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Preface

Until recently, endocrinology and critical care medicine were two specialties
in medicine that were rather uncomfortable with each other and hence quite iso-
lated. Fortunately, these two ‘alien’ disciplines have joined forces in successful
attempts to perform high quality research in order to clarify the unknown. By
integrating endocrinology in critical care medicine, or vice-versa depending on
the specialty of the observer, new experimental and clinical data on the complex
endocrine and metabolic derangements accompanying non-endocrine severe ill-
nesses came available which generated important novel insights with relevant
clinical implications. In addition, the state of the art diagnosis and management
of primary endocrine diseases that represent life-threatening situations leading
to ICU admission has been updated. This issue of Contemporary Endocrinology
aims at compiling the new findings. The book indeed covers both areas of ‘Acute
Endocrinology’ that are often taking care of at very distant sites within hospitals.
The first part deals with the classical life-threatening illnesses caused by primary
endocrine diseases such as thyrotoxicosis, hypothyroidism, acute adrenal crisis,
acute calcium disorders, pheochromocytoma, severe hyper- and hypoglycemia .
The second part looks at endocrinology from the ICU side, starting with a gen-
eral overview of the dynamic neuroendocrine and metabolic stress responses in
the condition of intensive care-dependent, non-endocrine critical illness. Alter-
ations within several of the endocrine axes briefly touched upon in the overview
chapter are then further discussed in detail in the following chapters: critical ill-
ness induced alterations within the growth hormone axis, the thyroid axis and
the pituitary adrenal axis, changes in catecholamines, glucose control, and salt
and water metabolism. This last chapter on salt and water disturbances bridges
both the endocrine and non-endocrine causes and their specific approaches.

I am confident that this book provides a unique and up-to-date overview of
the state of the art knowledge of interest to the most alien of disciplines in
medicine and stimulates further interdisciplinary research in this important and
exciting field.

Greet Van den Berghe, MD, PhD
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1 Thyrotoxicosis

Powlimi |. Nadkarni, MD and Kenneth
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INTRODUCTION

Thyrotoxicosis refers to a state of excess thyroid hormones in the circulation
resulting in signs and symptoms of thyroid over-activity. The sources of thyro-
toxicosis can originate either from the thyroid gland or from an extra-thyroidal
source. The term hyperthyroidism refers to thyrotoxicosis resulting from direct
production of excess thyroid hormone by the thyroid gland itself (/). The severity
of thyrotoxicosis can range from subclinical laboratory abnormalities to overt
thyroid storm depending on the degree of thyroid hormone elevation, etiol-
ogy, age of the patient, and extra-thyroidal manifestations (/). In the United
States, the prevalence of thyrotoxicosis is estimated to be 1.2%, of which 0.7%
is secondary to subclinical hyperthyroidism (/,2). The most common cause of
endogenous thyrotoxicosis is Graves’ disease. Other common causes include
toxic multinodular goiter, solitary toxic adenoma, subacute and postpartum

From: Contemporary Endocrinology: Acute Cause to Consequence
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Part I / Potentially Life-Threatening Emergencies

thyroiditis, and iodine exposure. More unusual etiologies are thyroid-stimulating
hormone (TSH) secreting pituitary adenomas, trophoblastic tumors secreting

HCQG, and struma ovarii. Box 1 reviews the causes of thyrotoxicosis.

Box 1: Causes of Thyrotoxicosis

Thyroidal (Hyperthyroidism): Extra-thyroidal:
Graves’ disease Thyrotoxicosis factitia
Toxic multinodular goiter Ectopic thyroid tissue
Solitary toxic adenoma ..
Thyroiditis - Stumaovari
— Metastatic functioning differ-
— Subacute entiated thyroid cancer
— Painless/silent
— Postpartum

Todine-induced
— Amiodarone-induced
Trophoblastic tumors

— Hydatidiform mole
— Choriocarcinoma

Hypersecretion of TSH

— TSH secreting pituitary ade-
noma

Pituitary resistance to thyroid hor-
mone

CAUSES OF THYROTOXICOSIS

Graves’ Disease

EPIDEMIOLOGY

Graves’ disease (also known as von Basedow’s disease in Europe) was first

described in 1835 by Robert Graves, who identified the triad of goiter, palpi-
tations, and exophthalmos. It is now well-recognized that hyperthyroidism due
to Graves’ disease is caused by antibodies that stimulate the thyroid gland TSH
receptor to produce excess thyroid hormone resulting in the signs and symptoms
of thyrotoxicosis. Graves’ disease is the most common etiology of endogenous
hyperthyroidism worldwide accounting for sixty to eighty percent of patients
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with hyperthyroidism (3). It is a common autoimmune disorder in the United
States with an annual incidence around 0.5 per 1000 (4). It is more prevalent
among women than men and most commonly occurs between about the age
twenty and fifty (3,4).

PATHOGENESIS

The underlying mechanism behind Graves’ disease is an autoimmune reac-
tion from auto-antibodies that bind to the TSH receptor in the thyroid gland.
There is a simultaneous and variable production of thyrotropin stimulatory and
inhibitory antibodies resulting in differences in the severity of presentation (3).
Thyroid stimulatory antibodies have dual function causing not only hyperfunc-
tion of the thyroid gland, but also hypertrophy and hyperplasia of the thyroid
follicles resulting in the characteristic diffuse goiter (3,5). On pathologic exam-
ination, lymphocytic infiltration is also seen. Female gender is a strongly asso-
ciated predisposing factor linked to the development of Graves’ disease with
a female to male incidence ratio of 7 to 10:1 (6). Other postulated etiologies
include a combination of genetic, viral, stress-induced, and environmental (med-
ications, radiation exposure) factors (/,3). Smoking, although weakly associated
with Graves’ disease, is a significant risk factor for the development of Graves’
ophthalmopathy (7).

CLINICAL MANIFESTATIONS

The classic triad of Graves’ disease is a presentation of diffuse goiter, signs
and symptoms of thyrotoxicosis, and ophthalmopathy. Occasionally, an infiltra-
tive dermopathy (i.e., pretibial myxedema) can also accompany the symptoms
(1). The severity of symptoms often depends on the degree of thyrotoxicosis
but the majority of patients present with nervousness, fatigue, hand tremor, heat
intolerance, weight loss despite a good appetite, a rapid heartbeat or palpitations
(3). The major symptoms and signs of hyperthyroidism and specifically those
manifesting during Graves’ disease are listed in Box 2. Extra-thyroidal manifes-
tations of Graves’ disease include Graves’ eye disease and Graves’ skin disease.
Fifty percent of patients initially present with clinically evident eye disease and
of those, eye disease is manifested within a year (prior to or following) of the
diagnosis of hyperthyroidism (3). In contrast, dermopathy occurs in only one to
two percent of patients with Graves’ disease, generally co-existent with severe
ophthalmopathy (3). The physical findings of ophthalmopathy and dermopathy
in the setting of a patient with hyperthyroidism and diffuse goiter are adequate
to confirm the clinical diagnosis of Graves’ disease. Testing for serum thyroid
antibodies (i.e., thyroid stimulating immunoglobulins) and a radionuclide scan
(i.e., '?3I) showing diffuse trapping of isotope with an elevated percent uptake
can provide further diagnostic aids in making the diagnosis.
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Box 2: Major Symptoms and Signs of
Hyperthyroidism and of Graves’ Disease and
Conditions Associated with Graves’ Disease

MANIFESTATIONS OF HYPERTHYROIDISM

Symptoms:

e Hyperactivity, irritability, altered mood, insomnia, inability to con-
centrate

e Heat intolerance, increased sweating
e Palpitations
e Fatigue, weakness
e Dyspnea
e Weight loss with increased appetite (weight gain in 10% of patients)
e Pruritis
e Increased stool frequency
e Thirst and polyuria
e Oligomenorrhea or amenorrhea, loss of libido

Signs:
e Sinus tachycardia, atrial fibrillation
e Fine tremor, hyperkinesis, hyperreflexia
e Warm, moist skin
e Palmar erythema, onycholysis
e Hair loss
e Muscle weakness and wasting
e Rare: Congestive (high-output) heart failure, chorea, periodic paral-

ysis (primarily in Asian men), psychosis
Manifestations of Graves’ disease

o Diffuse goiter

e Ophthalmopathy (grittiness and discomfort in the eye, retrobulbar
pressure or pain, eyelid lag or retraction, periorbital edema, chemo-
sis, scleral injection, exophthalmos (proptosis), extraocular-muscle
dysfunction, exposure keratitis, optic neuropathy)

e Localized dermopathy (usually in the pretibial area but can occur
elsewhere such as in the preradial area and face)

e Lymphoid hyperplasia, including thymic hyperplasia

e Thyroid acropachy
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Conditions associated with Graves’ disease

Type 1 diabetes mellitus

Addison’s disease

Vitiligo

Pernicious anemia

Alopecia areata

Myasthenia gravis

Celiac disease

Other autoimmune disorders associated with the HLA-DR3 haplo-

type

Adapted From: Weetman AP. Graves’ Disease. NEJM 2000; 343(17):1236—
1248

Copyright (©) 2000 Massachusetts Medical Society. All rights reserved (3).

EXTRA-THYROIDAL MANIFESTATIONS

Orbitopathy. Approximately fifty percent of patients have clinically evident
ophthalmopathy manifesting most frequently as eyelid retraction, lid-lag, and
periorbital edema (3). Only three to five percent have severe eye disease defined
as affecting vision or quality of life (3,8). Eye disease can be unilateral (5—15%)
or bilateral (85-95%); when bilateral, ocular disease is usually asymmetric (9).
Orbital sonograms and/or CT scans (without intravenous radiocontrast) can be
helpful to identify and monitor specific manifestations and these techniques
identify abnormalities in the orbit more frequently than is found clinically.
Graves’ ophthalmopathy generally manifests within eighteen months of pre-
sentation of the hyperthyroidism in a bimodal pattern, peaking in the fifth and
seventh decades of life (8). Although it is overall more common in females, it
appears that the more severe forms of eye disease appear to have a higher preva-
lence in men and older patients. Cigarette smoking has been implicated with a
higher frequency of ophthalmopathy, a higher degree of disease severity, and
with a lower effectiveness of medical therapy (§).

Dermopathy. Graves’ dermopathy occurs in approximately one to two per-
cent of patients with Graves’ disease. It is most common over the anterolateral
aspects of the shin (i.e., pretibial myxedema) but can occur in other locations
as well after minimal trauma (3). Once identified, prudent treatment with high-
potency topical steroids and occlusive dressings may cause regression of the
skin lesions; however if long-standing, it may be more difficult to treat (7).
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TREATMENT

Graves’ hyperthyroidism is treated via antithyroid drugs, radioactive iodine
ablation, or surgery. Specific treatment preferences vary with geographic area,
clinical circumstance, and physician and patient preference. These different
treatment modalities will be reviewed in further detail later in this chapter.

TOXIC MULTINODULAR GOITER

Multinodular goiter is the most common endocrine disorder worldwide,
affecting 500 to 600 million people (10). Although it is often associated with
iodine deficiency, even with iodine repletion, the prevalence of sporadic goiters
remains about four to seven percent (/7). Occasionally, hyperfunction of the
initially nonfunctional ‘non-toxic’ nodules does occur leading to thyrotoxicosis
and resultant ‘toxic’ multinodular goiter. Typically, thyrotoxicosis develops in
patients after the age of 50 who have longstanding goiters. The prevalence is
higher in women than men and can occur precipitously after exposure to medi-
cations or radiocontrast dye containing iodine (/). Thyrotoxicosis secondary to
toxic multinodular goiter tends to be milder than that of Graves’ disease and oph-
thalmopathy is absent (/2). On laboratory evaluation, TSH is suppressed while
T; and T4 are normal or elevated (usually slightly). '>’I uptake and scanning
reveals normal to increased uptake in a heterogeneous pattern with focal areas
of uptake corresponding to autonomously functioning nodules (/). Radioactive
iodine ablation or surgery is recommended as definitive treatment for toxic nod-
ules of the thyroid (/3). Radioiodine is the treatment of choice for most patients,
although the doses tend to be larger than in Graves’ disease because the glands
tend to be larger with less '3'T uptake (/).

Caution must be made when treating a patient with toxic multinodular goi-
ter with '>'I. There may be a transient enlargement of the thyroid gland in the
days and weeks following the '3'T therapy. The 3!1 therapy is less consistent in
rendering the patient euthyroid or hypothyroid than in Graves’ disease and the
patient’s thyroid function tests must be monitored closely to ensure that there is
no sudden increase in serum T4 and T3 levels. Some patients may require a sec-
ond or third dose of '3'I. The radioactive iodine uptake may need to be enhanced
by the use of small doses of recombinant human TSH, but again this should be
performed by experienced clinicians since the rhTSH may cause enlargement of
the thyroid gland and the dose of thTSH requires experienced judgment. Sur-
gical thyroidectomy must also be performed by an experienced thyroid surgery
team, and usually the patients are rendered euthyroid with antithyroid medica-
tions prior to surgery, but there is still a risk of sudden release of T4 and T3 and
thyroid storm at surgery.
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SOLITARY TOXIC ADENOMA (PLUMMER’S DISEASE)

Also known as hyperfunctioning solitary nodule, toxic nodule, or Plummer’s
Disease, solitary toxic adenoma is an autonomously functioning thyroid nodule
in an otherwise basically normal thyroid gland. Like multinodular goiter, the
nodule usually has been present for a number of years and eventually becomes
hyperfunctioning. Patients typically present at the age of 30—40 years with a his-
tory of a longstanding growing lump in the neck (/). Adenomas generally grow
to 2.5-3 cm before becoming hyperfunctional (/). Laboratory evaluation is con-
sistent with hyperthyroidism and radioactive uptake and scan shows localized
uptake in the toxic nodule. Definitive therapy is similar to a toxic multinodular
goiter in that radioactive iodine ablation or surgery is recommended. In older
patients radioiodine therapy may be the preferred treatment modality, while
young patients or those with large nodules should undergo surgical excision
(12). Tt is difficult to give specific recommendations regarding therapy and it
should be individualized and discussed with the patient. Other possible ther-
apeutic options are ultrasound-guided laser thermal ablation or percutaneous
ethanol injection (/4). Advantages to these procedures include avoiding surgery
or exposure to radiation; disadvantages include multiple visits, discomfort due to
the ethanol injection, and rarely, toxic necrosis of the larynx (/5). This technique
is considered more experimental and is utilized mainly by a few specialized
centers.

Thyroiditis
SUBACUTE THYROIDITIS (DE QUERVAIN’S THYROIDITIS)

Subacute thyroiditis is also termed painful subacute thyroiditis, de Quervain’s
thyroiditis, Giant-cell thyroiditis, subacute granulomatous thyroiditis, and pseu-
dogranulomatous thyroiditis. It is the most common form of thyroid discomfort
occurring in up to five percent of patients with thyroid disease (/6). There is
a 5:1 female to male predilection during the ages of 20-60 years. Hypotheses
for a viral etiology exist but remains to be established. Generally, it occurs sev-
eral weeks following a viral illness with a prodrome of generalized myalgias,
pharyngitis, low-grade fever, and fatigue. Patients then complain of neck pain,
swelling, and symptoms of thyrotoxicosis (2/). On laboratory evaluation, TSH
is suppressed with modest elevations of thyroid hormones (usually T4 greater
than T3), along with marked elevation of the erythrocyte sedimentation rate and
C-reactive protein (/7). Other useful markers include a mild elevation of the
leukocyte count and normal or mildly elevated antithyroglobulin and antithy-
roperoxidase antibody titers. '2°I radioactive uptake is usually less than five per-
cent during the hyperthyroid phase as the release of T4 and T3 suppresses TSH
and then the radioactive iodine uptake.
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Typically, the thyrotoxicosis is self-limiting and returns to normal in two to
three months but can result in permanent hypothyroidism in up to five percent of
patients (/8,19). Treatment for the hyperthyroid phase is aimed at symptomatic
relief with non-steroidal anti-inflammatory agents or salicylates for pain control
and beta-adrenergic blockade for tachycardia. In more moderate to severe cases
of thyrotoxicosis, a short course of high dose glucocorticoids (prednisone 40 mg
daily tapering over two to three weeks) may be beneficial (217).

Subacute thyroiditis usually has a characteristic course with the patients pre-
senting with hyperthyroidism, low radioactive iodine uptake, and neck discom-
fort (that can radiate). This phase lasts until the stores of T4 and T3 are depleted
(usually four to six weeks) and then the patient passes through a euthyroid phase
while his/her T4 and T3 decrease to below normal, and his/her TSH is elevated.
In this phase, which also usually lasts four to six weeks, the patient’s thyroid
gland synthesizes thyroid hormone and gradually T4 and T3 stores are replen-
ished and secreted, resulting in normal T4, T3, and TSH and restoration of the
euthyroid state. Subacute thyroiditis usually does not recur.

PAINLESS/SILENT THYROIDITIS

Painless or silent thyroiditis is a destructive form of thyroiditis accounting for
approximately one percent of all causes of thyrotoxicosis (2/). In this inflam-
matory condition, a triphasic thyroid hormone profile can be seen as preformed
thyroid hormones are released into the circulation resulting in a transient thyro-
toxicosis, followed by a transient euthyroid to hypothyroid transition, and then
finally by euthyroidism. The thyrotoxicosis of this form of thyroiditis tends to
be T4 predominant reflecting the destruction of the thyroid gland releasing pre-
formed thyroid hormone, as opposed to the T3 toxicosis of Graves’ disease or
toxic nodular goiter (27). It can occur in all ages, but peaks at 30—40 years of age
with a 2:1 female to male ratio. The signs and symptoms of thyrotoxicosis are
mild or silent and typically do not require treatment. On physical exam, a small,
nontender, firm, diffuse goiter is present in fifty percent of patients (20). Thy-
roid antibody titers are high and a low 24-hour uptake of '>’I is useful (less than
five percent). The majority of patients have spontaneous recovery but some may
have recurrence. Painless thyroiditis differs from subacute thyroiditis because
of the lack of neck discomfort and because the transition from hyperthyroidism
to hypothyroidism to euthyroidism is less consistent in course and timing than
subacute thyroiditis.

POSTPARTUM THYROIDITIS

Also termed as subacute lymphocytic thyroiditis, postpartum thyroiditis is an
inflammatory destructive condition of the thyroid gland where pre-formed thy-
roid hormones are released from the thyroid gland into the circulation. This is
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thought to be an autoimmune process and the pathology of the thyroid gland
shows lymphocytic infiltration. As the name implies, the thyrotoxicosis gen-
erally occurs one to six months postpartum and is followed by a recovery
phase resulting in hypothyroidism four to eight months after delivery and last-
ing for four to six months (2/). Spontaneous recovery occurs in eighty percent
of women within a year however permanent hypothyroidism may eventually
develop over subsequent years in up to twenty percent of women (6,22). The
diagnosis is made in the appropriate clinical situation when signs and symptoms
of thyrotoxicosis are present in the postpartum period. On physical exam, a small
nontender goiter is usually present. Laboratory evaluation is generally signifi-
cant for high concentrations of thyroid antibodies (thyroid peroxidase antibodies
and thyroglobulin antibodies) (23). When the etiology of thyrotoxicosis is not
clear, a 24-hour '2*T uptake and scan can be useful to distinguish postpartum thy-
roiditis from Graves’ disease. Patients with postpartum thyroiditis should have
a low (less than 5 percent) uptake (217). In most cases of postpartum thyroiditis,
the thyrotoxicosis is mild and does not warrant therapy. In more symptomatic
cases, beta-blockade is required to alleviate the tachycardia. Antithyroid drug
therapy is not indicated because the etiological factor is not overproduction of
thyroid hormones (21). Interestingly, postpartum thyroiditis tends to recur in an
individual patient following subsequent pregnancies.

Iodine-Induced Thyrotoxicosis
JOD-BASEDOW EFFECT

Iodine-induced hyperthyroidism or the Jod-Basedow effect refers to the
development of iodine-induced hyperthyroidism in subjects with endemic goi-
ter due to iodine deficiency after the administration of supplemental iodine. This
phenomenon occurs in a minority of the patients at risk but can rarely result in
severe hyperthyroidism. The term *Jod-Basedow’ is also commonly used to refer
to any cause of iodine induced hyperthyroidism even in an iodine sufficient area.

The Jod-Basedow effect also has relevance in areas of the world where dietary
iodine is sufficient. In older adults who have a higher prevalence of nodular
goiters, physicians must be aware of the possibility of inducing hyperthyroidism
by the administration of large pharmacologic doses of iodine via medications
(expectorants, amiodarone), diet (kelp, seaweed) or intravenous radiocontrast
media (/). Iodine exposure can be confirmed by demonstrating a low radioactive
iodine uptake in conjunction with an increased urinary iodine excretion (greater
than 1000 pg/day). Refer to Box 3 for the iodine content found in common
medications (24).
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Box 3: Iodine Content of Some Iodine-Containing
Medications and Radiographic Contrast Agents

Substance Amount of iodine
Expectorants

Tophen 25 mg/mL
Todinated glycerol 15 mg/tablet
Calcidrine 152 mg/5 mL
Iodides

Potassium iodide (saturated solution) 25 mg/drop
Pima syrup (potassium iodide [KI]) 255 mg/mL
Lugol’s solution (KI plus iodide) 5 mg/drop
Antiasthmatic drugs

Elixophyllin-K1(theophylline) elixir 6.6 mg/mL
Antiarrhythmic drugs

Amiodarone 75 mg/tablet
Antiamebic drugs

Iodoquinol 134 mg/tablet
Topical antiseptic agents

Povidone-iodine 10 mg/mL
Clioquinol cream 12 mg/gram
Douches

Povidone-iodine 10 mg/mL
Radiographic contrast agents

Iopanoic acidx 333 mg/tablet
Ipodate sodium: 308 mg/tablet
Intravenous preparations 140-380 mg/mL

Anti-cellulite therapy
Cellasene 720 mcg/serving

* Not available in the United States.
From: Surks, MI in UpToDate(24)

AMIODARONE-INDUCED THYROTOXICOSIS

Amiodarone is an effective Class III anti-arrhythmic used in the prevention
and treatment of both supraventricular and ventricular cardiac arrhythmias. Its
mechanism of action is multifactorial, working by prolongation of the cardiac
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action potential, as well as containing noncompetitive beta-adrenergic antago-
nist properties (25,26). Unlike other classes of anti-arrhythmics, it also carries
a low incidence of proarrhythmia making it an extremely efficacious agent in
controlling arrhythmias and in the prevention of mortality (26). Unfortunately,
its noncardiac effects, especially on the thyroid, can be significant.

The structure of amiodarone is similar to thyroxine and contains approxi-
mately 37% iodine by weight (27). It contains 75 mg iodine per 200 mg tablet, of
which approximately 10% is deiodinated and released into the circulation as free
iodide (27,28). With usual maintenance amiodarone doses of 200—-600 mg/day,
this results in 50-100 times the daily requirement of iodine (27). In addition, it
is a lipophillic agent with a half-life of 107 days having in long lasting effects
even after discontinuation (29).

The majority of patients who are administered amiodarone remain euthy-
roid; however, thyroid dysfunction does occur in 14-18% of patients taking
amiodarone (27,30). Thyroid dysfunction secondary to amiodarone can either
be manifested as hypothyroidism or hyperthyroidism. The development of
amiodarone-induced hypothyroidism (AIH) versus amiodarone-induced thyro-
toxicosis (AIT) tends to correlate with daily iodine intake. AIH is more prevalent
in iodine-sufficient areas of the world; whereas AIT is more prevalent in iodine-
deficient regions (30).

Amiodarone-induced thyrotoxicosis (AIT) is more common in males, most
likely attributable to the higher prevalence of amiodarone use in men, and can
occur at any time after exposure to amiodarone (27). It can be subdivided into
two types based on the etiology of the hyperthyroidism. It is important to distin-
guish between the two types because the treatment is different for each type.

Type 1 AIT: Type 1 AIT usually occurs in patients with pre-existent or
‘latent’ underlying thyroid disease, most commonly non-toxic multinodular goi-
ter or Graves’ disease. The thyroid disease is exacerbated by amiodarone, which
causes an iodine-induced increased synthesis and release of thyroid hormones
resulting in hyperthyroidism.

Type 2 AIT: Type 2 AIT is a destructive form of thyroiditis induced by
amiodarone. These patients do not have underlying thyroid disease but develop
hyperthyroidism after preformed thyroid hormones are released into the circu-
lation once released from damaged thyroid follicular cells. Once thyroid hor-
mone stores are depleted, the patient can return to a euthyroid state or become
hypothyroid.

The treatment of AIT differs based on the type; so, it is important to try to
differentiate the etiology. Unfortunately, distinguishing between the two types
is frequently a diagnostic challenge. Laboratory data tends to be of limited
value as thyroid function testing indicates a hyperthyroid state in both types,
thyroid auto-antibodies tend to be negative in both, and serum IL-6 values
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(an inflammatory marker which may be elevated in Type 2 disease) have not yet
proven to be very useful in iodine-replete areas of the world (28,30). Nuclear
imaging testing with radioactive iodine uptake have also proven to give poor
yield in distinguishing Type 1 from Type 2 AIT (28). Data from Italy has sug-
gested that thyroid ultrasonography in conjunction with color flow Doppler stud-
ies may be the best diagnostic tool in differentiating the two types of AIT but
these studies have yet to be replicated in iodine-replete regions of the world.
Thyroid ultrasonography allows for rapid identification of nodular or goiterous
thyroid tissue and color flow Doppler studies show normal or increased blood
flow in Type 1 AIT contrasting with decreased blood flow in Type 2 AIT (31).

