalopathy, and
some slowly demyelinating leukoencephalitis of viral etiol-
ogy. It must be emphasized that demyelinating diseases are
characterized by focal, multiple, and asymmetric white mat-
ter lesions, due to which it can often acquire an MRI picture
similar to that with secondary tumor lesions.

Demyelinating diseases are characterized by specific MR
signal changes on T1-weighted, T2-weighted, and T2-FLAIR
MRI. The entire group of demyelinating diseases, in contrast
to other processes accompanied by contrast enhancement, is
characterized by a specific and often unique sign allowing to
make the correct diagnosis: a so-called “partial” type of con-
trast enhancement observed in some lesions, in the form of
“half-rings” or “incomplete rings.”

41.1 Multiple Sclerosis

It is a chronic, progressive autoimmune disease of the central
nervous system, manifested by diffuse neurological symp-
toms and having a relapsing-remitting course in its initial
stages in typical cases (Adams and Victor 1993). The history
of the disease study begins in 1835, when the French pathol-
ogist J. Kruvelie described “spotted” or “insular” sclerosis.
MS is considered the best understood in the group of demy-
elinating diseases, but its etiology is still unclear. Etiological
hypotheses consider an infection, autoimmunity to normal
myelin, a combination of infectious and autoimmune pro-
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cesses, and toxic and metabolic causes of MS. Currently, the
most common is the hypothesis of multifactorial etiology of
MS, according to which the disease develops, when a certain
combination of external factors affects genetically suscepti-
ble individuals, causing chronic inflammation, autoimmu-
nity, and demyelination of the white matter in the CNS. The
genetic predisposition to MS remains unproven; however,
the development of MS has been established to be most
strongly associated with HLA class IT DR2 haplotype. The
role of other genes in the etiology of MS, as well as the pos-
sibility of a combination of different genetic factors, is still
discussed.

In the majority of cases, these lesions have a relatively
homogeneous MR signal and clear limits with the white mat-
ter. The form of MS plaques may be the most diverse, vary-
ing from round to irregular one. However, rounded lesions
are encountered more often; they are identified mainly in the
periventricular region and semioval centers and less fre-
quently in the corpus callosum and subcortical structures.
Individual plaques can be located in the projection of the
brainstem and cerebellar hemispheres. On T1-weighted
MR, in relapsing-remitting MS, the plaques are not visible
in most cases and only individual lesions are identified,
which are characterized by a slightly hypointense MR signal.
This group is also characterized by the absence of visualiza-
tion of subtentorial plaques in T1-weighted images.

MS plaques may accumulate the contrast agent, reflecting
transient BBB disorders. Contrast enhancement is used in
MS to identify more or less specific features in the hyperin-
tensity picture of multiple foci in T2-weighted images. It is
known that the simultaneous detection of both contrast-
enhanced and non-contrast-enhanced lesions is a characteris-
tic of MS and puts in question other diagnoses (Fig. 41.1).

The diffuse type of contrast enhancement is characterized
by opacification of an entire plaque. This type of contrast
enhancement is a characteristic for multiple, small demyelin-
ation foci (a few millimeters in size). The annular type of
contrast enhancement is observed with the accumulation of
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Fig.41.1 Multiple sclerosis.
a, b On T1-weighted MRI
with contrast enhancement,
multiple areas of its abnormal
accumulation are observed. In
“active” MS lesions, diffuse
and annular types of contrast
enhancement (a, b), as well as
the partial type, half-ring
accumulation, are observed

contrast agent in peripheral portions of larger foci—in the
form of a ring. The dimensions of these lesions usually
approach 1 cm or more. This type of contrast enhancement is
a characteristic for plaques with the presence of a perifocal
edema detectable in T2-weighted and DW images. This par-
tial type of contrast enhancement, from our point of view, is
the most pathognomonic for demyelination foci in MS, in
general, and is manifested in the form of partial CA accumu-
lation within the area of abnormal changes in the intensity of
an MR signal detected by T2-weighted MRI. At the same
time, the attention should be drawn to contrast enhancement
of MS plaques in the form of a “half-ring” or a “half-moon,”
when an increase in the MR signal intensity on post-contrast
T1-weighted images is observed only in a limited area on the
plaque periphery, not confined to annular opacification
(Fig. 41.2).