Treatment of AIT is aimed at correcting the underlying etiology. Discontin-
uation of amiodarone is generally recommended; however, the long half-life as
well as the necessity for treatment of life-threatening arrhythmias often pre-
cludes this from happening. The decision of whether to continue amiodarone
should be made on cardiovascular morbidity and mortality data as applied to
the patient in question. Several studies have shown that not only is amiodarone
effective while patients are also taking thionamide therapy, there is also no dif-
ference in outcomes if amiodarone is stopped or continued (32,33,34).

In Type 1 AIT, beta-blockers and anti-thyroid drugs have been the mainstay
of treatment. High doses of methimazole (40-80 mg/day) or propylthiouracil
(400-800 mg/day) are recommended due to high intrathyroidal iodine stores
(30). In cases of severe thyrotoxicosis, potassium perchlorate has also been
shown to be a useful adjuvant therapy, although it is no longer readily avail-
able in the United States (35). Complications from potassium perchlorate use
include aplastic anemia and nephrotic syndrome (36). However, multiple studies
have shown side effects to be minimized with a limited treatment course of no
longer than one month, and a total dose no greater than 1 gram/day (35,37,38).
In severe cases of thyrotoxicosis, refractory to medical therapy or when discon-
tinuation of amiodarone is not a viable option due to life-threatening arrhythmia,
surgical therapy via total thyroidectomy is another possibility. The main indica-
tions for surgery are failure of medical therapy, worsening cardiac disease, or
preparation for cardiac transplantation (39). Although these patients are high
risk for perioperative morbidity and mortality given their hyperthyroid state and
pre-existing cardiac status, thyroidectomy does result in immediate reversal of
the hyperthyroid state and resolution of symptoms (40).

In Type 2 AIT, the etiology is a ‘destructive form’ of thyroiditis so the main-
stay of therapy is glucocorticoids. The hyperthyroid state is self-limiting and
can last for one to three months, until the thyroid hormone stores are depleted,
but resolves more quickly with glucocorticoid therapy (27). Daily prednisone at
a dose of 40-60 mg/day can result in rapid improvement of thyroid hormone
levels, often occurring as soon as one week; however, it is recommended to
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maintain high levels of glucocorticoids for one to two months because rapid
tapering can result in exacerbation of the hyperthyroidism (30,35).

In addition to pure Type 1 and Type 2 AIT, there also appears to be a ‘mixed’
AIT that does not respond to targeted therapy. In these cases, it is reasonable to
initiate triple therapy with thionamides, potassium perchlorate, and glucocorti-
coids (27,30). Our clinical assessment is that it is frequently difficult to identify
the specific subtype of disease and it is most prudent to treat as if there was
‘mixed” AIT.

Gestational Trophoblastic Tumors

Human chorionic gonadotropin (HCG) is a glycoprotein hormone made by
the placenta that is responsible for maintaining the corpus luteum during preg-
nancy. Structurally, it contains an alpha-subunit and a beta-subunit. The alpha-
subunit is common to the pituitary glycoprotein hormones, HCG, TSH, LH,
and FSH. In both animal and human models, it has been shown that high con-
centrations of HCG have thyroid stimulating activity by binding and activating
the TSH receptor (41). The incidence of hyperthyroidism in trophoblastic dis-
ease can be as high as 25-60% because HCG levels typically exceed 100,000—
300,000 mIU/mL (42). HCG levels greater than 200,000 mIU/mL are generally
needed to cause hyperthyroidism (41).

HYDATIDIFORM MOLE

Hydatidiform moles are cytogenetically inappropriate gestational tumors
arising from trophoblastic embryonic tissue. Complete hydatidiform moles are
female with 45 paternally derived chromosomes. Partial hydatidiform moles are
triploid and contain some recognizable embryonic and fetal tissues (4/). The
incidence of molar pregnancies in the United States is 1 in 1500 pregnancies and
in the United Kingdom 1 in 1000. It is several times more prevalent in Asian and
Latin American countries (43). Patients with hydatidiform moles express large
amounts of HCG and can have signs and symptoms of thyrotoxicosis rang-
ing from subclinical hyperthyroidism to overt thyrotoxicosis in proportion to
the amount of HCG secreted. Symptomatic relief can be provided with beta-
adrenergic blockade but definitive therapy is achieved with surgical resection of
the tumor. When possible, correction of the underlying problem with restora-
tion of the HCG to normal levels will correct the hyperthyroidism. Rarely is
definitive therapy such as a thyroidectomy required. Propylthionracil (PTU) or
methimazole can be used to render a patient euthyroid as well.

CHORIOCARCINOMA

Choriocarcinoma is a malignant tumor containing cytotrophoblast and syncy-
tiotrophoblast without chorionic villi that can originate from normal conception
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or from a molar pregnancy and invades the myometrium (4/). It occurs in about
1 in 50,000 pregnancies. Because of its low prevalence, the incidence of thyro-
toxicosis in choriocarcinoma has only been reported in a limited number of case
reports. Signs and symptoms of thyrotoxicosis are proportional to the eleva-
tion of HCG and medical treatment with methotrexate and other anti-neoplastic
agents can reduce HCG levels and ameliorate the thyrotoxicosis.

Hypersecretion of TSH
TSH SECRETING PITUITARY ADENOMA

TSH secreting pituitary adenomas are a rare cause of thyrotoxicosis with a
prevalence of about one per million in the general population (44). The hallmark
of TSH-secreting tumors is ’inappropriate secretion of TSH’ in the presence of
high levels of free thyroid hormones (FT4 and FT3) (44,45). Historically, these
tumors were diagnosed as invasive macroadenomas, but with the advent of ultra-
sensitive immunometric assays and improved radiologic techniques, they are
now being diagnosed at a much earlier stage (44). Clinically, features of hyper-
thyroidism are present, although may be milder than expected and a goiter is
almost always present (46). High concentrations of circulating thyroid hormones
in the presence of detectable TSH levels characterize the hyperthyroidism sec-
ondary to TSH-secreting pituitary adenomas (44). It is emphasized that even a
detectable or normal serum TSH level is considered inappropriate in the con-
text of a clinically hyperthyroid patient with an elevated FT4 and TT3. The TSH
in these patients may be abnormally glycosylated resulting in relatively more
biologic activity than normal TSH as evidenced by the finding of elevated T4
and T3 despite a low normal or normal TSH level (albeit inappropriate for the
hyperthyroidism) (47).

Once inappropriate secretion of TSH is identified, further laboratory test-
ing and pituitary imaging is necessary to fulfill the diagnostic criteria of TSH
secreting pituitary adenoma. Characteristically, there is an elevated circulating
free alpha-subunit level, as well as alpha-subunit/TSH molar ratio (44). The
alpha-subunit/TSH molar ratio is calculated using the following formula: (alpha-
subunit in micrograms per L divided by TSH in milliunits per L) x 10 (45).
A molar ratio greater than 1.0 in the appropriate clinical context is generally
indicative of a TSH secreting pituitary adenoma. Although rarely performed
now, dynamic testing via either T3 suppression testing or thyrotropin-releasing
hormone (TRH) stimulation testing can further aid in the diagnosis. In patients
with a TSH secreting pituitary tumor, complete inhibition of TSH secretion after
a Ts suppression test (80—100 pg/day per 8—10 days) is unusual and is probably
the most sensitive and specific test to diagnose TSH secreting pituitary adeno-
mas, although it is strictly contraindicated in elderly patients or in those with
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coronary disease (46). Because of the potential for causing cardiac arrhythmias,
the T3 suppression test is rarely used. TSH stimulation after TRH injection (200-
500 pg, iv) fails to stimulate TSH secretion or shows a delayed response in 92%
patients and can also aid in the diagnosis (48). Unfortunately, however, TRH
is not currently commercially available. Therefore, in clinical practice the diag-
nosis is usually made by the proper clinical context and finding an abnormally
high alpha subunit to TSH molar ratio and a pituitary adenoma on MRI or CT. A
thorough evaluation for other pituitary hormone abnormalities is also performed.

Treatment is aimed at removing the pituitary adenoma via surgery and radi-
ation therapy. Adjuvant medical therapy with somatostatin therapy can also be
useful for long-term management but remains to be established as tools for pri-
mary management (46).

PITUITARY RESISTANCE TO THYROID HORMONE

Resistance to thyroid hormone (RTH) is another rare cause of thyrotoxico-
sis with an estimated incidence of 1:50,000. Most patients with RTH, however,
are either euthyroid or hypothyroid, with a smaller percentage exhibiting hyper-
thyroidism. There have been over 600 cases in 200 families described in the
literature with an autosomal dominant mode of transmission (49,50). Similar
to patients with TSH secreting pituitary adenomas, these patients present with
persistent elevation of circulating thyroid hormone levels in association with ele-
vated or inappropriately normal TSH levels. Patients with RTH can be classified
into two subcategories: generalized resistance to thyroid hormone (GRTH) and
pituitary resistance to thyroid hormone (PRTH). The majority of patients have
GRTH, where both the pituitary and peripheral tissues are resistant to the effects
of T3. Because the resistance to thyroid hormone is present in a generalized
pattern, the elevated circulating thyroid hormone levels cannot bind properly to
the nuclear T3 receptor and as a result do not cause clinical hyperthyroidism. In
contrast, PRTH patients have only pituitary resistance to thyroid hormone and
normal peripheral tissue sensitivity. These patients manifest the classical signs
and symptoms of hyperthyroidism (517).

Evaluation of these patients should attempt to distinguish RTH from TSH
secreting pituitary adenoma. Patients with RTH generally have an alpha-
subunit/TSH molar ratio about 1.0 or <1.0, a normal or exaggerated TRH-
stimulated TSH, and a normal pituitary MRI (44,45). A family history of similar
thyroid abnormalities can be helpful. In over 95% of the patients, the underlying
pathophysiology can be attributed to a mutation of the TR[3 gene (5/). This gene
can be sequenced to unequivocally confirm the diagnosis. Currently, no specific
treatment is available to fully correct the defect and treatment should be aimed
at mitigating the symptoms.



18 Part I / Potentially Life-Threatening Emergencies

THYROTOXICOSIS FACTITIA

Thyrotoxicosis factitia is a clinical syndrome caused by an excess of exoge-
nous thyroid hormone, whether intentional or not. It may occur in patients (usu-
ally with hypothyroidism) who are being over-replaced with levothyroxine or in
patients who are ingesting thyroid hormones. It should be considered or investi-
gated in the presence of thyrotoxicosis of unknown etiology, after other causes
have been ruled out. The clinical scenario is typically of a young to middle-
aged individual who has an underlying psychiatric disturbance, although older
adults should not be excluded. The diagnosis of thyrotoxicosis factitia should be
considered when there is unexplained thyrotoxicosis with the following parame-
ters: elevated serum total and/or free thyroid hormone levels, undetectable serum
thyrotropin levels, low/undetectable serum thyroglobulin concentrations, normal
radioactive iodine uptake (RAIU), absence of a goiter, and the absence of circu-
lating anti-thyroid antibodies (52).

Treatment consists of decreasing the dose or withdrawing thyroid hormone
as well as evaluating for an underlying psychiatric disorder (53). Occasionally
patients may be ingesting products, such as weight loss preparations, that con-
tain active thyroid hormone or active analogues (i.e., tiratricol or Triac) (54).
Patients may not realize these preparations have the capacity to cause hyperthy-
roidism and patients should be questioned about ingestion of over the counter
preparations.

Ectopic Thyroid Tissue
STRUMA OVARII

Struma ovarii is a rare cause of thyrotoxicosis where an ovarian tumor con-
tains thyroid tissue. The incidence is low with only 0.3—1% of all ovarian tumors
manifesting features of struma ovarii. Ovarian teratomas have a slightly higher
predilection toward developing into struma ovarii with an incidence of 2—4%
(55,56). Women with struma ovarii typically present with abdominal fullness
and signs and symptoms of hyperthyroidism that can range from mild to overt.
The diagnosis can be made with whole body radioactive iodine uptake imaging
revealing uptake in the pelvis with very low uptake in the neck area (57). Tem-
porizing treatment with thionamides can be attempted before definitive therapy
with surgical resection of the tumor (58).

METASTATIC FUNCTIONING DIFFERENTIATED THYROID TISSUE

Thyrotoxicosis secondary to functioning metastases of differentiated thyroid
cancer is an extremely rare clinical situation. There have only been 47 published
reports in the literature dating from 1946 to 2005 (59). The clinical picture is
similar to thyrotoxicosis from Graves’ disease, except in the setting of thyroid
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cancer with evidence of bulky, widespread metastatic disease (60). Pathology is
typically consistent with well-differentiated follicular carcinoma and the metas-
tases tend to be in the usual locations (bone, lung, and mediastinum) (60). A
review of the literature indicates that gender of the patient, age at onset, time
elapsed until onset of metastases, and the 10-year survival rate are comparable
for metastatic follicular carcinoma, with or without coexisting thyrotoxicosis
(61). A radioactive iodine scan will demonstrate thyroid tissue in metastatic
locations. Laboratory evaluation is consistent with a hyperthyroid state with
the occasional presence of an isolated T3 toxicosis (59,60). The treatment is
directed at targeting both the thyroid cancer and the symptoms of thyrotoxico-
sis. Thyroidectomy (if not previously performed) followed by '3'T ablation with
dosimetric doses, if the metastases are radioavid, allows for the most effective
therapeutic option (60).

OTHER FORMS OF THYROTOXICOSIS
Subclinical Hyperthyroidism

The constellation of laboratory findings of an undetectable to low serum
thyrotropin concentration, with normal serum triiodothyronine and thyroxine
concentrations is known as subclinical hyperthyroidism (62). This is a com-
mon clinical situation with a prevalence of 0.7-3.2% in the general population,
depending on the TSH cutoff used to describe it (perhaps even higher with
advancing age) and is generally caused by the same diseases that cause overt
hyperthyroidism (64,63). From a pathophysiologic standpoint, these patients
have excess thyroid hormone secretion that is sufficient to raise the serum Ty
and T levels to higher than is appropriate for that individual patient (albeit still
within the broad ‘normal range’), resulting in a decrease in serum TSH levels. It
is important to evaluate these patients clinically and to obtain repeat FT4, T3, and
TSH concentrations over a several week period to document stability of these
abnormalities. In many cases, measurement of serum thyroid antibodies (TPO,
Tg, and TSI), a thyroid sonogram, and a RAIU and scan may be useful. Subclin-
ical hyperthyroidism has been associated with an increased risk of atrial fibrilla-
tion and mortality, decreased bone mineral density in postmenopausal women,
and mild hyperthyroid symptoms (64).

Treatment of subclinical hyperthyroidism remains controversial, given the
lack of prospective randomized controlled trials showing clinical benefit with
restoration of the euthyroid state (64,65). Recommendations from a Consen-
sus Panel from 2004 suggest little evidence for clinical benefit from treatment
of subclinical thyroid disease (serum TSH 0.1-0.45 pU/mL) and recommend
against routine treatment of patients with TSH levels in these ranges, but
does recommend therapy for patients with a serum TSH consistently less than
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0.1pU/mL (65). More recent literature from 2007 suggest that treatment may be
beneficial in older individuals whose serum TSH levels are less than 0.1 pwU/mL
and certain high-risk patients, even when the serum TSH is between 0.1 pU/mL
and the lower limit of the normal range (64). Treatment strategies vary from
frequent monitoring of thyroid function tests to medical treatment with small
doses of thionamides (methimazole 5-10 mg daily or propylthiouracil 50 mg
one to three times daily), to more aggressive radioactive iodine ablation. The
appropriate treatment modality depends on the individual context and discus-
sion between the physician and the patient.

Thyroid Storm

Thyroid storm is an uncommon but serious complication of a thyrotoxic state
generally occurring in patients with underlying untreated thyrotoxicosis exacer-
bated by a precipitating event such as surgery or iodine exposure (/). Because
of the associated high mortality, early recognition of thyroid storm is critically
important, and treatment is aimed at improving both the thyrotoxic state as well
as abrogating the mitigating event. The diagnosis of thyrotoxic crisis relies upon
the clinical picture, which forms the basis for certain diagnostic criteria (66). The
clinical picture of thyroid storm or severe thyrotoxicosis is frequently one of the
severe hypermetabolism showing evidence of high fever, tachycardia, arrhyth-
mias, heart failure, hypotension, gastrointestinal symptoms, and neurological
manifestations including apathy, coma, and stupor (/). Drs. Burch and Wartof-
sky have formulated a rating system to help determine the likelihood a patient
is in thyroid storm or has severe thyrotoxicosis (66). Despite early diagnosis
and treatment, the mortality of thyroid storm remains high. Once recognized,
the treatment of impending or established thyroid storm is aimed at a combina-
tion of supportive care, correction of the precipitating event, as well as targeting
every therapeutically accessible point in the thyroid hormone synthetic, secre-
tory, and peripheral action pathways (66).

Inhibition of new thyroid hormone synthesis is achieved with thionamide
drugs (propylthiouracil or methimazole); inhibition of thyroid hormone release
via iodine or lithium carbonate therapy; and inhibition of T4 to T3 conversion
in peripheral tissues by agents such as propylthiouracil (PTU), corticosteroids,
non-selective beta-adrenergic blockade (specifically, propranolol), and iopanoic
acid (which is no longer commercially available) (66,67,68). In resistant cases,
removal of excess circulating thyroid hormone can be accomplished by plasma-
pheresis or charcoal plasmaperfusion (66,67,68). Initial medical management
of thyrotoxicosis depends on the severity of the thyrotoxicosis but generally
consists of beta-adrenergic blockade, thionamide therapy, and corticosteroids.
Once effective blockade of the synthetic hormone pathway has been established



Chapter 1 / Thyrotoxicosis 21

with thionamides, iodine therapy or lithium may be added within hours to
provide inhibition of thyroidal release into the circulation (67,68). Close sys-
tematic monitoring of these patients, usually in an intensive care unit setting, is
important.

TREATMENT OF THYROTOXICOSIS
Anti-thyroid Drugs

Anti-thyroid drugs are a class of medications known as thionamides whose
mechanism of action is to inhibit thyroid hormone synthesis by interfering with
thyroid peroxidase-mediated iodination of tyrosine residues in thyroglobulin,
thereby blocking the production of thyroxine and triiodothyronine. In the United
States, Europe, and Asia, propylthiouracil and methimazole are widely used. In
the United Kingdom and other British commonwealths, carbimazole, an ana-
logue of methimazole, is also used (69,79). In addition to blocking thyroid hor-
mone synthesis, propylthiouracil has an additive effect of blocking peripheral
conversion of thyroxine to triiodothyronine both in the thyroid gland and in
peripheral tissues, but this is considered to be of minor clinical significance.

The recommended starting dose of propylthiouracil is 100-300 mg in three
divided doses and of methimazole is 10-30 mg daily. Maintenance doses of
5-10 mg of methimazole or 50-100 mg of propylthiouracil twice daily main-
tain the euthyroid state in most patients (79). The dosage of these medications
will depend on the clinical context and the severity of the hyperthyroidism.
Both drugs are thought to be equally effective at improving the thyrotoxic state
but have practical considerations when considering individual therapy. Propylth-
iouracil is preferred during pregnancy because methimazole has been associated
with the development of a rare scalp abnormality called aplasia cutis. Methi-
mazole is usually easier for patient compliance due to its once daily dosing.
Antithyroid drug therapy may also be used as a temporizing measure (e.g., in
patients who are severely thyrotoxic, elderly, or with cardiac problems) prior to
definitive therapy with radioactive iodine or surgery. Generally, propylthiouracil
and methimazole are discontinued for two to three days prior to radioactive test-
ing and treatment (79). All patients should be euthyroid prior to surgery except
in very unusual circumstances.

REMISSION

If medical therapy of Graves’ disease is initiated, in some patients it will
be decided to have a trial of 12—18 months of therapy with antithyroid drugs
with frequent monitoring of thyroid function tests for evidence of relapse. After
an arbitrary time period of 12—-18 months, the medications can be tapered to
determine if the patient is in remission (70). If relapse occurs, it commonly
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happens within the first three to six months of discontinuing medication (71).
Risk factors for remission include severe hyperthyroidism, large goiters, high T
to T4 ratios, and high anti-thyroid antibody titers (69). Lifelong monitoring for
thyroid function should continue regardless of course. Spontaneous remission
is not anticipated for toxic adenomas and toxic multinodular goiters, therefore
long term antithyroid drug therapy is usually not recommended and definitive
therapy, perhaps after rendering the patient euthyroid with antithyroid agents,
with radioactive iodine or surgery is recommended (79).

SIDE EFFECTS

The side effect profile of thionamides ranges in severity from minor to life-
threatening. Minor side effects including cutaneous reactions (urticarial or mac-
ular rashes), arthralgias, and gastrointestinal upset occur in up to five percent
of patients with equal frequency for both drugs (72). These side effects resolve
with discontinuation or switching of the medication, however cross-reactivity
can occur in up to fifty percent of cases (69).

It has been suggested that thionamide therapy has been associated with
a drug-induced lupus like syndrome often presenting with a vasculitic rash,
fever, joint symptoms, and granulocytopenia. While there is likely an under-
lying immunological mechanism involved, the absence of the consistent pres-
ence of antinuclear antibodies and other required criteria precludes the diagnosis
of a true drug-induced systemic lupus erythematosis (73,74). These symptoms
generally improve with discontinuation of the drug but in moderate to severe
cases, it may be prudent to pursue treatment with corticosteroids (prednisone
0.5-1 mg/kg) depending on the severity of the disease.

Agranulocytosis is a rare, but serious complication of antithyroid drugs occur-
ring in 0.37 percent of patients receiving propylthiouracil and 0.35 percent of
patients receiving methimazole (75). It generally occurs within weeks of start-
ing medication and patients present with fever and a sore throat. However, it can
occur at any time during therapy. The agranulocytosis can be either an idiosyn-
cratic reaction that cannot be predicted or occasionally patients will have a grad-
ual lowering of their white blood cells (WBC) and absolute neutrophil count
(ANC) that presages even lower values. For this reason, it is recommended that
patients have serial complete blood count (CBCs) prior to and during antithyroid
agent therapy since routine monitoring of the WBC count has been shown to be
an effective predictor of agranulocytosis (76). When agranulocytosis occurs (or
when the ANC has decreased significantly), the antithyroid medication should
be stopped immediately and a white cell count with differential should be imme-
diately drawn. An ANC less than 1,500 mm is usually an indication to indefi-
nitely stop therapy and alternative medication (i.e., methimazole or PTU) should
not be prescribed due to the high risk of cross-reactivity (69,79). Depending on
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the clinical circumstances and the ANC value, the patient should be evaluated
clinically and consultation with a hematologist should occur. White cell growth
factors may be given to some of these patients.

Another even rarer complication of thionamide therapy is potentially fatal
hepatotoxicity, which can occur in 0.1 to 0.2 percent of patients (72). Medication
should immediately be stopped and supportive therapy be started for liver injury.
Routine evaluation of CBC and complete metabolic panel (CMP) as well as
thyroid function tests should be performed prior to starting antithyroid agents
and serially while patients are taking these medications.

SPECIAL CONSIDERATIONS DURING PREGNANCY AND LACTATION

Both propylthiouracil and methimazole can cross the placenta and are Class
D agents, but because of its slightly better side effect profile, propylthiouracil
is the antithyroid drug of choice during pregnancy. Methimazole has been asso-
ciated with fetal anomalies such as aplasia cutis and choanal and esophageal
atresia in rare instances (69). When propylthiouracil is unavailable or not tol-
erated, methimazole may be considered as a substitute. Due to the risk of fetal
hypothyroidism, both agents should be titrated to the lowest effective dose to
minimize fetal thyroid injury.

Radioactive Iodine Ablation

Radioactive iodine ablation with '3'T has been used as definitive treatment for
thyrotoxicosis since 1942. It is considered to be an efficacious, cost-effective,
and safe therapy for treatment of thyrotoxicosis. It has long been thought that
treatment of hyperthyroidism completely reverses the long-term sequelae, but
recent studies have reported increased cardiovascular morbidity, especially due
to cerebrovascular disease and arrhythmias, as well as fracture risk, persisting
for up to thirty five years after treatment with radioactive iodine (77,78). It is at
this time too premature to determine whether the effects on morbidity are sec-
ondary to radioactive iodine therapy or to the history of hyperthyroidism itself,
although it likely relates to the latter (77). Regardless, given the possible long-
standing consequences, it seems prudent not only to treat hyperthyroidism, but
also to monitor patients with a history of hyperthyroidism life-long for sequelae.

A dose should be selected to cure hyperthyroidism and cause hypothyroidism
within a three to six-month timeframe with the expectation for lifelong thyroid
hormone replacement with periodic monitoring after treatment (79).

Two different generally accepted dose calculation strategies exist: (1) Fixed
dose (typically 185-555 MBq or 5-15 mCi) or (2) Calculated dose based on thy-
roid gland size and percentage uptake at 24 hours. Larger initial doses with the
expectation of subsequent hypothyroidism are more reliable in controlling thy-
rotoxicosis and avoiding remission (79). Radioiodine is strictly contraindicated
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during pregnancy and breastfeeding at any dose due to the risk of fetal thyroid
ablation and fetal hypothyroidism and strict pregnancy testing should be done
immediately prior to any dosage of radioiodine.

CALCULATING DOSE TO ADMINISTER

A formula based on gland size and uptake provides a reliable and high prob-
ability for cure with a single dose of '3'T and less than ten percent chance of
retreatment (79).

Formula: administered dose = (Z x size of gland (g) x 100) / (percentage
uptake at 24 hours)

Z = desired number of becquerels or microcuries administered per gram (gen-
erally 3.7-7.4 MBq or 100-200 w.Ci).

FAILURE OF THERAPY

Occasionally, a patient may not respond to the initial dose of '3!T and may
require retreatment. In these circumstances, it is recommended to delay retreat-
ment until six months after the initial dose due to the potential for late response
to radioablation (79).

SIDE EFFECTS AND COMPLICATIONS

Short-term risks after '3'I therapy include a self-limiting radiation thyroiditis,
which can be relieved with anti-inflammatory medications or corticosteroids.
Acute release of thyroid hormone can also occur causing a transient worsening
of thyrotoxicosis. This is also self-limiting but usually can be ameliorated with
short-term use of anti-thyroid drugs (79). Rarely this release of hormones may
cause a clinically important rise in thyroid hormones and this possibility should
be considered in all patients.

Long-term concerns include risk of subsequent cancers and infertility. No
studies have shown increased risk for either malignancy or infertility with the
doses of 13'T used to treat thyrotoxicosis; however, it is advised to avoid preg-
nancy for six to twelve months post-treatment (79).

SURGERY

Another option for definitive treatment is surgery. Indications for surgery
include a coexisting nonfunctional nodule suggestive of cancer on fine-needle
aspiration biopsy (79). Other circumstances which may warrant surgery for
thyrotoxicosis include amiodarone-induced thyrotoxicosis, pregnancy, severe
Graves’ eye disease, or a patient’s choice. A subtotal thyroidectomy by an expe-
rienced thyroid surgeon should be performed with care to avoid complications
of hypoparathyroidism and superior recurrent laryngeal nerve injury. Patients
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should be counseled that the likelihood of hypothyroidism is nearly inevitable
following thyroidectomy and should expect lifelong thyroid hormone replace-
ment (79). Patients should be rendered euthyroid prior to surgery but all patients
are at risk for an exacerbation of thyroid hormone release and worsening of
their hyperthyroidism. Careful intra-operative and post-operative monitoring is
important.
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INTRODUCTION

Myxedema coma is the most severe form of hypothyroidism and, although
rare today, still carries a high mortality rate without prompt diagnosis and
aggressive treatment. Myxedema coma continues to be a medical emergency
that presents with deteriorating mental status, hypothermia, and multiple organ
system abnormalities. Because myxedema coma may have a variable clinical
presentation, the diagnosis may be challenging, and patients may not necessar-
ily present with classic findings of either myxedema (defined as hypothyroid-
induced swelling of the skin and soft tissue), or indeed even coma. Two of
the twelve patients first reported with hypothyroidism in 1879 likely died of
myxedema coma (/), and myxedema coma remains important to recognize today
due to its high associated mortality of 50-60% despite early diagnosis and
customary therapy.
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EPIDEMIOLOGY

Estimates of the prevalence of hypothyroidism vary among countries likely
due to the true differences in its prevalence in different geographic areas and
because there is no internationally standardized definition of hypothyroidism.
Conclusions from the majority of studies are consistent with the results from the
Whickam, England study that found a four-fold greater prevalence of hypothy-
roidism in women than men with 7.5% of women and 2.8% of men having a
TSH >6 mIU/L (2). In addition, a follow-up analysis of a dozen studies from
various countries estimated the overall prevalence of hypothyroidism to be 5%
(3). Fortunately, the prevalence of myxedema coma is much less common with
perhaps 300 cases reported in the literature (4—8). Because of the gender dis-
parity in the frequency of hypothyroidism, myxedema coma is more common
in women than men. And because hypothyroidism is most common in the later
decades of life, most women presenting with myxedema coma will be elderly.

CLINICAL PRESENTATION

Precipitating Factors

The majority of patients with myxedema coma present with hypothermia dur-
ing the winter months. One hypothesis for the observed seasonal tendency of
myxedema coma holds that decreased endogenous heat production from marked
hypothyroidism is compounded by a diminished capacity to sense temperature
in the elderly (9). Very cold weather appears to actually lower the threshold for
vulnerability such that an otherwise stable hypothyroid individual will slip into
coma after cold exposure. However, the propensity for coma may be augmented
by concomitant illness such as pneumonia, sepsis, cardiovascular compromise,
or stroke thereby complicating a patient’s clinical presentation.

An infection from any cause may be a primary initiating event or may
occur secondarily such as pneumonia following aspiration in a comatose patient
(Table 1). Metabolic abnormalities such as retention of carbon dioxide, hypoxia,
hyponatremia, and hypoglycemia are associated with myxedema coma and may
contribute to the development of coma in hypothyroid patients as they are known
to do so even in euthyroid individuals. Not uncommonly, myxedema coma may
slowly develop after admission to the hospital for some other diagnosis such as
fracture. With failure to make a diagnosis of severe hypothyroidism and appro-
priately treat it, patients may incur adverse outcomes related to their overall
slowed metabolic state. For example, drug metabolism is slowed in hypothy-
roidism and the clinical expression of the hypothyroid state may be worsened
by a relative overdose of sedatives or hypnotics, narcotics, and analgesics that
can suppress respiratory drive and worsen any already underlying CO; retention



Chapter 2 / Myxedema Coma 31

Table 1
Myxedema Coma: Exacerbating and Precipitating Factors

Hypothermia
Cerebrovascular accidents
Congestive heart failure
Myocardial infarction
Infections
Gastrointestinal bleeding
Burns
Trauma
Medications
Amiodarone
Anesthetics
Barbiturates
Beta-blockers
Diuretics
Lithium carbonate
Narcotics
Phenothiazines
Phenytoin
Rifampin
Sedatives
Tranquilizers
Metabolic disturbances exacerbating myxedema coma
Hypoglycemia
Hyponatremia
Acidosis
Hypoxemia
Hypercapnia
Hypercalcemia

caused by severe hypothyroidism. Association of myxedema coma with lithium
therapy (10, 11) and amiodarone therapy (/2) have also been reported. Whatever
the precipitating cause, the course typically is lethargy progressing to stupor and
then coma, with respiratory failure and hypothermia, all of which may be has-
tened by the administration of the medications such as those described above
that depress respiration and other brain functions.

A medical history may not be attainable at the time of presentation. Although
patients may not have a history of hypothyroidism until they present with
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myxedema coma, often at times there is a history of antecedent thyroid disease,
radioiodine therapy or thyroidectomy, or thyroid hormone therapy that was inap-
propriately discontinued. In perhaps 5% of cases of myxedema coma, the under-
lying etiology of hypothyroidism is pituitary or hypothalamic disease rather
than primary thyroid failure. Although central hypothyroidism as a precipitating
factor is rare, there have been reports of myxedema coma in individuals with
both primary thyroid failure and pituitary origin (/3,74). One case occurred
as long as six years following severe obstetric hemorrhage and the develop-
ment of post-necrotic pituitary atrophy, or Sheehan syndrome, in conjunction
with chronic autoimmune thyroiditis. One series from a hospital survey in Ger-
many (/5) reported 24 patients (20 women, 4 men; mean age 73 years) with
myxedema coma (although the authors reclassified 12 patients as having severe
hypothyroidism but not coma) with the following clinical profile: 23 patients had
underlying hypothyroidism, 9 of whom had previously diagnosed disease and 1
patient had central hypothyroidism. Findings on presentation included hypox-
emia in 80%, hypercapnia in 54%, and hypothermia with a temperature <94°F
in 88%. Six patients (25%) died despite treatment with thyroid hormone. Since
the clinical presentation of myxedema coma can be quite variable, it is important
to maintain a high index of suspicion, particularly if presented with an elderly
female patient with signs and symptoms compatible with hypothyroidism who
is beginning to manifest mental status changes and some of the typical findings
described below.

Physical Examination and Laboratory Findings

Patients commonly demonstrate the characteristic features of severe hypothy-
roidism such as dry skin, sparse hair, hoarseness, macroglossia, periorbital
edema, nonpitting edema of the hands and feet, delayed deep tendon relexes,
and altered mentation. In the absence of a history of thyroid disease, it is essen-
tial to carefully examine the patient for a surgical scar on the neck that may indi-
cate a former thyroidectomy or lobectomy. Physical examination may therefore
reveal no palpable thyroid tissue or there may be a goiter present. Bradycardia
is common and hypotension is an ominous finding when present that can be
exacerbated by low cardiac output and low blood volume (35).

Hypothermia deserves special mention as this sign has been the first clini-
cal clue to the diagnosis of myxedema coma in many reported cases. As noted
above (15), hypothermia is present in virtually all patients with myxedema coma
and may be quite profound (<80°F). The ultimate response to therapy and sur-
vival has been shown to correlate with the degree of hypothermia with the worst
prognosis in patients with a core body temperature <90°F.
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Laboratory evaluation may reveal hypoglycemia caused by downregulation
in metabolism and decreased gluconeogenesis; however, it is important to
also consider concomitant adrenal insufficiency when hypoglycemia is present
(5,8). Severe hypothyroidism causes reduced renal free water clearance, fluid
retention, and hypoosmolar hyponatremia. Decreased renal function as evi-
denced by serum creatinine elevations may be present. Elevated creatine kinase
concentrations, in particular skeletal muscle fraction, and elevated lactate dehy-
drogenase levels are thought to result from abnormalities in membrane perme-
ability. In addition, patients may demonstrate hyperlipidemia, anemia, and mild
leukopenia (5, 14,16). The presence of anti-thyroid antibodies indicates underly-
ing Hashimoto’s disease and increased risk for severe hypothyroidism (13).

Neuropsychiatric Manifestations

Similar to findings observed in patients with uncomplicated hypothyroidism,
those with severe hypothyroidism may have a history of lethargy, slowed menta-
tion, poor memory, cognitive dysfunction, depression, or even psychosis. How-
ever, their impaired state of consciousness often precludes patients from actually
complaining of these symptoms. Up to 25% of individuals with myxedema coma
may experience focal or generalized seizures, possibly related to hyponatremia,
hypoglycemia, or hypoxemia due to reduced cerebral blood flow (17).

Cardiovascular Manifestations

Patients with hypothyroid heart disease and those with myxedema coma may
develop nonspecific electrocardiographic abnormalities, cardiomegaly, brady-
cardia, and reduced cardiac contractility. Although these findings may lead to
low stroke volume, reduced cardiac output, and even edema, clinical conges-
tive heart failure is not often seen except in patients with pre-existing heart
disease (/8). It is uncommon for oxygen delivery to the tissues to be compro-
mised, despite low cardiac output, given the overall reduced metabolic rate and
associated reduction in oxygen demand. An enlarged cardiac silhouette may
suggest ventricular dilatation or the presence of a pericardial effusion. In a
recent case report, a patient was described with myxedema coma who presented
with presyncope, prolongation of the QT interval, and polymorphic ventricular
tachycardia also known as torsades de pointes (/9). Clinical presentation with
recurrent pericardial effusion and loss of consciousness, but without the clas-
sic preceding symptoms of hypothyroidism, has also been documented (73).
Decreased intravascular volume in the setting of cardiovascular abnormalities
may lead to hypotension, cardiovascular collapse, and shock. It is important
to note that hypotension may be refractory to vasopressor therapy alone and if
required, should be administered concomitantly with thyroid hormone.
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Respiratory Manifestations

The arterial blood gas measurement in a patient with myxedema coma often
reveals hypoxia, hypercapnia, and respiratory acidosis reflecting the underly-
ing pathophysiology of this disease state. In severe hypothyroidism, decreased
hypoxic respiratory drive and reduced ventilatory response to hypercapnia may
occur (20). However, respiratory dysfunction and hypoventilation may be exac-
erbated by impaired respiratory muscle function due to hypothyroidism-induced
myopathy and neuropathy leading to diaphragmatic dysfunction, as well as by
obesity-related disorders such as obstructive sleep apnea (2/-23). Respiratory
depression may progress to alveolar hypoventilation and worsening hypoxia
which can then lead ultimately to CO;, narcosis and coma. Although many
factors may contribute to the development of coma, the central depression in
ventilatory drive and reduced response to CO, seem to be the principal factors
(24,25). The presence of pleural effusion, ascites, or factors that may reduce lung
volume will worsen respiration, as will any reduction in the effective airway
opening from macroglossia or nasopharyngeal or laryngeal edema. Irrespective
of the cause of the respiratory depression and hypoventilation, most patients will
require intubation and mechanically assisted ventilation. The need for assisted
ventilation may be prolonged and recovery delayed despite initiation of thyroid
hormone therapy because of the potential for complications in any critically ill
patient with respiratory failure (26).

Gastrointestinal Manifestations

Gastrointestinal symptoms in patients with myxedema coma include
anorexia, nausea, abdominal pain, and constipation with fecal retention related
to decreased gut motility. Physical exam may reveal abdominal distention with
hypoactive bowel sounds related to reduced intestinal motility that may lead to
paralytic ileus and megacolon. Absorption of oral medications may be compro-
mised if gastric atony is present. Gastrointestinal bleeding is a rare complica-
tion of hypothyroidism (27). Hypothyroidism-related neurogenic oropharyngeal
dysphagia associated with delayed swallowing, aspiration, and risk of aspiration
pneumonia has been described (28).

Renal and Electrolyte Manifestations

Patients with myxedema coma may have bladder atony with urinary retention.
Decreased glomerular filtration rate occurs and hyponatremia often is found
and may be responsible for exacerbating lethargy and confusion. The mech-
anism by which hypothyroidism induces hyponatremia is not entirely under-
stood (29). Decreased delivery of water to the distal nephron (30), increased
proximal nephron free water reabsorption, impaired free water excretion, and
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baroreceptor-mediated activation of arginine vasopressin (AVP) secretion from
low cardiac output may all lead to hyponatremia. However, evidence sug-
gests that hyponatremia in severe hypothyroidism may be mediated by AVP-
independent mechanisms. In one series of patients with untreated myxedema
coma who underwent hypertonic saline infusion and then free-water loading,
plasma AVP was appropriately suppressed (i.e., not inappropriately elevated) in
those hyponatremic myxedema patients who demonstrated a degree of impaired
urinary dilution during free water loading. This observation provides evidence
that decreased free water excretion in myxedema is not due entirely to inap-
propriate plasma AVP elevation (3/). Urinary sodium excretion is normal or
increased, and urinary osmolality is high relative to plama osmolality.

Manifestations of Coincident Infectious Disease

Patients who fail to survive myxedema coma commonly have been shown to
have had unrecognized infection and sepsis. Because hypothermia is a consistent
finding in myxedema coma, a temperature within the normal range is sugges-
tive of an underlying infection. Associated signs of infection such as tachycar-
dia and diaphoresis will also be absent. Patients may be mildy leukopenic or
may have a normal white blood cell count with a left shift with increased band
forms. Pneumonia may exacerbate or even cause hypoventilation, and a patient
is at increased risk for aspiration pneumonitis caused by neurogenic dysphagia,
semicoma, or seizures (/7,28). Clinicians should always consider the possibility
of an underlying infection in these patients while maintaining a low threshold
for the initiation of broad-coverage antibiotic therapy (32).

DIAGNOSIS

Myxedema coma should lead the differential diagnosis in a patient with a
history of, or physical findings consistent with hypothyroidism in the setting of
stupor, confusion, or coma, particularly when hypothermia is present. Standard
clinical thermometers do not measure temperatures lower than 34.4°C (94°F)
and should therefore not be used in this setting given the likelihood of inac-
curate results. When hypothermia is suspected, low-reading rectal thermome-
ters or rectal thermistor probes should be used (33). The clinical presentation in
many patients may be sufficiently clear to make measurements of thyroid func-
tion tests necessary only for confirmation of the diagnosis. Given a reasonable
index of suspicion, empiric thyroid hormone replacement should be immedi-
ately initiated while awaiting the results of these tests, including serum TSH
and free thyroxine (free T4), which should only take several hours in most cen-
ters. Although a markedly elevated serum TSH might be expected in myxedema
coma, patients with concomitant severe non-thyroidal illness may demonstrate a
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state akin to ‘euthyroid sick’ syndrome (34,35) which may be termed ‘hypothy-
roid sick’ (36). Here TSH secretion from pituitary thyrotrophs is decreased, and
the serum levels of TSH may therefore not be as high as might be expected (37).
In those patients whose severe hypothyroidism is central in etiology, TSH will be
low or normal. However, all patients with myxedema coma, whether central or
primary in origin, will have decreased free T4 and triiodothyronine (T3) concen-
trations. In patients with the ‘hypothyroid sick’ syndrome, serum T3 levels may
be unusually low (<25 ng/mL) (36). Besides detecting electrolyte abnormali-
ties, diagnostic evaluation should include laboratory assessment for concurrent
adrenal insufficiency, myocardial infarction, and a thorough work-up for infec-
tion including at the very least blood cultures, urinalysis and urine culture, and
chest radiograph.

TREATMENT

Once the diagnosis of myxedema coma is made or is even suspected, therapy
should be initiated immediately because of the high mortality rate otherwise.
However, in elderly patients, in particular those with underlying cardiac con-
ditions, thyroid hormone therapy should be administered judiciously given the
inherent risks. It is important to note that administering thyroid hormone ther-
apy alone without treating all of the affiliated metabolic derangements would
not likely lead to a successful recovery. All patients should therefore be admit-
ted to the intensive care unit for close monitoring of pulmonary and cardiac
abnormalities, volume status, and electrolyte abnormalities.

Ventilatory Support

Upon admission to the intensive care unit, physical examination, arterial
blood gas measurement, and imaging should be performed to evaluate for
pulmonary infiltrate or tracheal compression from macroglossia or laryngeal
myxedema as described above. The initiation of mechanical ventilation via
endotracheal tube or tracheostomy if needed should not be delayed in order
to adequately treat or prevent hypoxia and hypercapnia. Intensive care protocol
usually routinely measures arterial blood gas with changes in ventilatory set-
tings, and extubation should not be attempted until the patient regains conscious-
ness and is able to maintain the patency of their own airway and manage their
respiratory secretions. Typically, mechanical ventilation will be required for 24—
48 hours, but may be longer in those patients whose hypoventilation and coma
result from drug-induced respiratory depression. Moreover, some patients with
myxedema coma may require prolonged ventilatory support for several weeks
(26), especially those with underlying lung disease such as chronic obstructive
pulmonary disease (COPD).
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Hypothermia

Hypothermic patients should be covered with blankets, so-called passive
external rewarming. Unfortunately, passive rewarming carries a low likelihood
of restoring body temperature to normal unless the patient has intact ther-
moregulatory mechanisms and adequate energy stores to produce endogenous
heat. Active external rewarming with the use of forced-air warming systems
or warming blankets should be used only as a last resort to restore body tem-
perature to normal; warming blankets should be used extremely cautiously
given the risk of hypotension progressing to shock from vasodilatation sec-
ondary to decreased peripheral vascular resistance induced by warmth. A safer
and effective approach to hypothermia than active external rewarming is min-
imally invasive central rewarming. The techniques include airway rewarming
with humidified oxygen at 40°C (104°F) and intravenous fluids heated to 40°C
to 45°C, and these modalities do not place the patient at risk for profound
hypotension. Careful blood glucose monitoring is imperative as the majority of
hypothermic patients have depleted their glycogen stores, and hypothermia may
mask hypoglycemic symptoms (33). To ultimately normalize core body temper-
ature in myxedema coma, thyroid hormone administration is essential; however,
restoration of body temperature by thyroid hormone may take several days.

Hypotension

Treatment of hypothermia with external warming should be initiated concur-
rently with intravenous hydration with 5% to 10% glucose in half-normal saline
or with isotonic saline if hyponatremia is present. Stress dosage of intravenous
hydrocortisone (100 mg every 8 hours) must be given if there is a suspicion
of coexistent primary or secondary adrenal insufficiency. Vasopressors may be
required for profound hypotension that is refractory to aggressive volume reple-
tion until thyroid hormone action begins; however, many hypothermic patients
may already be maximally vasoconstricted peripherally in order to raise core
body temperature.

Hyponatremia

Appropriate treatment for hyponatremia depends upon the severity and acu-
ity with which the hyponatremia developed. Hyponatremia contributes to the
altered mental status in myxedema coma, particularly in those with serum
sodium levels < 120 mEq/L. The administration of thyroid hormone amelio-
rates hyponatremia such that euvolemic, normotensive patients with myxedema
coma with mild hyponatremia may be treated only with thyroid hormone admin-
istration and perhaps fluid restriction. However, hypotensive patients will require
volume expansion with normal saline with careful monitoring of serum sodium
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every 2 to 4 hours with a goal increase in serum sodium levels of 0.5-1 mEq/L/h;
this slow rate of serum sodium correction will minimize the risk of central pon-
tine myelinolysis (38). Hypotonic fluids should be avoided so as not to worsen
hyponatremia. Depending upon the individual patient’s extracellular fluid vol-
ume status, a cautious approach is to follow hourly fluid input and output and
to adjust intravenous hydration such that the total input does not exceed output
thus permitting some free water losses. A trial of hypertonic 3% saline may be
warranted for those patients with acute symptomatic hyponatremia with serum
sodium <120 mEqg/L until serum sodium reaches a level >125 mEq/L (29),
keeping in mind the general rule that an infusion of 3% saline at a rate of 1 cc/kg
body mass/h raises serum sodium by 1 mEq/h. Absent hypotension, the admin-
istration of intravenous furosemide at a dose of 40 to 120 mg may be considered
to promote water diuresis if hypertonic saline is used (39).

Glucocorticoid Therapy

Glucocorticoids are commonly administered in patients with myxedema coma
based upon a risk of coexistent actual or relative adrenal insufficiency. Patients
with myxedema coma due to pituitary or hypothalamic disease may have dimin-
ished (ACTH, corticotropin) secretion in addition to low TSH secretion. Patients
with a history of Graves’ disease or Hashimoto’s thyroiditis may also have autoim-
mune primary adrenal insufficiency. Although serum cortisol will be normal in the
majority of patients with myxedema coma, parameters suggestive of underlying
adrenal insufficiency include hypotension, hyponatremia, hyperkalemia, hyper-
calcemia, lymphocytosis and eosinophilia, hypoglycemia, and azotemia. If they
are to be administered, glucocorticoids should be given early in the course of
therapy prior to thyroid hormone administration so that the increased metabolic
demands induced by thyroid hormone do not precipitate adrenal crisis.

In addition to the risk of coexistent primary or secondary adrenal insuffi-
ciency, it is deemed prudent to administed glucocorticoids because there is a
risk that thyroid hormone therapy may increase cortisol clearance and precip-
itate adrenal insufficiency. Hydrocortisone is usually given intravenously at a
dose of 50 to 100 mg every 6-8 hours for several days, after which time it
is tapered or discontinued on the basis of improvement in clinical response,
plans for further diagnostic evaluation, and adequacy of intact pituitary-adrenal
function.

Myxedema Coma and Surgery

The general perioperative management of patients with hypothyroidism has
been reviewed recently (40). Non-emergent surgery should be deferred in
a patient with myxedema coma. However, in the event that a patient with
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myxedema coma requires an emergent surgical procedure, the same general
principles apply (41,42) with particular attention to careful monitoring of intra-
operative and postoperative respiratory (43,44 ) and cardiac status. Occasionally
the diagnosis of myxedema coma may be made during the immediate postop-
erative period (45) when again a major concern is close monitoring for main-
tenance of the airway. Myxedema coma has also been reported during obstetric
labor (46).

Thyroid Hormone Therapy

Because the prompt administration of thyroid hormone is essential for sur-
vival in myxedema coma, the clinician must balance the life-saving benefits of
restoring low serum and tissue thyroid hormone levels to normal against the risks
of precipitating myocardial infarction or atrial tachyarrhythmias. Given the high
mortality of myxedema coma, there is a clear benefit to achieving effective tis-
sue levels of thyroid hormones as quickly as possible. However, the regimen
with which to treat remains controversial and relates to whether to administer
levothyroxine (LT4), liothyronine (LT3), or both. There are no controlled clini-
cal trials comparing various treatment regimens in myxedema coma due to the
rarity of this disease entity, so it is not currently known what comprises the
optimal therapeutic approach, and recommendations tend to be empirical at best
(36). In theory, the administration of T4 alone to a hypothyroid individual should
suffice because T4 is converted to meet the physiologic demands for T3 by 5°-
monodeiodinase. However, the rate of extrathyroidal conversion of T4 to T3 is
diminished in sick hypothyroid patients (34,35), which is a potential drawback
to total reliance on generation of T3 from T4. Parameters that favor T3 ther-
apy include greater biological activity of T3 than T4 and a much more rapid
onset of action of T3 than T4, which could increase opportunities for survival
(39,41). In addition, evidence from animal studies in the baboon model sug-
gests that T3 crosses the blood-brain barrier more rapidly and more completely
than T4 (47) with potential implications for earlier improvement in neuropsy-
chiatric symptoms in patients with myxedema coma after treatment with T3 as
compared to T4.

Despite decreased 5’monodeiodinase activity in the sick hypothyroid patient,
administration of T4 may provide a smoother and more even, albeit slower, onset
of action than T3 with a decreased risk of cardiac adverse events in particular.
Whereas the onset of action of T3 is more rapid as described above, serum and
likely tissue levels of T3 are more variable between doses of T3 than of T4.
Although modern laboratories now have reliable assays for both T4 and T3, the
interpretation of T4 levels may be easier given that T4 levels do not vary as much
as T3 levels between doses. In any case, close monitoring of TSH is helpful in
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gauging the impact of therapy and adjusting thyroid hormone dosage in order to
bring tissue content of thyroid hormone to effective levels.

Regardless of whether T3 or T4 is the thyroid hormone administered, dosage,
frequency, and route of administration are additional factors to address. In the
comatose patient, intravenous administration of thyroid hormone is preferred
over that via nasogastric tube given the risk of aspiration and unpredictable
absorption with the latter. Parenteral T4 preparations are available in vials con-
taining 100 and 500 mcg. An initial intravenous high-dose bolus (i.e., 300 to 600
mcg) has been utilized for decades in order to replace the total extrathyroidal
stores of T4; this initial bolus has been thought to be advantageous to bring
thyroid hormone to effective levels as quickly as possible. The latter dosage
is based upon kinetic studies that estimate the total body thyroxine pool to
be 500 mcg (36). Serum T4 levels rapidly increase to above normal and then
return to the normal reference range within 24 hours of the initial high bolus
dose. In turn, as T4 is converted to T3, serum T3 levels also rise, and serum
TSH concentrations begin to fall towards normal (48). After the initial bolus
dose, a maintenance dose of 50 to 100 mcg daily intravenously or orally is
recommended (49).