This semiannular or partial type of contrast enhancement
should be used as one of the differential diagnostic criteria
and pathognomonic symptoms of MS in the differential
diagnosis with space-occupying brain lesions characterized
by ring enhancement (full annular opacification), such as a
metastasis, abscess, parasitic infestation, tumor cysts, and
tuberculomas.

Proton MR spectroscopy (MRS) was conducted by many
authors in MS and allows to accurately assess biochemical
disturbances occurring in the lesions, to distinguish an
edema from areas of demyelination and/or incomplete
remyelination (Miller 1998). In MS, decreased NAA levels
are noted in chronic MS plaques, as well as in the normal-
looking white matter. A decrease in the NAA peak in MS is
regarded as a sign of secondary neuronal death after primary
demyelination. Consequently, this is a potential marker of
irreversible damage to the brain tissue. The data obtained
by H1-MR spectroscopy in patients with MS are dependent
on the time of the study (Loevner and Grossman 1995).

(R
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An early stage of demyelinating process is characterized by
a relative increase in the choline (Cho) peak, the emergence
of the lactate peak (Lac), a decrease in the N-acetylaspartate
(NAA) peak, and the corresponding changes in the ratio of
these peaks to the reference creatine peak (Cr). An increase
in the Cho peak is due to the impaired integrity of cell
membranes and destruction of axons in the area of active
demyelination. An increase in the Lac peak also indicates
destructive processes, cytotoxic edema, and anaerobic
glycolysis processes with accumulation of lactic acid. A
decrease in the NAA peak is due to the decrease in the neu-
ronal mass in the affected area. An increase in the myoino-
sitol (mlI) peak is not a characteristic for an acute
demyelination process and only occurs in chronic demyelin-
ating diseases as a result of developing gliosis. However,
taken separately, MR spectroscopy findings are insufficient
for the differential diagnosis between a demyelinating pro-
cess and glial brain tumors (e.g., anaplastic astrocytomas)
having a similar spectral picture (Podoprigora 2001).
Overall, the findings suggest that MR spectroscopy is able
to reflect stages of histopathological changes in MS, allow-
ing to track the history of disease and monitor the effective-
ness of treatment.

MR/CT perfusion studies are also promising directions
in the study of MS, identifying characteristics of tissue
perfusion in the “seemingly normal” and affected white
and gray matter. This study revealed differences in perfu-
sion of acute (active) and chronic (inactive) MS plaques
(Fig. 41.3).

It should be noted that there is no involvement of the
meninges and ependymal layer of the ventricular system in
MS. Furthermore, MTSs are characterized by an annular
type of uniform contrast enhancement with simultaneous
opacification of all the lesions, and there is no contrast
enhancement in the form of “half-rings.”
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Fig. 41.2 Multiple sclerosis. On T2-weighted (a), T1-WI (b), edge of one of the portions (indicated by the arrow). All lesions are
T2-FLAIR (c), and Tl-weighted MRI after intravenous contrast hyperintensive on T2-FLAIR (c¢). On DWI (f), the signal from demye-
enhancement (d, e), there are multiple areas with an altered signal. lination foci is increased

Contrast enhancement in the form of a “half-ring” is observed along the

Fig. 41.3 Multiple sclerosis (pseudotumor form). On T2-weighted eral character (d). On CBV and CBF perfusion maps (e, f), at the level
(a—c) and T1-weighted MRI with contrast enhancement (d), there are  of a major lesion in the right parietal region, there is a marked area with
multiple demyelination foci. Contrast enhancement has open, periph-  reduced perfusion
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Fig. 41.3 (continued)

41.2 Acute Disseminated
Encephalomyelitis (ADEM)

It is an inflammatory demyelinating disease that is more com-
mon in children but can occur in all age groups. Usually, it is
clinically manifested in the form of a single-phase process
limited by the central nervous system, developing in a few
weeks after a nonspecific viral infection (measles, rubella,
mumps, chicken pox, mononucleosis, Epstein-Barr virus,
pertussis, mycoplasma, or Coxsackie B infection) or after
vaccination (rabies, diphtheria, smallpox, tetanus, and
typhoid). The disease can occur spontaneously on the back-
ground of good health.

MRI in ADEM visualizes a pattern identical to initial
stages of the acute phase of MS. A number of patients
diagnosed with ADEM subsequently experience a marked
exacerbation, and the diagnosis is changed to MS. On
T2-WI, there are multiple foci with a high homogeneous
(due to the simultaneous occurrence) signal in the supra-
tentorial white matter, brainstem, and cerebellum with fre-
quent involvement of the deep gray matter. Lesions may be
large, but a mass effect is usually minimal. MR follow-up
usually identifies a marked reduction in the size of lesions
(Figs. 41.4 and 41.5). In some cases, a full recovery after
steroid therapy occurs. Exacerbations and new lesions can

occur as a result of delays in discontinuation of therapy
with corticosteroids.

In ADEM (similar to MS), in most cases, there is annular
contrast enhancement. Accumulation of a contrast agent in
the form of “half-rings” is less typical, since the demyelinat-
ing process is acute and monophasic; however, the lack of
contrast enhancement of foci in ADEM does not contradict
the diagnosis.

The use of new technologies, in particular, new study pro-
grams in MRI, allowed to objectify earlier assumptions
about the relationship between a lesion with acute demyelin-
ation and cerebral veins—the hypothesis of perivenous
inflammatory demyelination. The use of MRI with high
magnetic field (1.5 T or greater) as well as 3D gradient echo
pulse sequence or the SWI (SWAN) sequence “sensitive” to
magnetic field inhomogeneities (susceptibility-weighted
imaging) allows to visualize the venous structures passing
through the entire acute demyelination plaque (Fig. 41.6).

Demyelinating processes, even in the active stage, are
not characterized by an unusual increase in perfusion
parameters; on the contrary, there is a decrease in CBV
and CBF values. ADEM is no exception. An increase in
MTT values is noted along the contour of large lesions due
to mechanical effects on the brain tissue (Fig. 41.7). A
marked reduction in the RP accumulation is noted with the
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Fig. 41.4 Acute disseminated encephalomyelitis. MRI identifies mul-
tiple large foci of demyelination in the white matter of the cerebral
hemispheres on both sides, with a hyperintense signal in T2-weighted
images (a) and a hypointense signal in T1-weighted images (b).
Accumulation of the intravenous contrast agent on the peripheral bor-
der of the lesions in the form of “rings” and “half-rings” (c¢). On DWI

use of BF-FDG. We performed several studies with
BF-tyrosine in MS and ADEM patients at different stages
of the disease and noted a moderate increase in its accumu-
lation in the projection of demyelinating lesions but by
several orders of magnitude lower than that in metastatic
tumors (Fig. 41.8).

NAA
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MRI with b = 500 (d) and b = 1000 (e), there is a decrease in the signal
from the central areas of demyelination foci (areas of myelin destruc-
tion) and a high signal from the periphery of the foci. MR spectroscopy
(f) shows a high double-humped Lac peak, a decrease in the NAA peak,
and an increase in Cho peaks

Thus, demyelinating diseases may mimic metastases only
in case of multifocal manifestation. Accumulation of the
contrast agent allows almost completely to eliminate metas-
tases due to its heterogeneity and blurring. Additional study
protocols—MR spectroscopy and perfusion protocols—
leave no doubt as to the non-tumoral nature of lesions.
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Fig.41.5 Acute disseminated encephalomyelitis. Follow-up MRI stud-  after intravenous contrast enhancement (¢, d), the foci intensely and
ies. On T2-weighted (a) MRI in the axial projection and T2-FLAIR MRI  unevenly accumulate the contrast agent. One month after the first study
(b) in the sagittal projection, there are multiple foci with an altered signal (e, f), there is a decrease in the number and size of demyelination foci,
and different sizes and shapes, supratentorially in the white matter of the  regression of perifocal edema in the lesions, and a decrease in the volume
cerebral hemispheres and the corpus callosum. On T1-weighted MRI  of white matter with a compensatory expansion of the lateral ventricles

Fig.41.6 Acute disseminated
encephalomyelitis. T2-FLAIR
MRI (a) shows the presence of
multiple large lesions with
abnormal changes in MR signal
located in the subcortical region
of both cerebral hemispheres.
All lesions are characterized by
the same type of peripheral
contrast enhancement (b),
followed by diffuse
opacification of the entire
plaque on delayed post-
contrast images (c¢). 3D GRE
sequence clearly demonstrates
hypointense linear structures
passing through the entire
demyelination lesion—veins
(d)—in individual plaques
(the arrows)
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Fig.41.6 (continued)