Although it has been commonly held that an intravenous bolus dose of
levothyroxine followed by maintenance therapy is optimal (48,49) , other evi-
dence suggests improved outcomes with lower dose thyroid hormone therapy
(50,51). To further investigate levothyroxine dosing regimens, Rodriguez et al.
(52) conducted a prospective trial where patients were randomized to received
either a 500 mcg loading dose of intravenous levothyroxine followed by 100 mcg
daily maintenance dose or only the maintenance dose. The overall mortality rate
was 36.4% with a lower mortality rate in the high dose group (16.7%) versus
the low dose group (60%), although the difference was not statistically signif-
icant. Poorer outcome was associated with a decreased level of consciousness,
lower Glasgow coma score, and increased severity of illness on entry as deter-
mined by an acute physiology and chronic health evaluation II (APACHE II)
score >20.

Parenteral T3 is available in 10 mcg vials. When given as sole thyroid hor-
mone replacement therapy, the usual bolus dose is 10 to 20 mcg followed by 10
mcg every 4 hours for the first 24 hours, then 10 mcg every 6 hours for a day or
two, by which time the patient should have become alert enough to transition to
oral thyroid hormone administration (36). Although improvement in body tem-
perature and oxygen consumption will occur in 8 to 14 hours or longer after
intravenous T4, similar benefits will occur within only 2 to 3 hours following
T3 administration with substantial clinical improvement within 24 hours (53).
However, this benefit is accompanied by a larger risk of adverse cardiac events
including sudden death that is seen particularly with high (25 mcg) doses of T3
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(41,54). In one retrospective series of 11 patients, those with fatal outcomes had
received higher doses of thyroid hormone and had calculated levels of T3 that
were almost twice as high as those who survived (55). In another series of 8
patients with myxedema coma, the first 3 patient who received high-dose intra-
venous T3 died of pneumonia whereas the remaining 5 patients who received
lower dose T3 or T4 survived despite pulmonary complications (5/). Among
87 cases of myxedema coma reported in the literature, the authors of the afore-
mentioned series found older age, cardiac complications, and high dose thyroid
hormone replacement (T4 dose > 500 mcg/d or T3 dose > 75 mcg/d) were the
factors associated with mortality within 1 month of treatment for myxedema
coma. From their findings, the authors concluded that a bolus dose of 500 mcg
of T4 should be safe in younger patients (< 55 years) without cardiac disease,
but lower doses should be considered in elderly patients (5/) who may only
require 100 to 170 mcg of T4 daily (5). It is important to note that outcomes
may be somewhat difficult to analyze given first, the small number of patients
in reported series owing to the rarity of myxedema coma, and secondly, the
high mortality rate of myxedema coma despite what is deemed to be appropriate
therapy.

In contrast to either of the above two therapeutic approaches, we feel that
a prudent but effective approach is to administer both T4 and T3. As in any
other hypothyroid patient, dose adjustment is based upon clinical and labo-
ratory results. T4 is given intravenously in a dose of 4 mcg/kg lean body
weight (approximately 200 to 250 mcg), followed by 100 mcg 24 hours later
and then 50 mcg daily either intravenously or orally when permitted. T3 is
also given intravenously in an initial dose of 10 mcg with a dose of 5 to
10 mcg every 8 to 12 hours depending upon the age and cardiac status of
the patient, and T3 may be discontinued when the patient is able to toler-
ate oral maintenance doses of T4. While this approach cannot claim to be
the optimal or preferred manner of treatment with thyroid hormone, it does
make physiologic sense in relation to both safety and efficacy. This is partic-
ularly true in the ‘hypothyroid sick’ patient with myxedema coma in whom
conversion of T4 to T3 would be delayed by their systemic illness. Clearly,
no general guide to treatment can take into account all of the clinical fac-
tors that might affect sensitivity to thyroid hormone including age, compro-
mised cardiovascular function, neuropsychiatric status, and other coexisting co-
morbidities that may affect drug distribution and metabolism and therefore drug
dosages. Consequently, patients should be carefully monitored prior to admin-
istering each dose of thyroid hormone. Most patients with myxedema coma
should recover with vigorous treatment and aggressive supportive measures.
However, overall improved outcomes will derive from the early diagnosis and
treatment of hypothyroidism.
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SUMMARY

Myxedema coma represents the most extreme form of hypothyroidism and
still carries a high mortality rate despite therapy. Myxedema coma typically
presents in elderly women during the winter months and may be precip-
itated by infection, stroke, cardiac events, other systemic illness, and cer-
tain medications. Associated signs include hypothermia, decreased mentation,
hyponatremia, hypoxia, and hypercapnia. Comprehensive treatment including
aggressive supportive care in the intensive care unit is essential and may require
assisted mechanical ventilation, warming methods, corticosteroids, vasopres-
sors, and antibiotics. Thyroid hormone is crucial to survival, but it remains
unclear whether to administer thyroxine, triiodothyronine, or both.
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INTRODUCTION

Acute adrenal crisis is a life threatening endocrine emergency, requiring
prompt diagnosis and immediate treatment. The recognition of adrenal crisis can
be a clinical challenge as its presentation may be non-specific, with symptoms
and signs masked by the precipitant leading to the crisis itself.

Addison’s disease, first described by Thomas Addison in 1855, has a preva-
lence of 35-120 per million (/). Addison’s disease presenting as acute adrenal
crisis is uncommon. There is increasing recent recognition of relative adrenal
insufficiency which can also present as an acute crisis in the setting of critical
illness (especially sepsis), human-immunodeficiency virus (HIV) infection or
adrenal suppression from glucocorticoid therapy.

The current review provides clinicians with a framework for the management
of acute adrenal crisis, covering physiology, aetiology, and therapy. Manage-
ment principles are outlined, focusing on immediate treatment, education, and
prevention. A high index of clinical suspicion is paramount in the successful
management of acute adrenal crisis.
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ADRENAL PHYSIOLOGY

Adrenal insufficiency is primarily due to cortical hypofunction; however, ani-
mal studies have demonstrated an important interplay between the medullary
adrenergic and glucocorticoid systems in the regulation of steroid hormone
synthesis (2). The integrity of the cardiovascular system is dependent on a com-
plex interplay between adrenocortical hormones, and the adrenergic system, that
serves to regulate fluid homeostasis and vascular tone.

Circulatory shock is the cardinal feature of acute adrenal crisis. It is due to
both hypovolemia and sodium depletion from mineralocorticoid deficiency, and
vascular collapse from glucocorticoid deficiency. The precipitant of the crisis
itself frequently contributes to the hemodynamic stress in the form of sepsis,
hemorrhage, or cardiac dysfunction (Fig. 1).

l e

Total body water 1 intra-adrenal lvascular sensitivity to 1 suppression of
depletion catecholamine catecholamine action vasodilatory mediators
synthesis

Sodium depletion |

Hypovolumia Loss of systemic vascular resistance
Shock

Sepsis Hypovolumia Cardiac dysfunction
e.g.,
Gastroenteritis
Vomiting
Hemorrhage

Fig. 1. Schematic diagram showing the multiple contributing factors to shock in acute
adrenal crisis.
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Water and sodium homeostasis: mineralocorticoid
and anti-diuretic hormone

Aldosterone is regulated by the renin-angiotensin-aldosterone (RAA) sys-
tem. The major trigger for renin release is a fall in perfusion pressure, from
hemorrhage, hypotension, or a contraction of extracellular water volume after
sodium loss. Aldosterone enhances sodium reabsorption in the distal convoluted
tubule in exchange for potassium. Aldosterone insufficiency therefore results in
inappropriate natriuresis and potassium retention. The loss of salt and water may
be catastrophic during vomiting or diarrhoeal illness, with rapid deterioration to
coma and death.

Anti-diuretic hormone (ADH) regulates free water excretion by increasing
the permeability of the collecting tubule to water. Its secretion is stimulated by
hyperosmolality and hypovolemia. In patients with chronic aldosterone insuf-
ficiency, sodium depletion impairs the counter-current mechanism essential to
establish a hyperostomotic interstitium in the renal medulla, reducing ADH-
medicated water reabsorption and accelerating volume depletion.

Although adrenocortical hormone (ACTH) acutely stimulates aldosterone
release, it plays a minor role in the regulation of aldosterone secretion (3).
Aldosterone deficiency is not a feature of secondary adrenal failure and explains
why acute adrenal crisis is less frequently observed in secondary adrenal
failure.

Glucocorticoid

Cortisol is required for the functioning of all tissues. It exerts important roles
on cardiovascular function, appetite, and on the immune system, properties
that are particularly relevant in understanding the pathophysiology of adrenal
crisis.

CARDIOVASCULAR STABILITY

Vascular tone is maintained by 3 factors: adequate circulatory volume, cardiac
contractility, and peripheral vascular tone. Glucocorticoids and catecholamines
interact positively to maintain hemodynamic stability in human, by enhancing
catecholamine action in vascular smooth muscle (4). A better understanding of
the mechanism of their interactions has come from animal studies. Glucocorti-
coids potentiate the response of catecholamines by enhancing affinity to their
receptors (5-8). The synthesis of major vasodilators by endothelium, including
prostacyclin and nitric oxide, is suppressed by glucocorticoids (9-10). Gluco-
corticoids stimulate cardiac function by enhancing contractility. Animal (//)
and human (/2) studies showed cardiac contractility to be markedly impaired in
glucocorticoid deficient state.
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Glucocorticoids are also required for the normal functioning of chromaffin
cells and their capacity to produce adrenaline. Activity of phenylethanolamine-
N-methyltransferase (PNMT), a rate-limiting enzyme in adrenaline synthesis,
has been shown (in animal studies) to be dependent on glucocorticoids trans-
ported via the intra-adrenal portal system (8&). This dependency is evident in
patients with isolated glucocorticoid deficiency who manifest reduced synthesis
of adrenaline both in resting and stressed clinical states (13).

Glucocorticoid deficiency leads to circulatory collapse, reduced cate-
cholamine synthesis, vascular desensitisation to circulating catecholamines,
inappropriate vasodilation, and impaired cardiac contractility, which together
with water and sodium repletion due to aldosterone deficiency, represents the
hallmark of adrenal crisis.

APPETITE

Glucocorticoids play a central role in glucose metabolism, and regulate
energy storage and utilisation through interaction with the sympathetic nervous
system. An underappreciated effect of glucocorticoids is its potent orexigenic
property (14).

The appetite stimulating effect of glucocorticoids may involve mediation by
the endocannabinoid system (/5). Both animal (/6) and human (/7) studies have
demonstrated an increase in appetite and high-fat food ingestion in response
to increased cortisol secretion from stress. The opposite occurs in glucocorti-
coid deficient states. Patients lose their appetite; weight loss and cachexia ensue
as a consequence of advanced anorexia, impaired hepatic gluconeogenesis, and
defective mobilisation of substrates from peripheral fat and muscle stores (/4).
Glucocorticoids such as dexamethasone, are sometimes used as appetite stim-
ulants in cachectic patients with advanced malignancy in the palliative care
setting.

IMMUNITY

Glucocorticoids are a potent suppressor of the immune system. Endogenous
glucocorticoids play an important role in the maintenance of host ‘inflamma-
tory’ homeostasis.

The immune system is constitutively active (/8); immune cells, cytokines,
and neuropeptides accumulate in injured tissue, forming micro-inflammatory
foci that facilitate tissue healing and regeneration (/9). Glucocorticoids exert
important actions on leukocyte traffic (20), cytokines actions (217), and adhesion
molecule expression (22). Equilibrium is maintained by the anti-inflammatory
actions of glucocorticoids in areas of tissue damage to facilitate healing.

The absence of glucocorticoids result in an enhanced state of inflammation,
causing an array of symptoms, which may be local or systemic. These symptoms
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are similar to those of patients with immune-mediated inflammatory disorders,
such as arthralgia, myalgia, and lethargy. Low-grade pyrexia may arise from
dysregulated production of inflammatory cytokines. Inflammation of the gas-
trointestinal tract, along with anorexia precipitated by the lack of glucoccorti-
coids may create a misleading clinical picture of abdominal pathology.

In essence, glucocorticoid sufficiency is central to the maintenance of cardio-
vascular stability, appetite regulation, and immune function. These three aspects
of glucocorticoid function explain many of the manifestations of acute and
chronic glucocorticoid deficiency.

AETIOLOGY OF ADRENAL INSUFFICIENCY

The evaluation of the cause of adrenal insufficiency in a particular patient
depends on the clinical context. While some features are common to both pri-
mary and secondary adrenal insufficiency, an appreciation of the causes and
associated clinical manifestations give important clues for the diagnosis of
adrenal failure. The causes are diverse and so are the associated clinical mani-
festations (Table 1).

Primary adrenal failure

Hyperpigmentation is a cardinal sign of primary adrenal failure, regardless
of its aetiology. It is universally found in long standing cases, arising from
unrestrained secretion of ACTH and related peptides. It is evident in areas
exposed to chronic friction (elbows and knees), to light (face and neck), areas
that are normally pigmented (areolae and axillae), palmar creases, and buccal
mucosa.

Once primary adrenal failure is suspected clinically, a common cause should
be sought (Table 1). Patients with autoimmune adrenalitis more commonly
present with chronic or subacute symptoms in the outpatient setting, while those
with vascular, infective, neoplastic, or infiltrative causes are more commonly
diagnosed in a hospitalised setting (Table 1).

AUTOIMMUNE ADRENALITIS

Autoimmune adrenalitis is the most common cause in Western countries,
accounting for up to 70-90% of cases (23). A clue pointing to autoimmune
adrenalitis is an associated history of autoimmune disorders, including Graves’
disease, Hashimoto’s hypothyroidism, type 1 diabetes, pernicious anaemia, and
vitiligo. At least 50% of patients with autoimmune adrenalitis have another
autoimmune endocrine disorder (24-26).
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Table 1
Causes of adrenal insufficiency

Primary

Vascular Adrenal infarction, hemorrhage (lupus anticoagulant or
HITT)

Infiltrative Lymproliferative disorder, metastatic disease,
granulomatous disease e.g., sarcoidosis

Infective Tuberculosis, meningococcal disease (presenting as
adrenal hemorrhage), fungal infection, HIV infection

Autoimmune Autoimmune adrenalitis, polyglandular autoimmune
syndrome I and II

Traumatic Abdominal blunt trauma or back trauma

Drugs Ketoconazole (especially in patients with AIDS),
etomidate

Congenital Adrenoleukodystrophy, adrenal enzyme deficiencies

Secondary

Vascular Pituitary infarction (Sheehan syndrome)

Neoplasm Pituitary adenoma, metastasis

Infective Tuberculosis and fungal infection

Infiltrative Granulomatous disease (sarcoidosis, histiocytosis),
hemochromatosis

Inflammatory Lymphocytic hypophysitis

Traumatic Brain injury

Radiation Post-pituitary radiation

Drugs Abrupt cessation of prolonged glucocorticoid therapy

Critical illness

Others

(including inhaled glucocorticoid)
Relative glucocorticoid deficiency
ACTH deficiency

ADRENAL HEMORRHAGE AND INFARCTION

The adrenal glands are prone to vascular damage because of the lack of
a direct arterial supply. The adrenal cortex receives arterial supply from a
subcapsular arteriolar plexus, rendering it vulnerable to infarction during sys-
temic hypotension. An abrupt change in flow dynamics in the medullary sinu-
soids predisposes the gland to microvascular thrombosis and infarction. Necrotic
areas are prone to hemorrhagic transformation during reperfusion. Anticoag-
ulant use, thrombocytopaenia, and sepsis are the 3 most important risk fac-
tors associated with adrenal hemorrhage (27-28). Anticoagulants cause adrenal
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infarction/hemorrhage either directly or indirectly through induction of heparin-
induced thromocytopaenia and thrombosis (HITT) (29-30).

Adrenal infarction can arise from sepsis. Classically, the Waterhouse-
Friderichsen syndrome is caused by meningococcemia (37). However, hospital-
acquired pathogens including Pseudomonas aeruginosa, Escherichia coli and
Staphylococcus aureus (32) can cause a similar pathology. Occult malignancies
cause adrenal insufficiency by infiltration or infarction. The latter may arise from
thrombosis due to malignancy-induced prothrombotic state or anti-phospholipid
syndrome (33). Lymphoma can cause adrenal destruction through all
3 mechanisms.

Patients with HIV infection are at particularly high risk, as they are
prone to opportunistic infections, exposure to drugs that interfere with glu-
cocorticoid synthesis (34-35), and malignancies. Adrenal destruction can
result from opportunistic infections, such as cytomegalovirus and Mycobac-
terium avium-intravcellulare, or from an infiltrative malignancy such as
Kaposi’s sarcoma. Such patients are also vulnerable during critical ill-
ness from drugs treatment of opportunistic infection, such as ketoconazole,
which reduces cortisol synthesis. Anti-retroviral medications especially pro-
tease inhibitors are potent cytochrome P450 inducer, which accelerate cortisol
metabolism.

Secondary adrenal failure

Secondary adrenal failure can arise from organic hypothalamic pituitary
diseases or from suppression of hypothalamic pituitary adrenal (HPA) axis from
long term exogenous glucocorticoid use.

PITUITARY DISORDERS

Specific aetiologies of hypothalamic pituitary disease should be sought
(Table 2). Symptoms of other pituitary hormonal deficits, such as infertil-
ity, cold intolerance, or hoarse voice may be present. A functional pitu-
itary macroadenoma can cause hypopituitarism and secondary adrenal failure.
Mass effects including visual field defects and cranial nerve palsies should be
sought.

Isolated ACTH deficiency is a rare cause of secondary adrenal insufficiency.
Diagnosis is often difficult and invariably delayed as the symptoms are non-
specific and may include myalgia, arthralgia, fatigue, anorexia, weight loss, and
depression (36).

PATIENTS ON LONG TERM GLUCOCORTICOID THERAPY

Patients on long term glucocorticoid therapy are at a risk of acute adrenal
crisis from underlying adrenal atrophy (37-39) secondary to ACTH suppression.
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Table 2
Symptoms and signs of acute adrenal crisis; distinction between primary
and secondary adrenal failure

Symptoms Fatigue, weakness, nausea, anorexia,
vomiting, arthralgia, myalgia, poor
concentration, depression

Signs Dehydration (hypotension and tachycardia),
mild fever, signs of other autoimmune
conditions e.g., vitiligo

Primary adrenal Secondary adrenal
failure failure
Mineralocorticoid deficiency + -
Glucocorticoid deficiency + +
Hyperpigmentation + -
Decreased libido + +/-
Pituitary hormone deficiencies— +/-
Hypoglycemia - +/-
Risk of acute adrenal crisis +++ +
+ = present
— = absent

However, the risk of acute adrenal crisis is determined by the interplay between
underlying glucocorticoid reserve and intercurrent stress (Fig. 2).

The extent of glucocorticoid suppression is determined by the potency of the
steroid used, the duration of therapy, and the route of administration. While the
risk appears to be the least when systemic administration is avoided, and both the
dose and the duration are minimized, there is substantial individual variability.
Adrenal crisis can occur following the use of a ‘safe regime’ such as single injec-
tion of intra-articular steroid (40), topical preparation (41), or inhaled steroid.
Although systemic transfer is minimal, inappropriate inhalation technique and
the use of more potent inhaled steroid (e.g., fluticasone) can lead to significant
life-threatening suppression (42—44).

Despite clinicians’ long experience with glucocorticoid therapy, the safest
tapering regime for patients on long-term glucocorticoid therapy to prevent
adrenal crisis has not been defined (45). Generally patients who are abruptly
withdrawn from long-term supra-physiological doses of steroid (e.g., pred-
nisolone 7.5 mg daily for more than 3 weeks) (46) are at the highest risk of
adrenal crisis.
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a)

Chronic asymptomatic phase

> Adrenal crisis
Decrease in adrenal reserve

Non-specific sympto:

Minor precipitant
b)

Normal adrenal function
Adrenal crisis

Major precipitant

Fig. 2. Schematic diagram representing two scenario of adrenal crisis: (a) adrenal crisis pre-
cipitated by minor event in a patient with chronic progressive insufficiency (e.g., adrenalitis,
adrenal infiltration) and (b) adrenal crisis caused by catastrophic adrenal destruction (e.g.,
adrenal hemorrhage or infarction).

DIAGNOSIS

Acute adrenal crisis is an endocrine emergency. The severity and onset of
symptoms vary according to the level of defect in the HPA axis (primary vs
secondary adrenal failure), and underlying aetiology (Table 2). A high index of
clinical suspicion is the most important in establishing diagnosis. The approach
to the diagnosis of adrenal insufficiency varies with different clinical settings
(see section 2). Detailed history, examination, and investigations are indicated in
the outpatient setting when patients present with subacute or chronic symptoms,
while this may not be possible in the acutely unwell patient.

The acutely unwell patient

The clinical picture is dominated by profound shock in the most serious form
of adrenal crisis and should be considered in any patient with unexplained cir-
culatory collapse. It should be emphasized that the initial diagnosis of adrenal
crisis is entirely based on clinical evaluation. Therapy must not be delayed by
biochemical confirmation of adrenal insufficiency or by investigations to iden-
tify a cause.

Blood can be drawn prior to glucocorticoid replacement for measure-
ment of full biochemical profile, including serum cortisol and ACTH. In the
progressively unwell patient, a serum cortisol of <80 nmol/L is diagnostic and
if accompanied by an elevated ACTH level of >10 pmol/L, indicates primary
adrenal insufficiency. Although the mineralocorticoid axis is spared in patients
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with secondary adrenal failure, the picture of acute adrenal crisis is identical and
may be as dramatic as patients with primary adrenal insufficiency.

Typical blood profile of acute adrenal crisis in primary adrenal failure reflects
water and salt depletion, as characterised by hyponatraemia, hyperkalaemia,
hyperchloraemic acidosis, and an elevated level of urea and creatinine. Anaemia
and eosinophilia may be present, while hypercalcaemia is rare. In secondary
adrenal insufficiency, hyponatraemia may result from lack of the inhibitory
effect of glucocorticoids on ADH secretion. Hyperkalaemia is uncommon due
to intact mineralocorticoid function.

Classic biochemical profile may not be evident in rapid onset adrenal failure
(e.g., adrenal hemorrhage). Once basal bloods are drawn, treatment must not be
withheld. Prompt glucocorticoid replacement with hydrocortisone is life-saving.
If there is doubt after recovery, the diagnosis can be confirmed by further inves-
tigations as outlined below.

The patient in the subacute setting

In an outpatient setting, patients usually present with chronic progressive
symptoms. The distinction between primary and secondary adrenal failure
(Table 2) can usually be established from history and clinical examination (see
section 2). The major symptoms of chronic insufficiency are chronic fatigue,
anorexia, abdominal pain and weight loss, sometimes mimicking those of an
occult malignancy.

Elective diagnosis

Confirmation of adrenal failure involves the demonstration of an inappropri-
ately low serum cortisol concentration or inadequate response to stimulation.

CORTISOL MEASUREMENT

Interpretation of a serum cortisol concentration depends on several fac-
tors, including timing of blood collection, assay variability, medications
affecting cortisol-binding globulin (CBG) and concurrent use of synthetic
glucocorticoids.

Serum cortisol has a diurnal variation, with levels higher in the early morn-
ing, decreasing to a nadir as the day progresses. The diurnal rhythm, coupled
with the variations between individuals, render it difficult to define a cut-off
value for the diagnosis of adrenal insufficiency. A lower threshold improves
specificity at the expense of sensitivity. In general, an early morning corti-
sol >450 nmol/L excludes adrenal insufficiency, while a level <100 nmol/L
warrants further investigations for confirmation.
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As cortisol circulates almost entirely bound to CBG, drugs which affect CBG
will influence its level in the circulation. Oestrogens taken by the oral route
enhance the levels of a number of hormone binding protein, including CBG
(47). Thus the concurrent use of oral oestrogen may mask biochemical evidence
of adrenal insufficiency.

In contrast, total cortisol level may be affected in the opposite direction in
critical illness. Sepsis and trauma reduce CBG synthesis (48) and its clearance
is enhanced by neutrophil elastase (49). Different serum cortisol concentration
threshold levels (276-938 nmol/L) have been proposed to define glucocorticoid
insufficiency in critical illness (50-51). However, there is no consensus. A recent
review by Cooper suggested a threshold of <414 nmol/L to be predictive of
patients who would benefit from corticosteroid replacement in the setting of
critical illness (46).

Interpretation of serum cortisol measurement in patients taking synthetic
glucocorticoids can be guided by a few caveats. In general, the degree and
duration of suppression is dependent on the dose and duration of exogenous
glucocorticoid use. Recovery of HPA axis begins to occur when glucocorticoid
is tapered down to a physiological dose, usually <5 mg/day for prednisolone
or 0.5 mg/day for dexamethasone. The interpretation of a serum cortisol mea-
surement is dependent on the specificity of the assay. Most commercial assays
demonstrate cross-reactivity to prednisolone but not dexamethasone. A cortisol
measurement is most useful in evaluating recovery of the HPA axis when taken
in the early morning at least 12 hours after the dose of exogenous glucocorticoid.

STIMULATION TESTS

Selection of stimulation tests depends on the clinical evaluation of the level
of deficit.

The general principle is based on identifying an inadequate cortisol response
to stimulation. For the patient suspected of primary adrenal failure, the short
synacthen test (SST) is used; while those suspected of secondary adrenal failure,
the insulin tolerance test (ITT) is the test of choice. The SST may still yield an
apparently adequate response in secondary adrenal failure, especially early in
the course of the disease.