Fig. 41.7 Acute disseminated encephalomyelitis. In the tissue of the low accumulation of the contrast agent is noted in one of the areas
cerebral hemispheres, there are multiple areas with unclear and irregu-  located in the right frontoparietal region; the rest of the lesions have no
lar contours with an increased signal in T2-weighted, T2-FLAIR, DWI  signs of accumulation of the contrast agent. On CT-perfusion maps of
MRI (a, b, d). On T1-weighted MRI (c) with contrast enhancement, CBV (e) and CBF (f), perfusion values are low in these areas
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Fig. 41.8 Acute disseminated encephalomyelitis. In the tissue of the
cerebral hemispheres, there are multiple areas with unclear and irregular
contours with an increased signal in T2-weighted, T2-FLAIR MRI
(a, ¢) and a decreased signal in T1-weighted MRI (b). On T1-weighted
contrast-enhanced MRI (d), there are areas of intense and inhomoge-
neous accumulation of contrast agent. On MR tractography (e),
individual fibers from conductive tracts are absent in the abnormal

areas. On ASL MRI (f), there is decreased perfusion. In SWI (SWAN)
images (g), low signal areas are not visualized. On PET with F-FDG
(h), no signs of abnormal radiopharmaceutical accumulation were iden-
tified; on PET with 18F-tyrosine (i), there are areas with increased
radiopharmaceutical accumulation in some zones. On CT perfusion
maps, no increase in CBV (j), CBF (k), and MTT (1) was observed
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Fig.41.8 (continued)



Traumatic Brain Injury

Acute hemorrhagic lesions from multiple contusions (up to
3 days) of the brain can be visualized by MRI with a certain
degree of similarity of the tissue characteristics to those in
metastatic lesions. A situation, when patients can be trans-
ported to the hospital in an unconscious state, cannot be
excluded, since this can also occur as a result of strokes and
hemorrhages into tumor lesions.

Such lesions in the acute stage contain mostly intracellular
paramagnetic deoxyhemoglobin, which is formed upon dis-
sociation of oxygen and hemoglobin. Since deoxyhemoglobin
in undamaged hypoxic red cells does not cause a shortening of
T1, hemorrhagic injuries have a normal or weakly hypoin-
tense signal in this sequence. The high concentration of red
blood cells and fibrin in the clot is causing shortening of T2
and the emergence of very low signal areas in T2-weighted
and T2*-weighted, T2-FLAIR images (Fig. 42.1). A few days
later, the lesion of subacute contusion begins to “liquefy” with
the development of a vasogenic edema that increases within
the first week, which may be the cause of cerebral herniations.
With the transformation of deoxyhemoglobin to the paramag-
netic intracellular methemoglobin, the interaction between
hydrogen atoms and the paramagnetic methemoglobin center
is the cause of high signal intensity in T1-weighted images,
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which first manifests along the periphery of the contusion.
Intracellular methemoglobin is characterized by a low signal
in T2-weighted images.

After the rupture of the membranes of red blood cells and
migration of methemoglobin into the extracellular space (a
subacute phase), a change in the hemorrhagic contusion or
hematoma occurs on the MRI scan—a high signal from
extracellular methemoglobin in TI- and T2-weighted
images. New vessels on the periphery of the lesion have no
close endothelial connection, as it happens in the intact
blood-brain barrier; therefore, accumulation of the contrast
agent can be determined on the periphery of the lesion on CT
and MRI, while blood vessels of the fragile granulation tis-
sue predispose to repeated hemorrhages. At the same time,
CT shows a decrease in the density of the contusion lesion
and a mass effect due to the reduction in edema. The periph-
eral rim of hemosiderin and ferritin has a weekly intense sig-
nal in Tl-weighted images and a significantly lower in
T2-weighted images—the beginning of transition into the
chronic phase of hematoma. The clot resorption starts from
the periphery to the center, depending on the size of a hemor-
rhage. The duration of this process may vary from one to
several weeks.
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Fig. 42.1 Multiple brain contusion lesions. In both cerebral hemispheres on T2-weighted (a) and T2-FLAIR MRI (b, ¢), there are areas with a
low signal in the center and an increased signal in the periphery



Fungal Infections (Mycoses) of CNS

Affecting the central nervous system, a fungal infection is
regarded as an opportunistic granulomatous disease that can
be acute and fulminant or chronic and slow. Fungi can invade
the central nervous system and cause meningitis or paren-
chymal focal lesions in some patients suffering from sys-
temic fungal infections.

MRI and CT manifestations of fungal infections are simi-
lar to those of tuberculosis (Lyons and Andriole 1986; Sze
et al. 1998). CT and MRI can identify a space-occupying
brain lesion, abscesses, infection foci in the eye sockets or
sinuses, and hydrocephalus. The most common fungi are
divided into opportunistic microorganisms that affect only
immunocompromised patients (Candida, Aspergillus,
Mucor) and microorganisms that also infect immunocompe-
tent individuals. Cryptococcosis, histoplasmosis, and blasto-
mycosis may arise both in previously healthy individuals and
in patients with compromised immunity. Candida,
Aspergillus, Mucor, and Cryptococcus neoformans live
worldwide; the rest are endemic to certain geographical
areas of the world. In addition, pathophysiology of fungal

Table 43.1 Pathogens of fungal meningitis
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infections of the central nervous system depends on the fun-
gus species. Fungi that reproduce as yeast (by division) enter
the CNS via the hematogenous route (Cryptococcus and
Histoplasma), enter the microvascular system of meninges,
and penetrate the vascular wall, causing acute or chronic
meningitis. Intracerebral lesions, such as granulomas or
abscesses, are less common (Gaviani et al. 2005).

Fungi that reproduce in the infected tissue by hyphae
(Aspergillus, Mucor) or pseudohyphae (Candida) tend to
invade the parenchyma, not the meninges, since the blood
supply of meninges is insufficient for them. Hyphae that
form fungal colonies are able to penetrate and occlude large,
medium, and small arteries, resulting in cerebral vascular
accidents and cerebritis (Table 43.1).

CNS infection with Candida species often results in dif-
fuse granulomatous intracerebral microabscesses, secondary
to occlusion of small arterioles (Zimmenmann et al. 1987).

Cryptococcus neoformans is a fungus that most commonly
affects the central nervous system in patients with
AIDS. Clinically, fungal infection is observed in 6-7% of

Pathogen Opportunistic Other affected structures Characteristic changes in CSF

Cryptococcus Sometimes in AIDS Lungs, bones, joints Viscous consistency, stained

neoformans with ink, positive reaction to
anti-cryptococcal antigen

Coccidioides immitis No Lungs, skin, bones Positive reaction of
complement binding

Candida Yes Mucous membranes, skin, esophagus, urinary tract, Positive Gram stain

heart
Aspergillus Yes Lungs, skin Neutrophilic pleocytosis

Mucor

Yes (in diabetes mellitus)

Eye sockets, paranasal sinuses

Histoplasma capsulatum | Occasionally Lungs, skin, mucous membranes, heart, visceral
peritoneum

Blastomyces dermatitidis | No Lungs, skin, bones, joints, visceral peritoneum

Actinomyces1 No Jaws, lungs, abdominal cavity, eye socket, sinus, skin.

Nocardia® Yes Lungs, skin

“Microorganisms that occupy an intermediate place between bacteria and fungi
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patients. Moreover, in 45% of HIV-infected patients with
cryptococcosis, the clinical picture is manifested simultane-
ously with manifestations of the fungal infection (Davenport
et al. 1992). The usual route of infection is inhalation. CNS
cryptococcosis causes meningitis of the brain base. A common
and often the only symptom of subacute fungal meningitis is
headache. Clinical manifestations can also include neck stiff-
ness, seizures, and signs of increased intracranial pressure.

Diagnosis is made based on staining, isolation of crypto-
coccal antigens, or fungal culture of cerebrospinal fluid.