In the outpatient setting, the SST should be performed in the morning when
serum cortisol concentration is at its peak. Serum cortisol concentration is mea-
sured at 30 and 60 minutes in response to 250 mcg of Synacthen, a synthetic
ACTH analogue. Generally a maximum response is observed at 30 minutes,
with a normal level being >550 nmol/L (Table 3). Cortisol response may be
blunted in patients on exogenous glucocorticoids. The interpretation of a subop-
timal response is aided by the associated baseline ACTH measurement, which
is high in primary adrenal failure, and normal or low with secondary adrenal
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Table 3

Biochemical evaluation for acute adrenal crisis

1. Serum biochemistry (and screen for other autoimmune conditions such as
hypothyroidism and diabetes if autoimmune adrenalitis is suspected)
2. Serum cortisol and ACTH concentration: serum cortisol level of
>550 nmol/L excludes adrenal insufficiency and serum cortisol level
<80 nmol/L is highly suggestive of adrenal insufficiency
3. Short synacthen test performed if serum cortisol equivocal
e Measurement of serum cortisol 30 and 60 minutes following stimulation
with 250 mcg of corticotropin (1-24)
e Stimulated cortisol level at 60 minutes >550 nmol/L excluded primary
deficiency
4. Insulin tolerance test for suspected secondary adrenal failure
e Pituitary-adrenal sufficiency confirmed if peak cortisol level >550 nmol/L
following adequate hypoglycaemia

Data adapted from Grinspoon SK, Biller BMK. Laboratory assessment of adrenal
insufficiency. J Clin Endocriol Metab 1994;79:923-931

failure. The standard dose of 250 mcg of Synacthen is supra-physiological and
may induce a falsely normal response in some patients with partial ACTH defi-
ciency. For this reason, there has been interest in the use of a low dose 1 mcg
Synacthen test, thereby reducing the likelihood of missing hypopituitarism
(52-53).

The ITT evaluates the response of HPA axis to the potent stressor of hypo-
glycaemia, and it is generally the ‘gold standard’ in the confirmation of sec-
ondary adrenal failure. It has the advantage of also being a test of growth hor-
mone reserve in patients with pituitary disease (54). Following injection of a
standard dose of intravenous insulin (0.1 unit/kg) (55), plasma ACTH, and cor-
tisol concentrations are serially measured. Upon achievement of adequate hypo-
glycaemia (<2.2 mmol/L), a peak cortisol response of between 500-600 nmol/L
is generally accepted as adequate (56).

TREATMENT

Acute emergency treatment

Management of acute adrenal crisis includes restoration of intravascular vol-
ume and sodium and glucocorticoid replacement, and treating the underlying
precipitant (Table 4).

Intensive fluid resuscitation is central to the initial treatment of acute adrenal
crisis as hypovolemia is usually profound. At least 2-3L of normal saline should
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Table 4

Management algorithm of acute adrenal crisis

1. Fluid resuscitation with normal saline (2-3L) depending on clinical fluid
status.

2. Intravenous hydrocortisone 100 mg qid after blood sample for baseline
investigations taken as detailed in Table 2.

3. Broad-spectrum antibiotics for febrile patients following full septic work-up.

4. Glucocorticoid (e.g., prednisolone 2.5-5 mg daily) and fludrocortisone
(0.1-0.2 mg daily) once patient stabilised. Patients with secondary adrenal
failure do not generally require fludrocortisone replacement.

5. Patient education regarding sick day management.

be instituted as quickly as possible to restore water balance, and importantly,
reverse the severe sodium depletion. Glucocorticoid replacement is mandatory.
Intravenous hydrocortisone with doses up to 300—400 mg daily is generally the
initial regime because it possesses both mineralocorticoid and glucocorticoid
activities. It is important to initiate treatment of concurrent illness, which pre-
cipitated the acute adrenal crisis whenever possible.

Long term hormone replacement

Upon clinical recovery, intravenous glucocorticoid dose is reduced and changed
to an oral formulation. A number of preparations are available for treatment,
including hydrocortisone, cortisone acetate, prednisone, prednisolone, and dex-
amethasone. Prednisolone has a longer half-life than hydrocortisone and may
be administered once daily, and may enhance compliance. For patients with pri-
mary adrenal failure, mineralocorticoid replacement with fludrocortisone is usu-
ally given as soon as the patient has recovered. However, the sodium-retaining
property of fludrocortisone takes several days to reach full effect.

Recent estimation of cortisol production rate using modern methods has led
to a reappraisal of steroid replacement regime. A daily cortisol production rate
of 9 mg/m2/day demonstrated by isotope dilution methodology is lower than
previously shown and the traditional cortisol replacement dose of 30 mg/day is
supra-physiological and may lead to adverse metabolic outcomes, such as dia-
betes, weight gain, and osteoporosis (57-58). Generally the lowest replacement
dose tolerated by the patient is preferred (10-20 mg/day). Doses can be divided
to suit individual needs. Cortisol day-curves are advocated by some authors to
fine tune dosage of steroid replacement (59).
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Table 5
Sick day management for patients on steroid replacement for adrenal
insufficiency

1. Double dose of steroid replacement during acute febrile illness for 3 days.

2. Syrings with pre-drawn dexamethasone (4 mg/ml) should be kept at home for
use when oral intake cannot be maintained or during major accidents.

3. Urgent presentation to the nearest hospital if vomiting continues or remaining
unwell with increase steroid replacement

Patient education

It is most important to educate patients and their family the management of
steroid replacement during acute illness, including a simple ‘sick day’ manage-
ment plan (Table 5). Carrying a steroid card and wearing a medical bracelet
highlighting the medical history of adrenal failure is essential.

It must be emphasized both to the patient and responsible family member that
delayed or inappropriate steroid dose adjustment in patients with adrenal failure
can be fatal during acute illness and may result in frequent hospital admission.
In one study less than 50% of patients were carrying a steroid warning card and
less than 60% of patients would take appropriate action during an intercurrent
illness (60). It is therefore most important for clinicians to educate their patients,
with constant reinforcement at each follow-up consultation. Our service advo-
cates the use of a written summary card detailing sick day management for each
patient to reinforce verbal advice.

Patients with adrenal failure undergoing surgery

The HPA axis is strongly activated by any surgical procedures. Adrenal cor-
tisol production increases from a usual rate of 10 mg/day to 50 mg/day during
minor procedures, and up to 200 mg/day after major surgery (4,61). While sev-
eral studies demonstrated no adverse effects when patients were only given their
usual dose of glucocorticoid peri-operatively (62—-63), we recommend increas-
ing the dose to at least 200 mg/day (e.g., hydrocortisone 50 mg 4 times daily) to
minimize any risk of peri-operative adrenal insufficiency. The risk of 1 to 2 days
of high dose glucocorticoid is negligible, and the dose of glucocorticoid can be
rapidly tapered after the stressful event.

SUMMARY

Acute adrenal crisis is an uncommon but important endocrine emergency.
Severity of adrenal crisis depends on underlying aetiology, adrenal reserve,
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and intercurrent illness precipitating the acute crisis. Symptoms can be non-
specific and signs may mimic other conditions (acute surgical abdomen),
or be confounded by intercurrent precipitant. A high index of suspicion is
paramount for diagnosis of an adrenal crisis, and should be considered espe-
cially in patients with profound unexplained shock or fever. Relative adrenal
insufficiency in critical illness may be challenging to diagnose. Treatment of
adrenal crisis should begin with treatment and should not be delayed by lab-
oratory confirmation. Immediate fluid resuscitation with normal saline is cru-
cial and should be promptly followed by glucocorticoid replacement. Intercur-
rent illness should be treated and patient education of sick day management is
essential.
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CALCIUM CONCENTRATION IN EXTRACELLULAR FLUIDS

Extracellular calcium homeostasis is kept within tight limits despite the large
bidirectional fluxes of calcium across the intestine, bone, and especially the kid-
ney in comparison with the total extracellular calcium content, which is about
1 to 2 grams. Many ions (phosphate, magnesium and H*) and humoral fac-
tors (such as interleukins) influence calcium homeostasis. However, parathyroid
hormone (PTH) and the active vitamin D hormone, 1,25-dihydroxyvitamin D3
[1,25(0OH),Ds], represent the two critical factors cooperating in a short and a
long feedback loop (Fig. 1).

The concentration of total extracellular calcium varies normally between 8.5
and 10.5 mg/dl (or 2.12 and 2.63 mM, but usually even within more narrow
limits). Calcium circulates in the extracellular fluid (ECF) in three distinct frac-
tions: about 50% is ionized [the free calcium ion (Ca®t)]. 40% of extracellular
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Fig. 1. Extracellular calcium homeostasis: feed back regulatory mechanisms and mode of
action of anti-hypercalcemic strategies or drugs.

calcium is protein-bound (to albumin or complexed to globulins) and not filter-
able by the kidney. A small proportion, 10%, is complexed to anions such as
bicarbonate, citrate, sulphate, phosphate and lactate (/). Only the ionized frac-
tion is feedback regulated and biologically important. Hence only Ca>* is sub-
ject to transport into cells and capable of activating cellular processes, including
cell division, cell adhesion, plasma membrane integrity, protein secretion, mus-
cle contraction, neuronal excitability, glycogen metabolism and coagulation.

Marked changes in serum protein concentration affect total calcium concen-
tration, whereas Ca>t may remain relatively stable: a change of total serum albu-
min of 1 g/dl is associated with a 0.8 mg/dl change in total calcium. In contrast,
changes in blood pH can alter the equilibrium constant of the albumin — Ca’*
complex, since acidosis decreases and alkalosis increases protein binding of Ca>*.
Accordingly, in the presence of major shifts in serum protein or pH, it is most pru-
dent to directly measure the Ca’* level in order to determine the presence of
hypo- or hypercalcemia (2).

The constancy of the serum Ca?>* concentration results from the balance
between calcium influx and outflux from the three major calcium handling
tissues (gut, bone, and kidney). Noteworthy, disruption of serum calcium
homeostasis by major calcium fluxes across the placenta (during pregnancy) or
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breast (during lactation) is usually prevented by a variety of adaptations. Finally,
calcium shifts across the skin or between the intra- and extracellular compart-
ment rarely disturb extracellular calcium homeostasis.

PATHOGENESIS AND ETIOLOGY
OF HYPER- AND HYPOCALCEMIA

Hypercalcemia

Hypercalcemia develops when the rate of influx of calcium from bone and/or
intestine to the blood and extracellular fluid compartment exceeds the renal
capacity to eliminate it (3,4,5). More exceptionally, the kidney fails to excrete a
normal calcium load. Figure 4 lists different causes of hypercalcemia, including
some infrequent or less well understood mechanisms.

ROLE OF INTESTINAL CALCIUM ABSORPTION

Calcium is absorbed from the intestinal lumen to the circulatory system either
through passive, mostly paracellular, diffusion (by a poorly understood mecha-
nism, predominant in distal parts of the small intestine) or by an active cellular
uptake and transport mechanism. The latter transcellular calcium absorption
is energy dependent and predominant in duodenum. The pathway involves
the movement of luminal calcium across the microvillar membrane into the
enterocyte, which is regulated by the highly calcium selective epithelial chan-
nels, Transient Receptor Potential Vanilloid 6 (TRPV6) and to a lesser extent,
TRPVS. This process is highly vitamin D dependent and may be the genuine
rate limiting step in intestinal calcium absorption (6,7). Subsequently, calcium
is transferred through the cytosol via the intracellular calcium binding protein
calbindin-Dg k. Finally, at the basolateral site of the enterocyte, the plasma mem-
brane calcium ATPase (PMCAI1b) controls calcium extrusion from the ente-
rocyte into the lamina propria and eventually into the blood stream. Passive
calcium absorption will rarely cause hypercalcemia because of its relative low
absorption efficacy. Increased intestinal calcium absorption will occur in the
presence of exogenous (in the context of vitamin D intoxication or excess intake
of la-hydroxylated vitamin D metabolites) or endogenous 1,25(OH),D3 as a
result of ectopic production in monocytes in patients affected with sarcoidosis
or related granulomatous diseases (§8).

ROLE OF BONE RESORPTION

Excessive bone resorption is the major cause of hypercalcemia (Figs. 2 and
4). Osteoclasts are primarily responsible for the degradation of mineralized bone
matrix (calcium and protein combined) during bone development, homeostasis,
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Fig. 2. The common essential mechanism in osteoclastogenesis involves the molecular inter-
action of RANK with RANK-L. OPG inhibits RANKL binding to its receptor.

and repair (5). These highly specialized, multinucleated cells are recruited
from hematopoietic precursors and have a relatively short life span. Numerous
cellular, hormonal, and humoral mechanisms are required for osteoclastogen-
esis, but recent studies have been unveiling the central pathways for the reg-
ulation of bone formation/resorption coupling. The common essential mecha-
nism involves the molecular interaction of receptor activator of nuclear factor-
kB (RANK), its ligand (RANK-L), and osteoprotegerin (OPG), a decoy receptor
of RANK-L. The differentiation and maturation of osteoclasts are highly depen-
dent on the interaction of RANK expressed on the precursor cells and RANK-L
expressed on osteoblasts and bone stromal cells (reviewed in (9)). This explains
why different signals and signaling systems such as PTH, PTH related protein
(PTHrP), vitamin D, and cytokines substitute each other in osteoclast differ-
entiation and activation (Fig. 2). Severe and potentially life threatening acute
hypercalcemia is mainly caused by either malignancy-associated hypercalcemia
(MAH) or, less frequently by primary or tertiary hyperparathyroidism (PHPT or
THPT).

Malignancy-Associated Hypercalcemia. MAH classically occurs in 10—
15% of the patients with advanced cancer. The incidence is now decreasing
because of an earlier and prolonged use of bisphosphonates in cancer patients
(10). MAH may be induced by any type of tumor, but most commonly by breast
and lung carcinomas (/7). MAH is generally a complication of advanced can-
cer and a marker of a high bone resorption status, indicative for a high risk of
skeletal complications and mortality (12).
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Cancer may affect bone by two distinct mechanisms: either (1) indirectly
through elaboration of factors that act systemically on target organs of bone and
kidney to disrupt normal calcium homeostasis, termed humoral hypercalcemia
of malignancy (HHM); or (2) locally and directly via secondary spread of tumor
to bone (11).

PTHrP was discovered in 1980 as the major mediator of HHM (73). Eight
of the first 13 amino acid residues of the NH, terminus of PTH and PTHrP are
identical, resulting in the same interaction with a common receptor (PTHIR) and
have similar effects on calcium and phosphate homeostasis (/4). PTHrP basically
modulates cell growth and differentiation and is widely expressed in many fetal
and adult tissues (/4). Several groups have confirmed that 50-90% of patients
with solid tumors and hypercalcemia and 20—60% of patients with hematological
malignancies and hypercalcemia have elevated circulating PTHrP levels. Consti-
tutively, PTHrP hypersecretion by these neoplasms, essentially in the absence of
skeletal metastases, mimics the effects of PTH on bone and kidney.

As in PHPT, hypercalcemia is accompanied by hypophosphatemia, reduced
tubular reabsorption of phosphorus, enhanced tubular reabsorption of calcium,
and increased excretion of nephrogenous cyclic AMP, reflecting the PTH-like
actions of PTHrP on the kidney. By contrast, serum 1,25(OH), D3 concentrations
are frequently low or low normal in HHM, probably reflecting higher levels of
ambient Ca?T, while 1,25(0OH),D; levels are generally high or high normal in
PHPT.

As far as the effects on bone are concerned, secretion of humoral and paracrine
factors by tumor cells stimulates osteoclast proliferation and activity, resulting in
a marked increase in collagen crosslinks excretion (/2). In addition, inhibition
of osteoblast activity often leads to a characteristic uncoupling of bone resorp-
tion and formation (/7). Decreased osteoblast activity in MAH contributes to the
rapid rise in serum calcium but the underlying mechanism remains poorly under-
stood: cytokines such as IL-6 and TGF-f3 probably play a role (//) and relative
immobilization often exacerbates the phenomenon.

The acute rise in serum calcium of MAH contrasts with the relatively sta-
ble levels of serum calcium observed in PHPT where coupling of bone resorp-
tion and formation is usually preserved leading to a more ‘chronic’ condition.
As a consequence, the ratio between deoxypyridinoline — a marker of bone
resorption — and osteocalcin — a marker of bone formation — is normal in primary
hyperparathyroidism but markedly increased in MAH. The latter observation
holds true for both types of MAH, whether of humoral (paraneoplastic) or of
local osteolytic origin (11).

Primary and Tertiary Hyperparathyroidism. PHPT is a common
endocrine disorder. Currently the prevalence rates are about 1 to 4 per
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1000, with a female/male ratio of 3/1 (15). The disease is characterized by
hypercalcemia in the face of increased levels of PTH, or by PTH Ievels in the
normal range, but inappropriately high relative to the hypercalcemia. PHPT, for-
merly a disease of ‘bones, stones, and psychic groans’ has evolved into a mainly
asymptomatic disorder in Western countries (/6). These patients present now
with serum modest hypercalcemia (often within 1 mg/dl above the upper limits)
and PTH concentrations of 1.5 to 2.0 times normal. Serum phosphorus levels are
in the lower normal range and urinary calcium levels are at the upper normal lim-
its. 250OHDj3 concentrations tend to be in the low normal, whereas 1,25(0OH),Dj3
levels are elevated in 40% of patients. A benign, solitary adenoma is found in
80% of patients with PHPT. In most of the remaining patients, a pathologic
process characterized by hyperplasia of several or all four parathyroid glands
is involved: sporadically or in association with multiple endocrine neoplasia
(MEN) type I, MEN type Ila or Hyperparathyroidism-Jaw Tumor (HPT-JT) Syn-
drome. Mutations in the respective menin ret and HRPT?2 genes are implicated
in these rare inherited syndromes (/7).

THPT represents the autonomous function of parathyroid tissue that develops
in the face of long-standing secondary HPT. The most common circumstance in
which this occurs is in chronic renal failure where hypocalcaemia, hyperphos-
phatemia, and impaired renal 1,25(OH),D3 synthesis with attendant reductions
in serum 1,25(OH),D3 concentration contribute to excess PTH synthesis, secre-
tion, and ultimately parathyroid gland hyperplasia (/8). Furthermore, chronic
phosphate treatment may in some cases of hypophosphatemic osteomalacia
induce intermittent slight hypocalcemia and also stimulate PTH secretion (79).

Disuse. Immobilization with or without bone fractures also enhances net
calcium release from bone especially when bone turnover is already stimulated
such as in critically ill patients (20,21).

ROLE OF RENAL CALCIUM RE-ABSORPTION

Net urinary calcium excretion results from the balance between the filtered
load (determined by serum Ca’* concentration, renal perfusion, and glomerular
filtration rate) and tubular calcium reabsorption (22). The normal filtered load
(& 10 g per day) exceeds by far the plasma pool of Ca?™ but is nearly quantita-
tively reabsorbed by several consecutive mechanisms in the proximal tubule and
cortical thick ascending limb by paracellular mechanisms linking calcium and
sodium reuptake. Active, transcellular reabsorption is restricted to the distal con-
voluted tubule (DCT) and connecting segments (CNT) and accounts only for 5—
10% of total calcium reabsorption along the nephron. However, it is responsive
to PTH (with lesser contributions by calcitonin and 1,25(0OH),;D3), and plays a
role in the fine tuning of whole body calcium homeostasis (22). At the cellular
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level, calcium enters the renal epithelial cell via TRPVS because of a steep
inward electrochemical gradient across the apical membrane. In the cell, cal-
cium is bound to calbindin-D,gx that ferries calcium from the apical side to the
basolateral side where the Na*/Caer—exchanger (NCX1) and PMCA1b extrude
calcium into the blood compartment (22). Decreased urinary calcium excretion
may be observed during therapy with thiazide diuretics (23) or during extracel-
lular fluid retraction. In various acute disorders hypercalcemia lowers renal per-
fusion, causing a reduction in renal calcium excretion mainly due to the coupling
of renal sodium and calcium reabsorption. Hypercalcemia by itself may induce
antidiuretic hormone insensitivity and as a consequence polyuria and/or gas-
trointestinal discomfort or vomiting thereby reducing fluid intake and increasing
fluid loss (24). The resulting extracellular fluid retraction further aggravates the
hypercalcemia and a vicious circle ensues (Fig. 3).

ROLE OF CALCIUM SETPOINT AND PTH DYNAMICS

In 1993 the calcium-sensing receptor (CaSR) was discovered as a G protein—
coupled receptor. Serum Ca”* binds to the extracellular portion of the CaSR and
relays intracellular signals (intracellular calcium, protein kinase C, and phospho-
inositides) that, in turn, suppress the secretion of PTH, with a resultant decrease
in the serum Ca?*(25).

Familial Hypocalciuric hypercalcemia (FHH) is a rare autosomal dominant
trait characterized by moderate hypercalcemia and relative hypocalciuria: urine
calcium is low in relationship to the prevailing hypercalcemia. The molecular
basis is mostly an inactivating mutation in the CaSR gene (26). The diminished
ability of the renal CaSR to detect ECF calcium leads in heterozygotes to
enhanced renal tubular reabsorption of calcium. In addition, increased ECF
calcium is inadequately sensed by the altered parathyroid gland CaSR with mild
parathyroid hyperplasia and ‘normal’ PTH levels despite mild hypercalcemia.
Patients are generally asymptomatic. Sporadically, Neonatal Severe Primary
hyperparathyroidism (NSHPT) presents within a week of birth of homozygous
or compound heterozygotes individuals with life-threatening hypercalcemia,
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high PTH levels, massive parathyroid gland hyperplasia, relative hypocalciuria,
and skeletal abnormalities (demineralization, widening of the metaphyses,
osteitis fibrosa, and fractures) (26).

Lithium carbonate, at 900 to 1500 mg/day, has occasionally been reported to
cause hypercalcemia. Lithium may reduce renal calcium clearance and alter the
set-point for PTH secretion such that higher ECF calcium levels than normal are
required to suppress PTH (27). The hypercalcemia is generally reversible with
discontinuation of therapy.

Hypocalcemia

Protein-corrected hypocalcemia is far less frequent than hypercalcemia owing
to the normal setpoint of calcium. Actually, PTH constitutes a better defense
mechanism against hypocalcemia than hypercalcemia (Fig. 1). Indeed, a fall
in serum Ca’" evokes a prompt rise in PTH release, which raises Ca’>* by
increasing renal tubular calcium reabsorption and renal phosphate clearance,
activating new bone resorption loci, and augmenting osteoclast work at existing
resorption loci and increasing renal 1a-hydroxylase activity producing increased
1,25(0OH), D3 serum levels.

Hypoparathyroidism (or PTH resistance) of variable etiology and lack of
1,25(0OH);,D3 or its action are the most common etiologies of hypocalcemia
(28,6,14). Renal insufficiency is associated with hypocalcemia due to impaired
vitamin D metabolism and low intestinal Ca absorption, phosphate retention,
serum protein abnormalities, PTH resistance, and/or aluminum toxicity (29).
Severe magnesium deficiency also causes impaired PTH secretion and conse-
quently functional hypoparathyroidism (30). Of course, too zealous treatment
of hypercalcemia may lead to hypocalcemia, especially by use of bisphospho-
nates (3/). Recalcification that occurs in bone postoperatively, after abrupt cor-
rection of thyrotoxicosis or hyperparathyroidism is referred to as ‘hungry bone
syndrome’, due to a rapid increase in bone remodeling: hypocalcemia occurs if
the rate of skeletal mineralization exceeds the rate of osteoclast mediated bone
resorption.

Critical Illness

Acute, non-calcium-related diseases may also be associated with changes in
serum ionized calcium levels: hypocalcemia, hypercalcemia, or even both in
different phases of the same condition have been described (Figs. 4 and 5).

Hypocalcemia due to calcium sequestration by free fatty acids is a typical
complication of severe, acute pancreatitis (32). Important hypercalcemia may
be found in acute Addison’s disease (33).

Twelve to 88% of critically ill patients would present with hypocalcemia
depending on the definition of hypocalcemia and the patient population (34).
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Fig. 4. Classification of hypercalcemia: a diagnostic algorithm.

Underlying mechanisms are complex: depressed PTH function possibly related
to the up-regulation of the CaSR, failure of Ca’* mobilization from bone
secondary to abnormal blood flow, intracellular movement of Ca?*, hypomag-
nesemia, altered renal excretion of phosphate, and/or citrate binding of calcium
following blood transfusion have all been proposed as a part of the pathogenesis
(35,34). Treatment should be considered if clinically relevant (36). Interestingly,
patient with prolonged critical illness may develop hypercalcemia (37). Further
investigation is needed to unravel the mechanisms involved in this phenomenon,
but excessive bone resorption is undoubtedly linked to prolonged critical ill-
ness (20). It is presently not clear whether a special form of hyperparathy-
roidism may intervene (37). Circulating 1,25(OH),Ds levels are generally found
to be low in prolonged critical illness (20). Still, 1,25(OH),D3 levels may occa-
sionally be increased during sepsis through (lipopolysacchararides induced)
toll-like receptor stimulation of 1a-hydroxylase in macrophages or monocytes
(38,39).

Abnormal calcium metabolism is common in rhabdomyolysis-induced acute
renal failure. During the oliguric phase, patients are frequently hypocalcemic,
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which may be explained by the release of intracellular phosphate and PTH resis-
tance (40). Hypocalcemia may even occur without renal failure. However, the
diuretic recovery phase of induced acute renal failure may be complicated by
hypercalcemia: several mechanisms have been proposed, including mobiliza-
tion of calcium from muscle deposits, secondary HPT, and elevated levels of
1,25(0H),D3 (41,42).

DIAGNOSTIC PROCEDURES

A simple algorithm using ionized calcium, PTH, 250HDj3, and occasion-
ally 1,25(OH),Ds is usually sufficient for a correct classification of hypercal-
cemia and hypocalcemia (Figs. 4 and 5). This approach could then further direct
the procedures allowing detailed diagnosis and in some cases genetic/familial
screening. For instance, in non-PTH related hypercalcemia, PTHrP measure-
ment and other diagnostic procedures are needed for final diagnostic fine
tuning.