MR manifestations of fungal meningitis are nonspecific.
The CT picture is often negative. Signs identified by CT in
the form of atrophy and open hydrocephalus are nonspecific.
Contrast enhancement of meninges may be observed in
patients with compromised immunity, but not always. MRI
is more sensitive to fungal infections, than CT, but it often
does not detect any abnormalities. Contrast-enhanced MRI
can visualize opacification of meninges, which is usually not
determined by MRI without contrast enhancement
(Whiteman et al. 2002).

Virchow-Robin spaces are the place where fungi settle and
begin to propagate. A fungal infection produces a large amount
of mucus in these perforating vessels coming from the basal
cisterns into the brain substance, which fills and dilates the

perivascular spaces. This is most evident in the basal ganglia
and the midbrain but is also sometimes detected in all brain
tissues (Mathews et al. 1992). In such cases, the infectious
agent is extrinsic relative to the brain tissue and does not cause
any visible inflammatory response. Parenchymal/leptomenin-
geal nodules are presented in the cortex by small granulomas
(Sze et al. 1987).

MR manifestations of candidiasis are nonspecific. On
T2-weighted MRI, abscesses caused by Candida spp. appear
as clearly delimited hypointense signal areas surrounded by
a large high signal area representing an edema (Sze et al.
1998). Some call this manifestation a “target” (like in a
shooting range). Rarely CNS candidiasis may cause
meningitis and meningoencephalitis or form a granuloma
(Fig. 43.1).

The most common signs on CT and MRI are an abnormal
increase in contrast enhancement of the meninges on the sur-
face of the cerebral hemispheres and basal cisterns, commu-
nicating hydrocephalus, and constriction of the fourth
ventricle and a part of the third or lateral ventricles with for-
mation of obstructive hydrocephalus. Less commonly
observed is induration of the white or deep gray matter,
which represents granulomas. Vascular occlusions are quite
rare, but vasculitis can occur in Coccidioides.
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Fig. 43.1 Cryptococcosis. On MRI in the projection of the cerebral intensely, homogeneously accumulating the contrast agent (¢, d). The
aqueduct, there is a round space-occupying lesion with an iso- quadrigeminal plate is deformed backwards. There is no pronounced
hypointense signal in the MR-myelography sequence (a) with a well-  edema of the brain tissue

determined thin CSF rim and isointense in T1-weighted MRI (b) and



Conclusion

As it has been repeatedly noted, the number of patients with
metastatic brain lesions is growing, including due to
improved quality of treatment of cancer patients—patients
live longer and, as expected, this increases the long-term risk
of distant metastases.

Metastatic brain involvement is an issue that really
unites oncologists of any specialization, as this secondary
brain damage can be observed in various malignant tumors.
The decision on the tactics of treatment in this type of
patients is very individual: drug therapy or radiosurgery
can be used in case of small metastatic lesions, while sur-
gery or symptomatic treatment is the option for solitary
large lesions. Such decisions are always made on a colle-
giate basis by a joint discussion of neurosurgeons, radiolo-
gists, and chemotherapists. Patients with neuro-oncological
diseases should be provided specialized medical care to a
certain extent, and the designated vector of our profes-
sional aspirations has irrefutable and compelling reasons:
real progress in the treatment of these patients, a signifi-
cant reduction in the proportion of patients who were pre-
viously condemned for symptomatic treatment due to the
feeling of hopelessness and despair. The breakthrough in
modern technology of drug and radiation treatment of
neuro-oncological patients allows to provide therapy with
a complete “response” even in cases of multiple metastatic
lesions. Undoubtedly, in case of the slightest suspicion of
metastatic brain lesions or when searching the primary
focus, the information about the disease dissemination and
the history of cancer must be obtained as quickly as pos-
sible. Therefore, our ability to objectively and precisely
identify metastases in the patient’s body in general and in
the brain in particular is an extremely important factor.
How much we can rely on the modern diagnostic technol-
ogy, including neuroimaging, depends on the justified
choice of treatment tactics, possibly determining the fate
of the patient: what should be done in a particular case—
antitumor or symptomatic treatment?!

Undoubtedly, successful treatment cannot be imagined
without a preliminary comprehensive investigation. This is
also applicable to interim investigations to assess the effec-
tiveness of the therapy.

© Springer International Publishing AG 2018
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In this monograph based on the results of the diagnosis
and treatment of more than 3000 patients with metastatic
brain lesions from malignant tumors with various origins and
sites, the authors present to the professional audience their
expertise and opinions on the essence of the issue of indica-
tion and identification of metastases in the brain in the con-
text of current and future possibilities, as well as of what
should be strived for in general.

The first part of the monograph is devoted to the main bio-
logical and pathophysiological processes associated with the
occurrence and further growth of metastatic tumors in the
brain, as well as conditions, causes, and mechanisms resulting
in their characteristic clinical manifestation or characteristic
sings that can be detected and recorded by means of modern
radiology technologies. Despite the fact that the authors focus
on visual characteristics of tumors, it is the complex of clinical
data and diagnostic images obtained using radiation methods
that allows to make a diagnostic conclusion.

The second part discusses current technical possibilities
of CT, MRI, PET diagnostics, as well as their findings “syn-
thesized” as relevant diagnostic images obtained in the study
of metastases in the brain from primary tumors with various
histogenesis and sites. The authors hope that images with CT
and MR manifestations of various metastatic lesions and
comments to them will help our colleagues in their profes-
sional activities. In addition, a number of patterns discovered
of the authors in the interpretation of diagnostic images
could also be useful. Among them are, for example:

— a decreased signal in T2-weighted images, more charac-
teristic of colon cancer metastases in the brain;

— radiologic signs of a hemorrhage in the tumor stroma are
typical for melanoma metastases;

— a cystic nature of metastatic lesions is more common in
metastases of ovarian cancer and pancreatic cancer;

— the highest perfusion parameters (CBV, CBF) are typical
for metastases of renal cancer and melanoma metastases,
while low—for metastases of ovarian cancer;

— the use of perfusion protocols, as well as PET with
8F-tyrosine allows to identify the tumor tissue on the
background of a hemorrhage.
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Unfortunately, in the real-world practice MRI and CT stud-
ies without contrast enhancement are still performed in
patients with suspected focal brain lesions, which is unaccept-
able. MR protocols such as DWI, MR spectroscopy, ASL, and
some others did not allow us to identify any signs that show
the “nature” of metastases, however, these protocols found
their use in the differential diagnosis of metastases with other
focal brain lesions. First of all, the difficulties in identification
occur with the most common metastases of lung cancer and
breast cancer, but eventually the solution will be probably
found by investigating the receptor properties of tumors using
radioisotope techniques (for example, PET). The search for a
possible relationship between the site of metastatic lesions in
the brain and the histogenesis of a primary tumor continues:
preliminary data published by a number of researchers support
the existence of such a relationship.

The attention should be paid to the issue of finding and
identifying the primary tumor, manifested for the first time
exclusively by intracranial metastases: in 17% of our cases
of these patients, PET with '"8F-FDG did not reveal any
abnormal accumulation of RP outside the brain. At the same
time, the assessment of the total diagnostic information
including CT, MRI, and PET findings gave a reason to con-
sider extracranial cancer in 10% of cases (a false negative
result), while the histological examination of biopsy and sur-
gery material confirmed the secondary nature of brain
lesions.

Undoubtedly, PET is currently the most sensitive and spe-
cific method for the diagnosis of unknown primary tumor in
patients with metastatic brain lesions, although there is an
increase in the role of a relatively simple-to-use “whole
body” methods, such as DWI MRI. A comparison of the
whole body PET cost, whose high cost is one of the main
disadvantages, to the total cost of a standard set of diagnostic
procedures (ultrasound, X-ray, endoscopic diagnosis, CT
and MRI scans of the chest or abdomen, etc.) aimed at
achieving the same goal (identification of the primary tumor)
showed that a PET study is cheaper and, just as importantly,
allows to solve diagnostic issues in a much shorter time.
However, despite its clear advantages over the above com-
plex of diagnostic measures, the PET method still has some
significant limitations that do not allow to use it as a screen-
ing method. First of all, it is a technically demanding proce-
dure; in addition, not all tumors have affinity for the most
commonly used radiotracer—'"®F-FDG. Nevertheless, sub-
ject to further development of radiochemistry, the method
has great prospects.