Mild hyper- or hypocalcemia will seldom present as a medical or surgical
emergency: as these disturbances in calcium homeostasis develop gradually in
a wide variety of diseases, they usually cause only mild complaints or clinical
symptoms. However patients in need of acute medical or surgical care because
of non-calcemic related disorders may exhibit mild abnormalities in calcium
homeostasis which can provide additional early clues regarding the etiology of
the disease.
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SYMPTOMS AND CLINICAL SPECTRUM
OF HYPER- AND HYPOCALCEMIA (TABLE 1)

Extreme hypercalcemia or hypocalcemia are exceptional, but may comprise
a life-threatening medical emergency.

As a matter of fact, severe hypercalcemia can impair mental functions lead-
ing to confusion or even coma. It can cause marked polyuria with dehydration
and may induce cardiac arrhythmias (especially bradycardia or atrioventricular
block). Hypercalcemia in digitalis-treated patients may exacerbate digitalis toxi-
city (43). Furthermore, hypercalcemia may trigger acute pancreatitis (32). Most
patients will remain asymptomatic as long as serum calcium does not exceed
12 mg/dl, whereas values above 14 mg/dl become problematic.

Hypocalcemia boosts neuromuscular excitability. Hence, severe
hypocalcemia may produce muscle cramps (e.g., carpopedal spasms, tetany)
or seizures of all types. Cardiac abnormalities (prolonged Q-T interval) are

Table 1
Clinical manifestations of acute hypercalcemia and hypocalcemia
Hypercalcemia Hypocalcemia
Neuro-muscular:  weakness irritability:
- paresthesias, muscle cramps,
tetany
- Chvostek’s and Trousseau’s
sign
- laryngeal spasms, bronchial
spasms
Neurological: confusion, depression irritability, confusion,
psychosis
stupor, coma seizures (focal, petit mal, grand
mal)
Gastro-intestinal: anorexia dysphagia
nausea, vomitting abdominal pain, biliary colic
Renal: polyuria
polydipsia
ECG: shortened QT interval prolonged QT interval
Cardiac: bradycardia, first degree  cardiomyopathy

AV block
increased digitalis
sensitivity

congestive heart failure
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rarely life threatening. Blood coagulation may be impaired due to extreme
hypocalcemia, but also in polytransfused patients.

TREATMENT OF ACUTE HYPERCALCEMIA

If the patient’s serum calcium concentration is less than 12 mg/dL, treatment
should focus at the underlying disorder. Patients with clinical manifestations of
acute hypercalcemia and a calcemia greater than 12 mg/dL require urgent mea-
sures. The four basic goals in the management of acute hypercalcemia, regard-
less of its origin, are: (1) to restore hydratation; (2) to stimulate renal calcium
excretion; (3) to inhibit osteoclastic bone resorption, and (4) if achievable, to
treat the underlying disorder. General treatment options and strategies of hyper-
calcemia are also illustrated in Fig. 1.

Rehydration

Rehydration with intravenous saline at a rate of 2.5 to 4 L daily is impera-
tive in the initial approach of severe hypercalcemia (33,44). Expansion of the
intravascular volume with sodium interrupts the vicious cycle of hypercalcemia
by increasing the glomerular filtration of calcium and decreasing tubular reab-
sorption of sodium and calcium (Fig. 3). Rehydration improves the clinical sta-
tus, even though it generally results in only a mild, transient reduction of cal-
cemia (by approximately 1.6-2.4 mg/dL) (33,44). This therapy should be used
cautiously in patients with compromised cardiovascular or renal function.

Bone Resorption

Because accelerated bone resorption is a key factor in the majority of patients
with acute hypercalcemia, it should be addressed promptly after sufficient
hydratation. Bisphosphonates have supplanted most other drugs inhibiting bone
resorption.

BISPHOSPHONATES

Bisphosphonates are effective osteoclast inhibitors. These pyrophosphate
analogs have a high affinity for hydroxyapatite and bind directly to mineral-
ized bone. On osteoclast stimulation of bone resorption, they are released and
internalized by the osteoclasts, interfering with osteoclast formation, function,
and survival.

Clodronate was one of the first bisphosphonates applied in the management of
hypercalcemia. Bisphosphonates are preferentially administered intravenously
when acute hypercalcemia is concerned. Currently, pamidronate (90 mg for the
most severe hypercalcemic states, otherwise 30—60 mg intravenously in 500 ml
of 0.9% saline or 5% dextrose over 4 hours (45) ) and zoledronate (4 mg
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intravenously in 5 ml over 15 minutes (46) ) are the agents of choice because
of their potency, efficacy and wide experience. The doses of bisphosphonates
used to stabilize primary hyperparathyroidism patients before surgery, are often
lower than those used in cancer patients (47). Potential nephrotoxicity is avoided
by respecting adequate infusion periods of at least 2 hours and 15 minutes for
palmidronate or zoledronate respectively (48). Serum calcium will gradually
decline, beginning 24-48 hours after the initial dose and will only normalize
after 4 days. However, this effect may last from days to weeks. Repeating of
the treatment is not recommended for at least 8 days. From experience with
repeated infusions in patients with cancer-related bone disease, the dose of 8 mg
zoledronate is not recommended for long-term treatment because of nephrotox-
icity. Bisphosphonates may induce transient hypocalcemia, hypophosphatemia
and fever, flu-like symptoms, or myalgia in approximately one fourth of
patients.

Two pooled, randomized, double blind, double dummy trials in 275 evalu-
able patients with moderate or severe MAH (corrected calcemia = 12 mg/dl)
compared zoledronate (4 mg or 8§ mg) to pamidronate (90 mg). At day 10,
success rates (corrected calcemia < 10.8 mg/dl) of 88%, 87%, and 70%
respectively demonstrated the higher efficiency of zoledronate compared with
pamidronate. The difference was not impressive in patients with bone metas-
tases, but quite marked in patients with hypercalcemia of humoral origin (49).
Another randomized, double blind, double dummy trial compared the long-term
(25-month) safety and efficacy of zoledronate (4 mg or 8 mg (reduced to 4 mg)
every 3—4 weeks) with pamidronate (90 mg every 3—4 weeks) in patients with
bone lesions secondary to advanced breast carcinoma or multiple myeloma.
Compared with pamidronate, zoledronate (4 mg) reduced the overall risk of
developing skeletal complications (including MAH) by an additional 16%
(P=0.030) (50).

Since 2003, the observation and reporting of the adverse effect profile of
bisphosphonates, including the development of osteonecrosis of the jaw (ONJ),
has boosted, coinciding with the prolonged exposure to potent bisphospho-
nates in symptomatic malignant bony disease (51,48). In 2004, the International
Myeloma Foundation conducted a web-based survey to assess the risk factors
for ONJ. Respondents were myeloma and breast cancer patients. At 36 months
censure of data, ONJ development was higher in patients receiving zoledronate
(10%) compared with pamidronate (4%), and the mean time to the onset of ONJ
was 18 months for zoledronate and 6 years for pamidronate (P=0.002) (51).
Underlying dental problems, such as infection or dental extraction were much
more frequent in the ONJ group (57). In light of these reports Novartis convened
an international advisory board of experts to provide updated recommendations
on the clinical diagnosis, prevention, and management of ONJ in oncology (52).
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Patients should receive dental examinations prior to and during bisphosphonate
therapy. Any necessary dental procedure should, if possible, be completed prior
to initiating bisphosphonate therapy. Several prospective studies are presently
investigating optimal dosing regimens and treatment duration of bisphosphonate
cancer therapy, both in terms of efficacy and safety. Additionally, a comprehen-
sive research plan was launched to provide more definitive guidance with regard
to the pathogenesis, risk factors, effective preventive measures and treatments
for ONJ (52).

CALCITONIN

Calcitonin is a natural anti-osteoclastic peptide hormone with a negligible
toxicity. It has a beneficial rapid onset of action, causing serum calcium to fall
generally by 2 mg/dL within 2 to 6 hours of administration. Its calciuretic effect
intensifies its hypocalcemic activity (53). Compared to the therapeutic effect
of bisphosphonates, the efficacy of calcitonin is inconsistent, partial and tran-
sient though. Hypercalcemia usually recurs after a few days and is refractory to
an increase of the dose. Salmon calcitonin (4-8 [U/kg/day, intravenously, intra-
muscularly or subcutaneously) could be used concurrently with bisphosphonates
during the first 2 to 3 days of treatment in cases of severe hypercalcemia since
the calcium-lowering effects of bisphosphonates are generally only evident 1 or
2 days after administration (54).

GLUCOCORTICOIDS

Glucocorticoids remain indispensable in the management of hypercal-
cemia caused by steroid-responsive disorders such as hematological malignan-
cies (myeloma or lymphoma (55) ) and granulomatous diseases (sarcoidosis
(56) and others). Corticosteroids inhibit the (extra)-renal 1,25(OH);Ds pro-
duction and are presumed to counteract the effects of endo- or exogenous
1,25(0OH),D3 excess. The reduction of elevated 1,25(OH),D3 levels actually
precedes the fall in serum calcium levels in corticosteroid-treated sarcoido-
sis (56). Glucocorticoid-induced intestinal malabsorption of calcium is a fairly
consistent ‘textbook’ finding. However recent animal studies exploring the
molecular substrate for this malabsorption yielded conflicting data regarding
the influence of short term, highly dosed glucocorticoid treatment (57,58).
Hydrocortisone (200 to 300 mg intravenously over 24 hours), or its equivalent,
is given intravenously for 3 to 5 days.

Interestingly, corticosteroids have a more delayed effect on exogenous
vitamin D-induced hypercalcemia, compared with pamidronate treatment, sug-
gesting that increased bone resorption is the major determinant of hypercalcemia
in this setting (59).



Chapter 4 / Acute Calcium Disorders 77

Glucocorticoid treatment is mandatory in acute primary and sec-
ondary adrenal insufficiency, regardless of the severity of the associated
hypercalcemia.

PLICAMYCIN (MITHRAMYCIN)

Plicamycin is a cytotoxic antibiotic that inhibits RNA synthesis in osteoclasts
(60). Serum calcium invariably falls, as early as 6-12 hours after administra-
tion and reaches a nadir by 2 to 3 days, with persisting normocalcemia from
days to weeks depending on the extent of ongoing bone resorption. The dose
may be repeated at 24 to 48 hour intervals. Its use is limited by major poten-
tial toxicity (bone marrow, liver, kidney), particularly with repetitive adminis-
tration even at the recommended dose (15 to 25 mg/kg intravenously over 4 to
6 hours (60,33)). The drug is presently held in reserve for particularly difficult
and unusual situations.

GALLIUM NITRATE

Gallium nitrate was originally developed as a chemotherapy agent but was
found to markedly reduce hypercalcemia in patients with osteolytic bone metas-
tases. Its mechanism of action is elusive, but it is thought to inhibit osteoclast
activity (67). Nonetheless, the risk of nephrotoxicity dampened the enthusiasm
for this drug. A recent report suggests a potential benefit of gallium nitrate
(200 mg/m? per kg intravenously for 5 consecutive days) in the treatment of seri-
ous flare hypercalcemia following the initiation of tamoxifen therapy in hyper-
calcemic patients with metastatic advanced breast cancer (62).

OTHER COMPOUNDS

Several groups are investigating new inhibitors of bone resorption. Target-
ing the RANK-RANKL-OPG system was first successfully explored (in vitro,
in animal models and in a phase 1 clinical trial with a recombinant OPG con-
struct (AMGN-0007) in patients with multiple myeloma or breast carcinoma
who exhibited lytic bone lesions (63,64). Subsequently denosumab (AMG 162)
a fully human mAb directed against RANKL, showed a safe and more effi-
cient anti-resorptive profile than Fc-OPG. Denosumab is currently under inves-
tigation in several phase 3 clinical trials for pre-metastatic (prostate cancer)
and metastatic cancer (prostate and breast cancer, solid tumors, myeloma),
with skeletal-related events as primary endpoints (64). Restraining cancer-
related bone disease has potential implications for the prevention or therapy
of MAH.
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Renal Calcium Excretion
FUROSEMIDE

Loop diuretics, such as furosemide, inhibit both sodium and calcium reab-
sorption at the cortical thick ascending limbs (CTAL) of the kidney. However,
forced saline diuresis with 6 liters or more per 24 hours combined with large
doses of furosemide is a risky, outdated procedure. On the other hand, if high
levels of PTHrP (or PTH) mediate the presenting hypercalcemia, inhibition of
bone resorption alone may be inadequate to control serum calcium (65). Accord-
ingly, the association of furosemide (10 tot 20 mg intravenously) may be con-
sidered to overcome the possible contributory role of circulating PTHrP on the
kidney, but only after rehydration.

DIALYSIS

Dialysis is effective, but should be reserved for severely hypercalcemic
patients refractory to other therapies or who have renal insufficiency (66).
Hypercalcemia emergent during prolonged critical illness with acute renal
failure requiring continuous venovenous hemofiltration or dialysis is a sign
of severe bone hyperresorption (20). In this setting, bone protective mea-
sures outweigh the necessity of omitting calcium in substitution fluid or
dialysate (67).

Etiology

Ideally, long-term control of serum calcium is achieved by effective treatment
of the underlying disorder.

HYPERCALCEMIA OF MALIGNANCY

Hypercalcemia generally complicates advanced and refractory cancer.
Consequently, marked reduction of tumor burden is often not attainable. Several
studies have reported that PTHrP contributes to the local growth of the tumor
(68). Consequently, reduction of PTHrP levels may contribute not only to the
long-term amelioration of skeletal and calcium homeostasis but also to a reduc-
tion in tumor burden. Approaches to reduce PTHrP production remain experi-
mental though (68).

HYPERPARATHYROIDISM

Surgery. Surgery (removal of the culprit parathyroid adenoma) often brings
cure in patients with symptomatic or complicated PHPT (47). For asymptomatic
patients with no serious renal or bone mineral density risk, long-term surveil-
lance may represent acceptable management (/6). In view of the fact that the
renal lesion and therefore hypercalcemia persists after parathyroidectomy, it
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is important to identify FHH patients to ensure that they are not subjected to
parathyroidectomy. In symptomatic THPT patients, surgical treatment, either
removal of about 5/8 of the parathyroid mass or total parathyroidectomy with
autografting of parathyroid tissue fragments into the muscle of the forearm, is
often indicated (69).

Calcimimetics. Calcimimetic agents, such as cinacalcet, represent the lat-
est exciting pharmacological approach to target PTH secretion in hyperparathy-
roidism. These drugs suppress PTH secretion by sensitizing the CaSRs to extra-
cellular Ca®*. Cinacalcet has been approved for treatment of dialysis patients
with uncontrolled secondary HPT. Of course these patients do not present with
hypercalcemia, but still calcemia is moderately reduced (70). However, increas-
ing data support the use of calcimimetics (schedules varying between 30 mg/d
and 90 mg/6 hour, orally) in the management of hypercalcemic THPT in kid-
ney graft recipients (71) , PHPT (72) and FHH (73) patients and patients with
inoperable parathyroid carcinoma (74).

TREATMENT OF ACUTE HYPOCALCEMIA

Severe, rapidly emergent hypocalcemia will induce tetany, seizures, or laryn-
geal spasms, warranting parenteral calcium administration (75). Quite the oppo-
site, chronic hypocalcemia will mostly be asymptomatic even with extremely
low calcium levels and hence will not require aggressive treatment.

The goal of intravenous calcium therapy is to relieve the acute manifestations
of hypocalcemia and not to acutely normalize serum calcium (75). Calcium glu-
conate contains about 90 mg of elemental calcium per 10 mL and usually 10 to
20 ml is infused over 10 minutes. This procedure can be repeated until the symp-
toms of hypocalcemia have cleared. With persistent hypercalcemia, for instance
caused by the hungry bone syndrome following parathyroidectomy or by acute
pancreatitis, continuous intravenous administration may be necessary. Recom-
mended protocols diverge. One could aim at raising serum Ca’* up to a low
normal range by infusing 15 mg/kg bw of elemental calcium over 4 to 8 hours,
under close monitoring of serum Ca*.

If possible, oral calcium supplementation (1 to 2 grams of elemental cal-
cium) and, if indicated, vitamin D derivatives should be initiated concurrently
as a more chronic approach to restore calcium homeostasis (75). It is essen-
tial to exclude hypomagnesia in any hypocalcemic patient and to administer
magnesium intravenously in any case of doubt. Calcemia will only normalize if
correction of magnesium levels restores PTH secretion.

Intravenous calcium administration may be hazardous and should be care-
fully monitored. Severe arrhythmias may occur if calcium is injected too rapidly.
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Especially patients taking digitalis may have increased sensitivity to intravenous
calcium (43). Solutions containing over 200 mg/100 mL of elemental calcium
will cause venous irritation: calcium gluconate is less caustic and thus preferred
over calcium chloride. Extravasation into soft tissues may lead to skin necrosis
as a result of calcium phosphate crystal precipitation (76). Actually, metastatic
calcifications (in the lungs, kidney, or other soft tissues) are most likely if the
calcium-phosphate ratio exceeds the solubility product. Hence, patients receiv-
ing intravenous calcium in the presence of high serum phosphate levels such as
in the tumor lysis syndrome are at risk and should only be treated with intra-
venous calcium if symptomatic (77).
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BASIC PRINCIPLES
Development of the Sympathoadrenal System

The origins of the sympathoadrenal system begin with the development of the
neural plate from the ectodermal germ layer in the 3rd week of gestation (7). By
week 5, primitive sympathetic ganglia have formed and by week 8, afferent and
efferent connections have been made with the spinal nerves.

Initially, during the process of neural tube closure, cells detach from the
basal plate of the neural tube and neural crest and migrate along the ventro-
medial path to become the cells of the future sympathoadrenal system (2) These
neural crest cells migrate to the rostral part of the adjacent somite and then coa-
lesce in the rudimentary ganglia forming in the region the dorsal aorta. Growth,
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migration, and differentiation of neural crest cells are guided by the intrinsic
cellular properties, the interplay of local attractive and repulsive environmental
cues, and cell-cell interactions (3). Neural crest precursors begin to differentiate
into sympathetic neurones under the influence of members of the bone morpho-
genetic protein (BMP) family (4). Developing sympathetic axons grow along
the path of blood vessels to target organs driven by the chemoattractive neu-
rotrophin, artemin, which is expressed in the vascular smooth muscle cells (35).
Once close to target organs, neurotrophic factors can influence the entry of sym-
pathetic axons with the relevant receptors (2) for example, sympathetic neurones
expressing a4-integrins bind vascular cell adhesion molecule-1 in developing
heart myocytes (6). Fibroblast growth factor causes neurite differentiation while
glucocorticoids cause chromaffin cell differentiation (7).

Pre-ganglionic sympathetic neurons originate from the intermediolateral
nucleus in the lateral horn of the spinal cord (T1-L3). These neurones exit the
cord and synapse in several ways. Some synapse with post-ganglionic neurones
in the paravertebral sympathetic chain at the same level, rostrally or caudally
of the exit segment. The post-ganglionic neurones then join the spinal nerves
and synapse in the effector organs (viscera, skin, vasculature, mucous mem-
branes, and glands). Some travel through the paravertebral sympathetic chain
ganglia (without synapsing) to eventually synapse with post-ganglionic neu-
rones in prevertebral ganglion, for example, ceoliac, superior mesenteric, and
inferior mesenteric ganglia. Other pre-ganglionic sympathetic neurons synapse
with chromaffin cells in the adrenal medulla; a modified sympathetic gan-
glion. Sympathetic innervations from the superior cervical ganglia to the pelvic-
hypogastric plexus provide an infrastructure to maintain ongoing homeostatic
control of the viscera and to also coordinated the response of viscera during
stress.

Catecholamine Synthesis and Metabolism

The amino acid tyrosine is the starting point for the synthesis of catecholamines
(Fig. 1). The rate-limiting enzyme, tyrosine hydroxylase catalyzes the conver-
sion of tyrosine to dopa (3,4-dihydroxyphenylalanine). Catecholamines form a
feed-back loop controlling the levels of tyrosine hydroxylase. Aromatic L-amino
acid decarboxylase (AADC) causes the decarboxylation of dopa to dopamine (8).
Dopamine is then transported to the granulated vesicles in chromaffin cells or
the synaptic vesicles of sympathetic nerves where the enzyme (3-hydroxylase
catalyzes its hydroxylation to noradrenaline. Noradrenaline is converted to
adrenaline by phenylethanolamine N-methyltransferase (PNMT) in the adrenal
medulla. Adrenaline is then taken up by vesicles in the chromaffin cells, ready for
exocytosis in response to cholinergic sympathetic stimulation.
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Fig. 1. Synthesis and degradation of catecholamines. Boxes denote catecholamine intermedi-
ates, unboxed words denote enzymes. TH — tyrosine hydroxylase; AADC — Aromatic L-amino
acid decarboxylase; BH — B-hydroxylase; PMNT — phenylethanolamine N-methyltransferase;
MAO — monoamine oxidase; COMT - catechol-O-methyltransferase; AR — aldehyde reduc-
tase; ADH — alcohol dehydrogenase; AD — aldehyde dehydrogenase; DOPEGAL — 3.4-
dihydroxyphenylglycolaldehyde; NMN — normetanephrine; MN — metanephrines; DHPG
— 3,4-dihydroxyphenylglycol; MHPG — 3-methoxy-4-hydroxyphenylglycol; MOPEGAL —
3-methoxy-4-hydroxyphenylglycolaldehyde; VMA — vanillylmandelic acid. Thick arrows
indicate predominant mechanism of degradation.

The major end product in catecholamine synthesis is vanillymandelic acid
(VMA) (9). The principal sites of catecholamine degradation include the sympa-
thetic neurones, the adrenal medulla and the liver (/0). Enzymes involved in the
degradation of catecholamines include catechol-O-methyltransferase (COMT),
monoamine oxidase (MAO), aldose, and aldehyde reductase. Catechol-O-
methyltransferase is only present extra-neuronally while monoamine oxidase
is present both intra and extra-neuronally and this distribution of enzymes
determines the process of degradation (//). The major proportion of initial
catecholamine metabolism occurs in the sympathetic neurones (/2) and subse-
quently in the liver where 3-methoxy-4-hydroxyphenylglycol (MHPG) is con-
verted to VMA (13, 14). Figure 1 illustrates the principal steps in the synthesis
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and metabolism of catecholamines. Dopamine is converted to the end product
homovanilic acid (HVA) via monoamine oxidase, aldehyde dehydrogenase, and
catechol-O-methyltransferase. Unlike VMA production which is predominantly
from the liver, most homovanilic acid is produced peripherally (15).

Adrenoceptors

The receptors in the sympathetic ganglion and the adrenal medulla are nico-
tinic acetylcholine receptors. The other post-ganglionic neurones synapse with
the adrenoceptors. Adrenoceptors are divided into a-adrenoceptors (a; and o)
and the B-adrenoceptors (B1, B2, and B3). Further subdivisions have identified
a total of 9 adrenoceptors to date (16). The broad distribution of adrenoceptor
subtypes in the viscera lead to the protean variation in response to stimulation.
Table 1 shows the distribution of the predominant adrenoceptors in the key
viscera.

Alphal-adrenoceptor effects are mediate by phospholipase C via Gg/11
(eventually leading to calcium release), aip-adrenoceptor cause adenylate cyclase
inhibition via G; (leading to reduced generation of cAMP and reduced calcium

Table 1
Adrenoceptor distribution and predominant sympathetic visceral effects
Organ Receptors Effect
Arteries
skin/mucosa oy Q) Constriction
skeletal muscle o] o) Constriction
B2 Vasodilatation
Coronary arteries o o Constriction
B2 Vasodilatation
Pulmonary arteries o Constriction
B> Vasodilatation
Heart- conducting system  [3; B> 1 chronicity, 1 ionotropic force
Skeletal muscle B> 4 ionotropic force, 1 glycogenolysis
Lungs — trachea/bronchi B2 Dilatation
Eyes
Radial muscles/iris o mydriasis (pupil dilatation)
Ciliary muscle B2 relaxation — distant focus
GI tract
Motility/tone a; o B1 B2 Relaxation
Sphincters o Constriction

Sweat Glands o Sweating
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release), and -adrenoceptor cause adenylate cyclase stimulation via Gg (cal-
cium release via increase generation in cAMP) (17).

Both noradrenaline and adrenaline have equal affinity for o and ;-
adrenoceptors but the B;-adrenoceptors have a higher affinity for adrenaline and
the B3 -adrenoceptors a higher affinity for noradrenaline (16).

Catecholamine effects are determined by the adrenoceptor subtype; the cou-
pled G-protein; the affinity of the agonist for the receptor; concentration of cat-
echolamine; dissipation of catecholamine; number of receptors, and degree of
receptor desensitisation (/8).

The actions of dopamine are mediated mainly by the dopamine receptors
(D1-D5), however at higher circulating levels dopamine can activate both a
and (B-adrenoceptors. Peripheral dopamine effects include changes in blood
flow, glomerular filtration rate, sodium excretion, catecholamine release, and
ionotropic effects on the heart. Dopamine can act on pre-synaptic D2 receptors
to inhibit noradrenaline release.

Fight or Flight

The sympathoadrenal system can be said to play two main roles; firstly to
counterbalance the parasympathetic system in normal functioning and secondly
to provide the ‘extra gear’ required during the ‘fight or flight’ response (79).
This requires optimal fuel delivery to the vital organs, that is, skeletal muscle,
heart, brain, and lungs. To perform these functions, an intricate system of
counterweighted controls has been developed, causing organ specific alterations
in physiology and metabolism. Catecholamines are delivered to the effector
organs via synapses with the post-ganglionic sympathetic neurone or via the
circulation. Each pre-ganglionic sympathetic nerve can synapse with many
post-ganglionic neurones and therefore sympathetic stimulation causes a
co-ordinated wave of responses (20). The advantages of a dual delivery of
catecholamines include; prolonged duration of action of catecholamines via
the circulation (half life in the circulation is 1-2 minutes, compared with
milliseconds at the synaptic cleft); differential effect of adrenaline from the
adrenal medulla on effector organs; stimulation of additional viscera without
direct sympathetic innervations, for example, bronchioles, hepatocytes, and
adipose tissue; ‘back-up’ system ensuring catecholamine delivery during stress
confers a significant survival advantage.

Noradrenaline mediated vasoconstriction via a-receptors of the vasculature
to ‘non-essential’ organs including the gastro-intestinal tract, kidney, and skin
allows blood to be diverted to essential organs.

In the heart both (; and {,-adrenoceptors are present with the (-
adrenoreceptor being predominant. Both noradrenaline and adrenaline act on
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the 3| receptors resulting in increased contractility, chronicity and rate of con-
duction. Adrenaline effects on [3-adrenoreceptors maximise this response.

In the lungs, bronchiole dilatation allows increased oxygen uptake and car-
bon dioxide clearance for muscular respiration. There is no direct sympathetic
nervous innervation to the bronchioles, therefore activation occurs via the circu-
lation of adrenaline to the 3, -adrenoceptors.

The liver increases its production of glucose for skeletal muscle and the brain,
initially by glycogenolysis and then predominantly by gluconeogenesis. These
processes occur via adrenaline effects on the (3, -adrenoceptors.

The release of insulin is inhibited by the a,-adrenoceptors in the pancreas to
maximise the availability of glucose.

In adipose tissue, adrenaline, via its effects on the 33 -adrenoceptors (also oy,
B1, B2) causes increased lipolysis resulting in the release of free fatty acids for
use as energy by skeletal muscle and an increase in thermogenesis.

The eye adapts with sympathetic stimulation resulting in pupil dilatation
by contraction of the radial muscle of the iris (via a-adrenoceptors) and lens
adjustment for distant vision by the ciliary muscles ([3;-adrenoceptors).

Sweating occurs over the skin as a result of sweat gland stimulation by cholin-
ergic and al-adrenergic stimulation. This allows thermoregulation, dissipation
of heat and reduces friction between moving limbs.

The effects of dopamine are dependent on the circulating levels and can
range from peripheral vasodilatation, natriuresis and diuresis at low circulating
levels, mediated by D1 receptors, to peripheral vasoconstriction and increased
chronotropic and ionotropic stimulation to the heart at higher circulating levels
via the o and (31-adrenoceptors respectively.

PHAEOCHROMOCYTOMA AND PARAGANGLIOMA
Definitions

The WHO 2004 definition of a phaeochromocytoma is a tumour arising from
catecholamine-producing chromaffin cells in the adrenal medulla — an intra-
adrenal paraganglioma. Paragangliomas are extra-adrenal chromaffin tumours
of either sympathetic (secretory) or parasympathetic (mainly non-secretory)
origin (21), located between the base of skull and the pelvis. Both occur in spo-
radic and familial forms.

Aetiology

The old rule that only 10% of such tumours are familial is an underestimate.
Registries of subjects with apparently sporadic phacochromocytomas and para-
gangliomas, that is, no family history of similar disease, reveal that up to 30%
of subjects have germ-line mutations in known familial genes (22-24). These
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syndromes include Von Hippel-Lindau disease, Multiple Endocrine Neoplasia
type 2, Familial Paraganglioma Syndromes type 1,3,4, and Neurofibromatosis
type 1 caused by the VHL, RET, SDH-D, SDH-C, SDH-B, NF-1 genes respec-
tively. Paragangliomas are also associated with the sporadic Carney’s Triad syn-
drome of paragangliomas with gastric stromal tumours (GISTs) and pulmonary
chondromas (25) and the recently described familial Carney-Stratakis syndrome
(paraganglioma and gastric stromal tumours alone) associated with SDH muta-
tions (26).

Somatic mutations of the Rearranged during tranfection (RET), VHL, and
SDH genes have been identified in phaeochromocytomas and paragangliomas
in subjects without identifiable germline mutations (27—317). Though in the large
majority of cases genetic information will not be available in the acute setting,
such information can allow a prediction of tumour behaviour (including future
risk of malignancy) and the possibility of identifying disease at an early stage in
the affected subject and other family members.

Epidemiology

The annual incidence of phacochromocytoma is estimated at 1 to 8 per mil-
lion (32-35). Amongst hypertensive subjects the prevalence is between 0.1 to
0.6% (36). However, up to 75% of phaeochromocytomas are only discovered at
autopsy (37) suggesting higher overall rates of disease (38).

Sex distribution is equal and the highest incidence is in the 4th to 5th decade
(39); however, tumours associated with syndromal disease tend to occur at a
younger age (22). Phaeochromocytoma account for between 4 to 8% of inciden-
tally diagnosed adrenal tumours (40, 41) and between 80 to 90% of chromaf-
fin tissue tumours, whilst paragangliomas make up the remainder (10 to 20%)
(32, 42). Most paragangliomas are intra-abdominal (75%) whilst the remaining
25% are extra-abdominal (10% thoracic, 10% pelvic, and 4% in head and neck
region) (42). Malignancy rates run at approximately 10% for phaeochromocy-
tomas and up to 40% for paragangliomas (39, 42).

Pathogenesis

The association of phaeochromocytoma and paraganglioma with several
familial syndromes provides an insight into the pathogenesis of disease. These
include Von Hippel-Lindau (VHL) disease, Multiple endocrine neoplasia type 2
(MEN 2), Familial Paraganglioma Syndromes type 1, 3, 4 (PGL-1, PGL- 3,
PGL-4), and Neurofibromatosis type 1 (NF1). The associated features and
genetic defects are described in Table 2. As per Knudson’s two hit hypothe-
sis, a second hit is needed to accompany the abnormal germline allelic mutation
to cause disease (43).
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Table 2
Disease syndromes associated with phaeochromocytoma and paraganglioma.
Associated genetic defects and associated features. MEN — multiple endocrine
neoplasia; VHL — Von Hippel Lindau. PGL-Familial Paraganglioma Syndrome.
Modified from Lenders et al. (36)

Disease Gene Associated features

MEN 2A RET Medullary thyroid carcinoma
Hyperparathyroidism
Phaeochromocytoma
Hirschsprung’s disease

MEN 2B RET Medullary thyroid carcinoma
Hyperparathyroid
Phaeochromocytoma
Ganglioneuromatosis of GI tract
Marfanoid habitus
Hyperflexible joints

VHL Disease VHL Retinal haemangiomas
CNS haemangioblastoma
Phaeochromocytoma
Renal cell carcinoma
Pancreatic cysts and neoplasms
Endolymphatic sac tumours
Epididymal cystadenomas

PGL-1 SDH-D Phaeochromocytoma
Paraganglioma
Gastrointestinal stromal tumours

PGL-3 SDH-C Paraganglioma
Gastrointestinal stromal tumours

PGL-4 SDH-B Phaeochromocytoma
Paraganglioma
Gastrointestinal stromal tumours
Renal cell carcinoma

Neurofibromatosis NF1 Café-au-lait spots
Lisch nodules
Axillary freckling
Optic glioma
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Table 2
(Continued)
Disease Gene Associated features
Neurofibromas
Phaeochromocytoma
Tibial bowing
Carney’s Triad Sporadic Gastrointestinal stromal tumours

Extra-adrenal paragangliomas
Pulmonary chondromas
Oesophageal leiomyomas

Recent studies using global expression profiling have demonstrated 2 clus-
ters of transcription associations (44). The most extensively studied cluster is
that of the genetic defects in the VHL, SDH-D, and SDH-B genes. This cluster
has transcription signatures suggestive of hypoxia, angiogenesis, and oxidore-
ductase imbalance (Fig. 2). Other mechanism may involve the high levels of
reactive oxygen species (ROS) generated and mitochondrial resistance to apop-
tosis (49, 50) .

The second transcription signature was noted with Multiple Endocrine
Neoplasia type 2 and Neurofibromatosis and the associated genes RET and
NF1 respectively (44). Though mutations in these genes have been linked
to tumourigenesis, a direct link to phacochromocytoma has not been estab-
lished. The RET proto-oncogene encodes a transmembrane receptor with an
extracellular cysteine-rich domain and an intracellular tyrosine kinase domain
(51). Mutations in this gene lead to constitutive activation of the receptors and
increased catalytic activity of the intracellular kinase domain predisposing to
tumour formation (52, 53). NF1 acts as a tumour suppressor gene, encodes the
protein neurofibromin and is found in tissue of neuroectodermal origin (54).
This protein acts as a Ras GTPase activating protein (Ras GAP) which inac-
tivates Ras (GTPase) by hydrolysis (55). Ras signal transduction is important
in the regulation of apoptosis and therefore mutations on NF1 can be linked to
tumourigenesis (56).

Catecholamine in Disease

Between 80-93% of phaeochromocytomas and approximately 20% of para-
gangliomas secrete catecholamines or their metabolites (57-59). The majority
of abdominal tumours (80 to 100%) secrete catecholamines in comparison to
less than 5% of head and neck paragangliomas (59). Several factors determine
the characteristics of catecholamine secretion. These include associated genetic
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Fig. 2. Proposed mechanism for pathogenesis of phacochromocytomas and paragangliomas
via VEGF-HIF pathway. The VHL protein, under normoxic conditions, restricts hypoxic
signalling by binding to hydroxylated hypoxic inducible factor 1o (HIF 1) resulting in
ubiquitinated degradation (45). Lack of the VHL protein in disease leads to unsuppressed
angiogenic stimulation of hypoxic inducible genes, for example, vascular endothelial growth
factor (VEGF), hexokinase, lactate dehydrogenase, thrombospondin via HIF-la which
accelerates tumourigenesis (46, 47). Several mechanisms are suggested for the role of SDH
in the pathogenesis of disease. Prolyl hydroxylases are enzymes which hydroxylates HIF-
la prior to its degradation. SDH dysfunction leads to a build up of succinate which inhibits
the prolyl hydroxylase resulting in non-degradation of HIF-1« and unsuppressed angiogenic
stimulation (48).

abnormality; site of tumour and the balance between catecholamine metabolism
and secretion.

High levels of adrenaline secretion are associated with adrenal lesions (58)
due to the presence of the enzyme phenylethanolamine N-methyltransferase,
causing the conversion of noradrenaline to adrenaline (60). Indeed a proportion
of phaeochromocytomas secrete adrenaline only (67). Extra-adrenal paragan-
gliomas are synonymous with predominant noradrenaline secretion (59, 62).
Different syndromes produce characteristic catecholamines secretion patterns.
Hence tumours associated with MEN2 and NF1 result in the secretion of both
adrenaline and noradrenaline whilst those associated SDH and VHL, nora-
drenaline predominates (60, 63, 64). Malignant disease has been associated
with higher levels of noradrenaline and dopamine secretion and a lower ratio
of adrenaline to adrenaline and noradrenaline (58, 65, 66).
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Other Active Products

Phaeochromocytomas have been shown to also secrete other vasoactive
peptides and hormones including; neuropeptide Y; adrenomedullin; atrial natri-
uretic peptide; met-enkephalin; dopa; calcitonin gene-relate peptide; vasoactive
intestinal peptide(VIP); parathormone (PTH); PTH related peptide (PTHrP)
and adrenocorticotrophic hormone (ACTH) (67). Ectopic ACTH has been
shown to cause bilateral adrenal hyperplasia and Cushing’s syndrome in both
phaeochromocytomas and paragangliomas (68, 69). These tumours also secrete
pro-inflammatory cytokines such as IL-1 and IL-6 (70, 71). Both cytokines can
influence steroidogenesis by inducing production of corticotrophin-releasing
hormone (CRH) and ACTH in tumour cells (72, 73) and initiating a systematic
inflammatory response (71, 74). Adrenomedullin can act as a potent vasodila-
tor and may provide a compensatory mechanism to catecholamine induced
vasoconstriction; however, it is a biologically ubiquitous peptide not specific
to phaeochromocytoma with a plethora of other functions from cellular growth
and differentiation to modulation of hormone secretion (75).

Presentation

The majority of subjects present with symptoms as a result of catecholamine
excess or mass effect (65). However, there is a lack of correlation between cate-
cholamine levels, severity of hypertension, and symptoms (76). Increasing levels
of abdominal imaging have resulted in the identification of phaeochromocytoma
‘incidentalomas’. As screening of families with germline mutations becomes
comprehensive, more subjects with pre-symptomatic disease are being identi-
fied. Table 3 provides a list of features which may point to a diagnosis of a
catecholamine secreting tumour.

Catecholamine secreting tumours are ‘the great mimic’ of many medical con-
ditions and the presentation can be hugely varied. Table 4 provides a list of
differentials and highlights conditions where the possibility of catecholamine
secreting tumours should be considered. Clinical features fall into 2 categories;
those during a paroxysm and sustained effects as a result of hypertension. Parox-
ysms may occur on a daily basis to every few months. Paroxysms on average
last between 15 and 60 minutes but can last a few minutes to several hours (77).
They may occur spontaneously or secondary to a precipitant (Table 5). Sus-
tained features included cardiomyopathy, hypertensive nephropathy in the form
of nephrosclerosis and hypertensive retinopathy.

The classical triad of headaches, palpitations and diaphoresis are the most
common symptoms. Presence of these 3 symptoms has been reported to have
a sensitivity and specificity of over 90% in hypertensive subjects (78). Other
symptoms are listed in Table 6. Hypertension may be sustained in a half or
paroxysmal in a third of subjects. Up to a sixth of subjects have normal blood
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Table 3
Features suggestive of a diagnosis of phaeochromocytoma
or secreting paraganglioma

Clues to diagnosis

Hypertension + triad symptoms

Poorly controlled hypertension

Paroxysmal symptoms

Relevant precipitants

Associated hypotension

Hypotension refractory to fluid/ionotropes

Relevant syndromal features

Family history — hypertension, abdominal
tumours, or sudden death in young subjects

pressure (Bravo EL 1994). Indeed hypotension or clinic shock can result
from predominantly adrenaline or dopamine secretion (80, 81). Noradrenaline
secretion has also been associated with hypotension though the mechanism
remains unclear (82). Such blood pressure liability has been attributed to
episodic catecholamine release, impaired sympathetic reflexes, and chronic
volume depletion (83).

Catecholamine secreting tumours may present acutely as cardiovascular, neu-
rological, gastroenterological, renal, and psychiatric disease.

Cardiovascular disease presents either acutely, during paroxysms, for
example, myocardial infarction, aortic dissection, arrhythmia, acute pulmonary
oedema, or as a result of hypertension over a longer period, for example,
reversible cardiomyopathy (dilating or hypertrophic). Rhythm disturbances
are predominantly tachyarrhymthias but may also paradoxically be brad-
yarrhymthmias (including asystole) mediated by the baroreceptors response
to hypertensive surges. Pulmonary oedema can occur as a consequence of
cardiogenic shock or a non-cardiogenic form, secondary to altered pulmonary
circulation dynamics (82).

Neurological presentations as a result of hypertension include cerebral haem-
orrhage and infarction (Fig. 3C), subarachnoid haemorrhage, seizures, and
visual deterioration secondary to hypertensive retinopathy. Posterior reversible
encephalopathy syndrome (PRES) which includes the association of headache,
confusion, seizure, visual loss in association with a predominant posterior
leukoencephalopathy secondary to oedema (84) has been associated with
phaeochromocytoma (85). Spinal metastasis may cause cord compression pre-
senting as a paraparesis (86).
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Table 4
Differential diagnosis for symptoms associated with phaeochromocytoma and
paraganglioma. MAO - monoamine oxidase; POTS — postural orthostatic
tachycardia syndrome. Modified from Lenders et al. (36)

Cardiovascular Neurological Endocrine
Heart failure Migraine Hyperthyroidism
Arrhythmias Stroke Carcinoid
Ischaemic heart disease Seizure Hypoglycaemia
Baroreflex failure Visual loss Medullary thyroid
carcinoma
Diencephalic epilepsia Menopausal syndrome
Meningioma
POTS
Serotonin syndrome
Drugs Psychiatric Miscellaneous
Sympathomimetic drugs  Panic disorder Pre-eclampsia
MAQO inhibitors Anxiety Mastocytosis
Clonidine withdrawal Psychosis Porphyria
Cocaine Neuroleptic malignant
syndrome

Malignant hyperpyrexia

A gastrointestinal presentation as an acute abdomen may be due to tumour
haemorrhage, bowel ischaemia or infarction secondary to vasoconstriction, par-
alytic ileus, bowel obstruction and perforation. Occult phaeochromocytoma can
be mistaken for other acute abdominal presentations and only become apparent
with hypertensive surges during abdominal surgery.

Acute renal failure due to accelerated hypertension, renal ischaemia, and
rhabdomyolysis secondary to muscle ischaemia have all be described (87).

Accelerated hypertension may cause multi-organ failure in association with
hypertension/hypotension, elevated temperature and encephalopathy (88).

Anxiety symptoms may be mistaken for neurotic disorders and psychotic
symptoms have been an initial presenting feature of catecholamine secreting
tumours (89, 90).

Fever, symptoms related to anaemia and thrombo-embolic disease may all
result from the pro-inflammatory response mediated by IL-1 and IL-6 (74).

Subjects with dopamine-only secreting tumours may be asymptomatic,
present with symptoms of mass effect or an inflammatory-type syndrome as
a result of malignant disease (91, 92). Normotension or hypotension as a result
of dopamine receptor stimulation may be noted. Classical adrenergic symptoms
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Table 5

Precipitants of catecholamine release

Precipitants

Spontaneous

Exercise

Medication e.g., metoclopromide
sympathomimetics
tricyclic antidepressants

Anaesthesia

Micturition

Surgical manipulation

Defaecation

Trauma

Pregnancy

Lifting

Straining

Bending

Table 6

Symptoms and clinical signs of disease in catecholamine secreting tumours.
SVT - supra-ventricular tachycardia; LVH - left ventricular hypertrophy
Modified from Lenders et al. (36) and Manelli et al. (79)

Symptoms Clinical findings
Headache Hypertension- episodic, sustained
Palpitations Postural hypotension

Sweating Tachycardia

Pallor Perspiration

Nausea Pallor

Flushing Tachypnoea

Weight loss Weight loss

Tiredness Hypergylcaemia

Anxiety Hypertensive retinopathy/papilloedema
Chest pain ECG findings

Shortness of breath — arrhythmia (sinus tachycardia, SVT, ectopics)
Constipation — cardiomegaly (LVH, T wave inversion)

— infarction/ischemia (ST elevation/depression,
T wave inversion)




Chapter 5 / Diseases of the Sympathetic Nervous System 99

HIC TRENDS .8-MAY-2001 10
+250
1

Wi St
Zfﬁ?g") 29:00 1!-33

Fig. 3. A. CT scan (pre-contrast) of a large right side adrenal phaecochromocytoma. Note
inhomogeneous appearance. B. MRI scan (T2-weighted image) of a left-sided adrenal
phaeochromocytoma showing high signal intensity due to hypervascularity. C. CT head scan
showing a large left cerebral infarct due to hypertension. D. Blood pressure trace in subject
during hypertensive crisis and subsequent control following administration of phenoxyben-
zamine intravenously (arrow).

have been reported with dopamine-only secreting tumours (9/) and may result
from « and B-adrenoceptor stimulation at higher circulating levels.

Identification of syndromal features during clinic examination will improve
surveillance for subsequent disease. Multifocal or metastatic disease may be
more prevalent, there may be associated extraparaganglial disease and disease
in other affected family members can be identified. Table 2 lists the associated
syndrome and clinical features.

Differential Diagnosis

A number of conditions may mimic the clinical presentation of phaeochro-
mocytoma (Table 4). These include cocaine use (via block of uptake 1),
amphetamine use, malignant neuroleptic syndrome, and even thyrotoxicosis.
The difficulty is that such patients may also have elevations of catecholamines
and metabolites but will have normal imaging. A medication and illicit drug his-
tory and examination of the thyroid are mandatory. Patients with renal failure
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may also have severe labile hypertension and elevated plasma catecholamines,
causing diagnostic concern.

INVESTIGATIONS

Biochemical and other Parameters

Once a catecholamine secreting lesion is suspected it is essential to initially
make the diagnosis biochemically, given the high incidence of incidental adrenal
lesions (93). Once established, these findings can then be radiologically and
functionally confirmed.

In most centres, detection of catecholamine excess is via the measurement
of fractionated plasma and/or urinary catecholamines or metanephrines. How-
ever, measurements of fractionated plasma or urinary metanephrines are now
the initial investigations of choice (94). The sensitivity for measurement of
plasma metanephrines (99%) and urinary metanephrines (97%) is higher than
for plasma catecholamines (86%), and urinary catecholamines (84%) (94).
However, plasma measures of metanephrines using the radioimmuno-assay
method appear slightly less robust than the studies using the highly purified
liquid chromatography (HPLC) method (95). The high levels of catechol-O-
methyltransferase (COMT) in phaeochromocytomas results in metabolism of
catecholamines into metanephrines (96). The often paroxysmal nature of cat-
echolamine release and the short half-life of catecholamine in the circulation
(1-2 minutes) compared to metanephrines, mean the latter are more amenable
to detection (96, 97). Indeed measures of total urinary metanephrines appear
to correlate with overall tumour burden whilst catecholamines do not (96, 98).
These measures have superseded the use of other intermediates and final prod-
ucts in catecholamine metabolism (e.g., VMA, HVA) both in terms of sensi-
tivity and specificity. A clear limitation in the measurement of metanephrines,
however, is the ability to detect dopamine-only secreting tumours especially
given that these tumours can be difficult to detect due to lack of symp-
toms. In these cases, a measurement of plasma dopamine or methoxytyramine
(O-methylated metabolite) provides higher diagnostic accuracy than urinary
dopamine (99).

Catecholamine levels in subjects with acute or chronic stress are appropri-
ately elevated (100) and therefore delineating high levels due to a phaeochro-
mocytoma or paraganglioma can be difficult in the acute setting. This is
compounded by the use of catecholamine ionotropes in the critical care setting.
Studies show that plasma adrenaline can increase up to 300 times normal levels
during acute stress (100).

Suppression testing with clonidine and pentolinium and provocation tests
with glucagon to detect catecholamine secreting tumours are less frequently
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used due to the improved sensitivity and specificity of metanephrines measure-
ments. The clonidine suppression test has been shown to have a high specificity
but a low sensitivity and therefore its use is in identifying subjects with false
positive biochemical screening (101).

Other metabolic associations can include hyperglycaemia (reduced insulin
release, inhibition hepatic/muscle uptake), hypercalcaemia (ecoptic PTH or
PTHrP), hypokalaemic alkalosis (ecoptic ACTH or CRH leading to excess cor-
tisol secretion) (67). Serum calcitonin and calcium may also be elevated in asso-
ciation with MEN 2.

Phaeochromocytomas have been associated with paraneoplastic erythrocy-
tosis due to erythropoeitin overproduction (/02). Another study notes the
higher measures of leukocytes, neutrophils, and platelets in hypertensives with
phaeochromocytomas compared with other forms of hypertension (/03). As
noted earlier, the inflammatory response mediate by cytokines such as IL-6 can
result in raised inflammatory markers, thrombocytosis, hyperfibrinogenaemia,
and anaemia (71, 104) The anaemia may be masked, however, by haemocon-
centration secondary to volume depletion.

Plasma chromogranin A, a protein co-secreted with catecholamines in
phaeochromocytoma is present both in benign and malignant, functional
and non-functional disease (/05, 106). It has been used to identify disease,
monitor disease relapse, and progression (/07). Other markers that may dif-
ferentiate between benign and malignant disease include chromogranin B,
chromogranin C (secretogranin II), prohormone convertases 1 and 2, neuron-
specific enolase, ACTH, and aromatic L-amino acid decarboxylase (ALAAD)
(58, 107).

Radiological Imaging

Both CT and MR scanning provide equally sensitive and specific imag-
ing modalities to detect phacochromocytomas and paragangliomas, however,
choices regarding imaging may be based on local availability and expertise.
Figure 3 (3A and 3B) shows tumour images with both modalities. Several of
the germline mutations predispose to extra-abdominal disease and therefore it
is important to have complete imaging from the base of the skull to the pelvis,
though in the acute setting this may not be appropriate. A stepwise approach
may be more suitable, that is, abdomen and pelvis followed by neck and then
thorax, should disease not be found initially.

CT scanning will allow the differentiation of benign adrenal adenomas from
phaeochromocytoma. On non-contrast scans most benign adenomas have an
attenuation of <10 Hounsfield (Hu) units based on their high lipid content.
Lesions with attenuation between 40-50 Hu without evidence of haemorrhage
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or calcifications may be compatible with a diagnosis of a chromaffin tumour
(108). On a delayed, contrast-enhanced CT, an absolute percentage washout of
less than 60% is in keeping with non-adenomatous lesions (/08). Haemorrhage
and necrosis can give an inhomogeneous appearance. Overall sensitivity for CT
varies between 77 and 98% while specificity is lower at 29-92% (109). Impor-
tantly, ionic contrast agents can precipitate a hypertensive crisis and therefore
subjects should be fully o and 3-blocked prior to imaging or alternatively a
preference given to non-ionic contrast agents (//0).

MR imaging of phaeochromocytomas demonstrate variable signal intensity
on T1 weighted imaging but high signal intensity on T2 weighted imaging (high
fluid content due to hypervascularity) (/08). Haemorrhage and necrosis in the
tumours can result in reduced signal on the T2 weighted image (/09). Impor-
tantly, phaeochromocytomas do not lose signal on out of phase images in con-
trast to adrenal adenomas. MR provides a useful tool for the identification of
extra-adrenal paraganglioma (//1). It has a sensitivity of 90-100% and a speci-
ficity of 50-100% (109).

Ultrasound may be useful in localising paragangliomas of the neck (109).