The third part is devoted to the results of the use of diag-
nostic technologies in numerous cases of patients with meta-
static tumors in the brain with a differentiated analysis by the
location of the primary tumor. The statistical data on the inci-
dence of certain cancers and the risk of metastasizing to the
brain are provided. The use of the complex of methods in

particular, including CT, MRI, and PET, allowed the authors
to suggest the secondary nature of intracranial tumors in
most cases. In case brain metastases were initially suspected,
one-study whole body and brain DWI MRI or PET were
used for the detection of the primary tumor and evaluation of
the disease dissemination in general.

In the fourth part, we undertook a comparative analysis of
the results of radiation diagnosis, based on a comparable
number of cases of primary tumors and other focal brain
lesions. This analysis was needed to find reliable criteria for
the differential diagnosis of pathological conditions with
such similar clinical and neuroimaging manifestations. In the
context of secondary tumor lesions of the brain, solutions to
differential diagnostic difficulties are presented by a large
number of relevant illustrations and comments.

Primary brain tumors have their patterns of growth and
development, rarely metastasize, and are an object of profes-
sional interest of neuro-oncologists and neurosurgeons.
Accumulation of a contrast agent by an intracerebral tumor is
not always a sign that it is malignant, however, the authors did
not encounter a single case of metastatic lesions without
abnormal accumulation of the contrast medium by secondary
tumors of the brain. It has been shown that neither multiplic-
ity nor solitarity of intracranial lesions, nor the size of tumor
lesions, nor the presence of perifocal edema is specific symp-
tom of metastases or glial tumors. The use of advanced MRI
protocol can significantly improve the quality of diagnosis:

— on DWI MRYI, the signal from the solid metastasis portion
is higher than the signal from intracerebral tumors due to
a denser structure of secondary tumors,

— intactness of the conductive tracts in the tumor structure
established in MR tractography suggests a primary brain
tumor,

— the presence of a choline peak in the spectrum is more
typical for an intracerebral tumor,

— a small number of hypointense inclusions or their com-
plete absence on SWI (SWAN) MRI is characteristic for
metastatic, not primary malignant brain tumors,

— a sharp increase in the accumulation of '®F-FDG by the
tumor is more characteristic for lymphomas, than for gli-
omas or metastases (except for melanoma metastases);

— a significantly increased signal on DWI MRI is more
characteristic for inflammatory changes (abscesses);

— adecrease in perfusion values (both in CT and MRI per-
fusion) is not characteristic of malignant tumors, at the
same time allows to think about a demyelinating or
inflammatory disease.

The authors pay particular attention to identification,
verification, and differential diagnosis of treatment-induced
changes in the brain tissue at the tumor lesion. The issue of
identifying post-radiation changes (necrosis) after various
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radiotherapy regimens is relevant for almost half of cases of
patients who received this treatment: modern possibilities of
evaluating the effectiveness of antitumor treatment using
radiation diagnostic technologies have found a worthy
reflection in this monograph. DWI MRI and MR spectros-
copy did not show any diagnostic value in differentiation of
a residual tumor from post-radiation changes in the brain
substance, in contrast, PET and perfusion methods allow to
determine the presence of a residual tumor tissue in most
cases. It must be said in fairness that the mixed nature of the
changes in patients treated for intracranial malignant neo-
plasms (a combination of a residual tumor with necrotic tis-
sue in the area of therapeutic intervention) occurs much
more frequently, and this is due to the lack of any reasonable
time frames to perform follow-up studies after the treat-
ment, while a simplified interpretation of changes with time
in the size of lesions is not an unambiguous reflection of a
benefit or failure of the treatment.

Of course, it is extremely difficult to summarize and dis-
play all the cumulative experience of the authors. The scien-
tific results of many years of work became instantly obsolete
as new technological opportunities occurred, encouraging
the authors to investigate them, while constantly emerging
new analytical data delayed the publication of this book over
and over again. The authors sincerely hope that their work
will not be ignored by the professional community and will
broaden the range of researchers of the diagnosis issues
related to metastatic tumors in the brain and will hasten their
effective solution.

The authors express their deep gratitude to the scientific
personnel, doctors, nurses, and radiologic technologists of
diagnostic departments at the research institutions of the
Ministry of Health of the Russian Federation—N. N. Blokhin
Russian Cancer Research Center and N. N. Burdenko National
Scientific and Practical Center for Neurosurgery for their par-
ticipation in the clinical work that underlies this monograph.
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