Functional Imaging

Functional imaging allows confirmation of radiological and biochemical
findings but is of particular benefit in the identification of multiple tumours,
metastatic disease, and lesions not identified with radiological imaging (//2).
Specific imaging relies on the uptake of compounds by chromaffin tissue via the
human norepinephrine transporter (hNET) at the plasma membrane and vesic-
ular monoamine transporters (VMAT) on storage vesicles (//3). Compounds
used include meta-iodobenzylguanidine (MIBG) and various positron emis-
sion tomography (PET) ligands, while non-specific imaging includes the use of
somatostatin analogues (e.g.,'!'In—pentetreotide) and ['®F]fluorodeoxyglucose
(FDG) PET (109). MIBG and somatostatin receptor scintigraphy have the addi-
tional benefit of determining future treatment options in the case of metastatic
disease.

Functional imaging using '**I MIBG, a guanethidine analogue, has a sensi-
tivity of 83—100% and a specificity of 95-100% (114, 115). As MIBG is mostly
excreted via the kidney, localising bladder and pelvic paragangliomas can be
problematic. Figure 4 demonstrates at positive '*I MIBG scan of an adrenal
phaeochromocytoma.

Radiolabelled somatostatin analogues, for example !'!In-pentetreotide,
exploit the presence of somatostatin receptors in chromaffin tumours, partic-
ularly the type 2 and 4 receptors (/16). Though the sensitivity of somato-
statin scintigraphy is significantly less than with MIBG in chromaffin tumour
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Fig. 4. 21 MIBG images of a left-sided adrenal phaeochromocytoma. Upper panel — single
photon emission computed tomography (SPECT) image. Note central paucity of enhance-
ment consistent with central tumour necrosis. Lower panel, 2 images to the left taken at
3 hours and 2 images to right, lower panel taken at 24 hours. Tumour enhancement with
radionucleotide more prominent at 24 hours.

identification (117, 118), the detection of metastatic lesions not seen with MIBG
imaging suggests a complementary role for it (114, 117).

PET provides another form of functional imaging which is of use where
other functional imaging is negative and in particular with dopamine-only
secreting lesions (91). Both specific ligands including, [!' C]hydroxyephedrine;
[11C]epinephrine; [18F) Dihydroxyphenylalanine (DOPA) and ['8F] fluo-
rodopamine (DA) and non-specific ligands, which utilise increased glucose
uptake by tumours, such as ['3F]fluoro-2-deoxy-D-glucose (FDG) are in use
(109). Clearly specific functional imaging is preferential. In a recent study of
SDH-B subjects with malignant chromaffin tumours ['®F] FDG PET appeared
more sensitive (100%) compared to other ligands including 1231 MIBG (80%)
and ['8F] DA (88%) in detecting disease (/19). ['8F] FDG PET has a role in
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detecting tumours which have de-differentiated or are rapidly growing which
specific ligands would not detect (109).

Future advances in the field will include the use of new more specific radioli-
gands (67) and the integration of radiological and functional imaging modalities
to allow improved disease identification and localisation such as '3'T MIBG/MR
and PET/CT (120, 121).

Venous Sampling

This can be a useful adjuvant investigation if expertise is available. Indica-
tions for this investigation include:

1. Confirmation of functionality of a lesion identified on radiological imaging
2. Confirmation of bilateral disease
3. Localisation of disease not identified with functional imaging (/22).

Full adrenergic blockade should be in place prior to sampling. Adrenal
phaeochromocytomas demonstrate a reversal of the normal ratio of nora-
drenaline:adrenaline to greater than 1.

MANAGEMENT
BP Control/ Adrenergic Blockade

The cornerstone of management of catecholamine secreting lesions is blood
pressure control. No evidence-based trials are available to guide management
but recommendations have been made on the basis of international consen-
sus (123). Alpha and B-blockade are the mainstay of treatment though other
anti-hypertensives including calcium antagonists and angiotensin converting
enzyme (ACE) inhibitors are used. Table 7 provides a summary of commonly
used medication and doses. Dosages for all anti-hypertensives should be titrated
according to blood pressure and side-effects. Parasympathetic head and neck
paragangliomas and dopamine only secreting lesions are exceptions where
blockade may not be required (/25). It was noted however, that hypertensive
surges with tumour manipulation are seen in tumours associated with no cate-
cholamine secretion and normotension pre-operatively (/25).

Alpha-blockers used include phenoxybenzamine, doxazocin, prazocin, and
tetrazocin. Phenoxybenzamine is the only irreversible oj/oz-adrenergic blocker.
This can be given orally and intravenously. In the acute setting, phenoxybenza-
mine can be given intravenously at a dose of 1 mg/kg in 250 ml of 5% dextrose
over 2—4 hours. Figure 3D demonstrates its rapid onset of action. Orally, doses
are started at 5-10 mg twice a day and can be titrated up to 1 mg/kg in divided
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doses (maximum daily dose of 2 mg/kg). Common side effects include postural
hypotension, lethargy, and nasal stuffiness. Pre-synaptic a,-adrenergic block-
ade on sympathetic neurones inhibits negative feedback resulting in increased
release of noradrenaline at cardiac sympathetic nerve terminals leading to reflex
tachycardia (726). The advantage of phenoxybenzamine is the longer duration of
irreversible blockade, however, this can result in a higher risk of post-operative
hypotension (/27) and intra-operative bleeding. Excess somnolence in the first
48 hours as a result of central ap-adrenergic blockade can hamper post-operative
recovery (126).

Doxazocin, prazocin, and tetrazocin are competitive specific aj-adrenoceptor
antagonists. Though first dose hypotension is an issue, less associated post-
operative hypotension and the absence of reflex tachycardia (no pre-synaptic
ap-adrenergic blockade) mean (3-blockade may not be required (126).

Beta-blockade can improve blood pressure control and the associated tach-
yarthythmia. They should only be initiated after a-blockade due to the risk
of a hypertensive crisis from unopposed o;-mediated vasoconstriction. Com-
monly used B-blockers include the [3;-selective agents, atenolol, and meto-
prolol and the non-selective [3;/3, blocker propranolol. Labetolol, a dual o
and PB-blocker is not a recommended initial agent for adrenergic blockade
because of its predominant 3 over a action which can paradoxically induce
a hypertensive crisis. It can, however, be used in addition to established /3
blockade.

Calcium antagonists used for blood pressure control include amlodipine,
nicardipine, nifedipine and verapamil. Though there is no direct adrenergic
blockade, these agents block catecholamine induced calcium influx into the
vascular smooth muscle resulting in muscular relaxation and vasodilatation
(128). Advantages of calcium antagonist use include their use as adjuvant agents
in those not controlled by o and 3-blockade and that they are not associated with
significant hypotension.

Metyrosine is an analogue of tyrosine that blocks catecholamine production
by inhibiting tyrosine hydroxylase. It is used as an adjuvant to adrenergic
blockade. Drug availability and potential side effects including depression,
sedation, anxiety, extra-pyramidal signs, diarrhoea, crystalluria and galactor-
rhoea can limit its use. Dosages start at 250 mg three times a day up to
4 g/day in divided doses. In combination with a-blockade it has been shown
to reduce the intra-operative hypertensive surges and the requirement for treat-
ment (129).

The somatostatin analogue octreotide has been used in cases with poor blood
pressure control with adrenergic blockade. In the acute setting, it can be given
via a subcutaneous 24 h infusion. The suggested mechanism is via inhibition
of cell depolarisation and calcium influx in tumour cells resulting in reduced
catecholamine release (130).
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The aim of adrenergic blockade is haemodynamic stability, volume expan-
sion, and full « and (-adrenergic blockade in anticipation of surgery. Though
there is no consensus as to how long before surgery blockade should be initi-
ated, in most centres it is commenced at least 1-2 weeks prior. Blood pressure
should be brought down to at least 140/90 mm/Hg with reduced labile episodes
and associated tachycardia. Postural hypotension should begin to improve as the
circulating volume expands. Intravenous fluid administration may be required
and occasionally a blood transfusion is necessary if haemodilution is marked.
Patients may have additional a-blockade for 3 days with intravenous phenoxy-
benzamine before surgery (124).

Prior to surgery a complete work-up should identify and optimise any medical
conditions which may influence surgical outcome, particularly cardiovascular
status (/25). Adrenergic blockade is withheld on the day of surgery to reduce
the risk of post-operative hypotension.

In cases of clear syndromal disease where subjects have other disease in asso-
ciation with phaeochromocytomas and paragangliomas, the emphasis is always
on the initial management of the catecholamine secreting tumour to remove the
risk of life-threatening complications when other disease is managed.

In the subject with a catecholamine secreting tumour who is critically ill
or awaiting surgery, important considerations included the use of intra-arterial
catheter for assessment of blood pressure, central intravenous catheter for rapid
administration of anti-hypertensive agents, and assessment of intra-vascular vol-
ume (/31). Prior to surgery anxiolytic therapy is important for patient comfort
as well as reducing the risk of haemodynamic instability (131).

Surgery

Surgery is the mainstay of treatment and the laparoscopic approach to
adrenalectomy is preferred to the open approach when possible (/32—134).
Despite adequate preparation, hypertensive episodes still occur with tumour
manipulation. The risk of uncontrolled bleeding without compensatory sym-
pathetic vasoconstriction is significant. Operative success is dependent on the
use of surgical and anaesthetic teams experienced in the management of cate-
cholamine secreting tumours.

Intraoperatively, hypertensive surges are traditionally controlled with sodium
nitroprusside and the non-specific a-blocker phentolamine. Sodium nitroprus-
side action results from the release of nitric oxide, a potent vasodilator. Its use-
fulness stems from its rapid onset of action within seconds of administration.
It can be used inter-operatively and during hypertensive crisis not responding to
a-blockade acutely. It can be given intravenously at a dose of 0.5-10 wg/kg/min.
Degradation of sodium nitroprusside liberates cyanide ions which are converted
to thiocyanate in the liver. Its use is limited to 72 hours and thiocyanate levels
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need to be monitored. Phentolamine is a non-selective a-blocker which causes
marked vasodilatation which can result in precipitous fall in blood pressure.
Other agents used intraoperatively include nitroglycerine, MgSO4, and urapidil
(ap-adrenergic antagonist). Magnesium inhibits the release of catecholamines
from the adrenal medulla (/35) and adrenergic nerve terminals (136).

Tachyarrhythmia may be managed with lidocaine, labetalol, or the short-
acting cardioselective [3-blocker esmolol once a-blockade is in place (126, 137).

During surgery, meticulous care is required monitoring blood pressure and
fluid status. Post-operative hypotension can be significant for several reasons;
intra-operative blood loss in the context of a contracted vascular volume; the
source of the catecholamine excess has been removed; the blocked adrenocep-
tors cannot mediate vasoconstriction and the prior excess of catecholamines
would desensitise the remaining receptors. Blood pressure should be monitored
closely up to 48 hours after surgery and hypotension is managed with appropri-
ate fluid replacement and vasopressor agents if necessary. After tumour removal,
the risk of hypoglycaemia is increased as the result of hyperinsulinaemia (loss of
o mediate inhibition of insulin release from the pancreas) (/317) along with the
reduction in glycogenolysis and gluconeogenesis. Importantly prior 3-blockade
may mask hypoglycaemic symptoms (138).

Other Treatment

Surgery, if amenable, is the mainstay of treatment for initial disease
and indeed for metastatic disease. This can reduce catecholamine excretion,
remove metastasis from anatomically compromising sites and possibly improve
response to chemotherapy and '3'I-MIBG therapy (139). Other methods such
as radiofrequency ablation, cryoablation, and arterial embolisation can provide
short-term, symptomatic benefit (139-141).

To date the only other treatment modalities to show consistent benefit include
chemotherapy and '3'I-MIBG therapy. Chemotherapy with cyclophosphamide,
vincristine, and dacarbazine (CVD) appears the most effective regime with over
half of subjects having at least a partial response to therapy (/42). However,
disease appears to relapse after 2 years (/43, 144). Other regimes with some
evidence of response include cisplatin and etoposide (/45), lomustine (CCNU)
and cepacitabine (pro-drug of 5 Florouracil) (/46), and more recently the com-
bination of temozolomide and thalidomide (/47).

BIL_MIBG therapy for metastatic disease results in a response (mainly par-
tial) in approximately a third of subjects, stable disease in half and disease
progression in a fifth of subjects (107, 148). Treatment is well tolerated with
the main side effects relating to bone marrow toxicity (/49). However, disease
progression after an initial response was commonly seen within 2 years (/49).
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Dosing and treatment interval regimes are variable and continue to be an area
of ongoing study including the use of high dose'*'I-MIBG therapy (150, 151).
Determination of VMAT expression and therefore MIBG uptake may identify
those most likely to respond to this therapy (/52).

Somatostatin analogue therapy in the form of octreotide and lanreotide has
not shown a benefit (/53) but radiolabelled analogues, commonly with yttrium
90 or indium 111 have shown some limited benefits. The distribution of somato-
statin receptors in catecholamine producing tumours (predominantly sst3) (154)
may limit the benefit of these analogues (high affinity sst2) but suggest newer
analogues, for example, SOM230/pasireotide (high affinity sst3) may be of more
benefit (155).

Other possible strategies for therapy include the use of multi-targeted
kinase inhibitor, for example, sorafenib and sunitinib to target the angiogenic
HIF-VEGF pathway implicated in VHL and SDH disease. The chaperone pro-
tein HSP 90, is important in the folding and delivery of proteins (e.g., telom-
erase hTERT and HIF-la in key pathways in tumourigenesis (/56). Specific
inhibitors, for example, geldanamycin may provide a means to inhibit tumour
growth (157).

Prognosis

The risk of malignancy is increased in association with SDH-B muta-
tions (158), extra-adrenal paraganglioma (39,42,79), tumours >5 cm (39) and
tumours greater than 80 g (42, 66). There are no histological features which
can predict the risk of malignancy. Dopamine-only secreting tumours have
been associated with higher rates of malignancy. Reasons cited for this asso-
ciation include poor tumour differentiation (indicated by reduced levels of B-
hydroxylase, the enzyme responsible for the conversion to noradrenaline), the
lack of typical symptoms resulting in later presentation, larger tumours, and
higher rates of malignancy (9/). Malignancy rates in sporadic phaeochromocy-
toma are approximately 9% (159).

In sporadic catecholamine secreting tumours, the 5 year survival is quoted
as 96% (160). In those with metastatic disease, the 5 year survival is 50% (66,
139). Patients with bony metastasis may have long survival times, in some cases
up to 20 years (161).

SUMMARY

The rarity of phaeochromocytoma and paraganglioma, the frequency of the
associated symptoms and the potential devastating consequences of such dis-
ease mean that making a diagnosis is both difficult and yet crucial. It will
allow a potential cure and the avoidance of significant associated mortality and
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morbidity. Several factors are essential for the successful management of these
tumours. Most important is to consider the diagnosis with a suggestive history
at the outset. It is essential to keep an open mind with potentially atypical pre-
sentations. Secondly, careful pre-operative preparation is the key to a positive
surgical outcome. Finally the involvement of the multidisciplinary team in cen-
tres with relevant experience is a necessity. Understanding the basic pathophys-
iology and the genetic basis of disease enables us to predict disease patterns
and tailor surveillance and may eventually point to new therapeutic interven-
tions. In the event of metastatic disease, it should be borne in mind that sur-
vival can be prolonged in some instances and therefore any treatment should be
carefully considered so as not to compromise the patient more than the disease
itself.
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Diabetic ketoacidosis (DKA) and the hyperglycemic hyperosmolar state
(HHS) are acute metabolic complications of diabetes that are potentially fatal
and require prompt, informed medical attention for successful treatment. DKA
is the most common acute hyperglycemic complication of diabetes, the annual
incidence estimated from 4 to 8 episodes per 1000 patient admissions with dia-
betes (7). A recent report by the Centers for Disease Control (2) indicated that
there had been more than a 45% increase in the incidence of hospitalizations in
the United States for DKA between 1980 and 2003, (Fig. 1a) but with a 22%
age-adjusted decline in the mortality rate of DKA in the same interval. (Fig. 1b)
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Fig. 1a. Incidence of DKA 1980-2003 (ref. 2).
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Fig. 1b. Mortality rate of DKA 1980-2001 (ref. 2).
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HHS is less common than DKA, accounting for less than 1% of all diabetes-
related admissions, but has a much higher mortality rate, currently on the order
of 11% in the US but exceeding 40% in some series, in comparison to less than
5% in DKA patients (3).

DKA can be described by three biochemical entities: hyperglycemia, ketosis,
and metabolic acidosis (Fig. 2) (4). The abbreviation HHS is used to replace the
terms HHC (hyperglycemic hyperosmolar coma) and HHNS (hyperglycemic
hyperosmolar non-ketotic state) in recognition of the fact that coma may occur
in less than 50% of HHS patients despite a high serum osmolality, and that
mild ketosis may be observed with HHS (5). Both DKA and HHS are char-
acterized by absolute or relative insulin deficiency and while they are usually
considered separately, they represent different sites on a continuum of hyper-
glycemic medical emergencies. They are separated clinically by the more severe
hyperglycemia and lack of appreciable ketosis or acidosis in HHS (5) . Whereas
DKA most often is seen in patients with type 1 diabetes mellitus (DM 1), it may
occur in patients with type 2 diabetes (DM 2), particularly in ethnic minorities.
Recent investigation from many centers have reported presence of DKA cases
in patients with African or Hispanic origin who present with DKA and require
insulin therapy initially with transient impairment of  cell function, but subse-
quently may be treated orally or by diet alone with 40% remaining non insulin
dependent ten years following the initial episode of DKA (6—10). These patients

Other Hyperglycemic States
Diabetes Mellitus

Non-Ketotic Hyperosmolar
Coma

Impaired Glucose Tolerance
Stress Hypoglycemia

Hyper-
glycemia

Other Metabolic Acidotic States
Lactic Acidosis

Other Ketotic States: Hyperchloremic Acidosis
Ketotic Hypoglycemia Salicysm

Alcoholic Ketosis Uremic Acidosis
Starvation Ketosis Drug-Induced Acidosis

Fig. 2. Three components of DKA and related states from ref. (4).
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Table 1

Diagnostic criteria and typical total body deficits of water and electrolytes
in Diabetic Ketoacidosis (DKA) and Hyperglycemic Hyperosmolar Syndrome

(HHS)
DKA HHS
Mild Moderate Severe

Diagnostic criteria
and classification
Plasma glucose >250mg/dl >250mg/dl  >250mg/dl >600 mg/dl

(mg/dl)
Arterial pH 7.25-7.30 7.00-<7.24 <7.00 >7.30
Serum bicarbonate 15-18 10-<15 <10 >15

(mEg/L)
Urine ketone* Positive Positive Positive Small
Serum ketone* Positive Positive Positive Small
Effective Serum Variable Variable Variable >320 mOsm/kg

Osmolality**
Anion Gap*** >10 >12 >12 <12
Mental Status Alert Alert/Drowsy Stupor/Coma Stupor/Coma
Typical deficits
Total Water (L) 6 9
Water (ml/kg) & 100 100-200
Na+ (mEqg/kg) 7-10 5-13
Cl- (mEqg/kg) 3-5 5-15
K+ (mEqg/kg) 3-5 4-6
PO4 (mmol/kg) 5-7 3-7
Mg++ (mEq/kg) 1-2 1-2
Ca++ (mEqg/kg) 1-2 1-2

*Nitroprusside reaction method
**Calculation: Effective serum osmolality: 2[measured Na™ (mEq/L)] + glucose (mg/dl)/18

= mOsm/kg

***Calculation: Anion Gap:[ (Na™)—(Cl"+ HCO3~ (mEq/L)]
8 Per Kg of body weight

do not have the typical autoimmune laboratory findings of type 1 diabetes. Such
patients have been labeled by different names such as Flat Bush diabetes, type
1 1/2 diabetes, or ketosis-prone type 2 diabetes (//,12). Conversely, HHS is
observed in DM2 and in older patients most frequently, but an extreme hyperos-
molar state is seen occasionally in combination with DKA in DM1 (/3). Table 1
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provides latest classification of and characterization of DKA and HHS as well
as their total body deficits for water and electrolytes (3).

PRECIPITATING CAUSES

DKA is the initial presentation in 20 to 30% of patients with DMI1 (6),
whereas major underlying causes of DKA in known diabetic patients are infec-
tion and omission or inadequate dosing of insulin (/4). Other causes include
silent myocardial infarction, pancreatitis, cerebrovascular accident, trauma, and
drugs that affect carbohydrate metabolism such as corticosteroids, sympath-
omimetic agents, thiazides, and second generation antipsychotic agents (15).
Cocaine has also been associated with DKA, especially recurrent episodes (/6).
Interruption of insulin delivery by continuous subcutaneous insulin infusion
devices has also been a reported cause of DKA (/7), but mechanical improve-
ments in pumps and devices for self glucose monitoring have greatly reduced
its incidence. Recurrent DKA due to intentional omission of insulin has been
cited in as many as 20% of DM1 women who have eating disorders (/8). There
are even case reports of patients with DKA as the primary manifestation of
acromegaly (19-22) as well as case report of DKA with a low carbohydrate
diet (23). A summary of major precipitating factors for DKA are presented in
Table 2 (15).

PATHOGENESIS OF DIABETIC KETOACIDOSIS
AND HYPERGLYCEMIC HYPEROSMOLAR STATE

The underlying causes of DKA are better understood than that of HHS, but
in both conditions there is a reduction in the net effective action of circulat-
ing insulin along with an elevation of counterregulatory hormones — glucagon,
catecholamines, cortisol, and growth hormone - which impair the entrance of
glucose into insulin sensitive tissues (muscle, adipocytes, and liver) (35).

Diabetic Ketoacidosis

DKA is characterized by severe derangements of carbohydrate, lipid, and
protein metabolism, with hyperglycemia, increased lipolysis, increased gluco-
neogenesis, and ketogenesis all contributing to the metabolic imbalance (24).

GLUCOSE METABOLISM

The three sources of glucose in the blood are ingestion, glycogenolysis, and
gluconeogenesis, whereas glucose is metabolized via oxidation, lipogenesis,
and glycogen synthesis (4). Hyperglycemia in DKA results from increased
glycogenolysis and gluconeogenesis and decreased glucose utilization by liver,
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Fig. 3. Proposed Biochemical Alterations in Diabetic Ketoacidosis Leading to Increased
Gluconeogenesis, Lipolysis, Ketogenesis and Decreased Glycolysis [adopted from ref. (24)].

muscle, and adipose tissue. Insulin deficiency combined with elevated cortisol
produces diminished protein synthesis and increased proteolysis with release
of amino acids (alanine and glutamine) that provide substrates for increased
gluconeogenesis (25). Insulinopenia along with increased levels of glucagon,
catecholamines, and cortisol stimulate gluconeogenic enzymes, in particular
phosphoenolpyruvate carboxykinse (PEPCK) (5,24-27). Glucose utilization is
further diminished by increased circulating levels of catecholamines and free
fatty acids (FFA) as demonstrated in Fig. 3 (24,25,27).

L1rPID METABOLISM

Catecholamine excess and insulinopenia stimulate breakdown of triglycerides
to FFA and glycerol (lipolysis), the former providing substrate for ketone body
formation, and the latter the carbon skeleton for gluconeogenesis (25—-28). The
elevated FFA lead to production of ketone bodies via beta oxidation and the
production of very low-density lipoprotein (VLDL) in the liver. Increased lev-
els of chylomicrons and VLDL may be manifested clinically by lipemia reti-
nalis (5,27). The importance of glucagon in the production of hyperglycemia
and ketoacidosis in DKA was demonstrated in the following studies. In the
first one, by preventing glucagon release with somatostatin infusion, the rate
of rise in serum glucose was markedly attenuated after discontinuing insulin
in a patient with type 1 diabetes (29). In a second investigation, the extent of
this effect was demonstrated in patients who had had total pancreatectomies and
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therefore made neither insulin nor glucagon. Four such patients were compared
to six individuals with DM1. All were fasted and maintained on intravenous
insulin for 24 hours. When insulin was withdrawn, the patients with DM1 had a
brisk increase in glucagon and had significantly greater increases in blood glu-
cose (225 versus 139 mg/dl [12.5 versus 7.7 mmol/L] and blood ketone concen-
tration (4.1 versus 1.8 meq/L at 12 hours) compared to the pancreatectomized
patients (30).

Carnitine palmitoyl acyltransferase (CPTI), the rate-limiting enzyme of
ketogenesis, is inhibited by malonyl coenzyme A (CoA). In DKA there are
decreased amounts of malonyl CoA as result of the increased ratio of glucagon
to insulin. That leads to stimulation of CPTI and an increase in ketogenesis
(27,28) (Fig. 3). Ketonemia is also enhanced in DKA by a decreased clearance
of ketone bodies (29).

OXIDATIVE STRESS AND HYPERGLYCEMIC CRISES

Recent studies in adult patients with hyperglycemic crises of DKA or non
ketotic hyperglycemia have demonstrated elevated levels of proinflammatory
cytokines (TNFa, 1LB, 1L6, and 1L8), a marker of oxidative stress, lipid
peroxidation, cardiovascular risk factors such as CRP, plasminogen activator
inhibitor -1, and free fatty acids (37). All of these parameters return to near
normal values with insulin therapy and hydration within 24 hours (Fig. 4).
These events are also associated with increased levels of counter-regulatory
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Fig. 4. Serum levels of proinflammatory cytokines, cortisol, and growth hormone in lean
patients with diabetic ketoacidosis on admission and after resolution of diabetic ketoacidosis
with insulin therapy, data from ref. (31).
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Table 3

Admission biochemical data in patients with HHS and DKA
Parameters measured HHS DKA
Glucose (mg/dl) 930 £ 83 616 £ 36
Na (mEqg/1) 149 £ 3.2 134 £ 1.0
K(mEq/l) 39+0.2 4.5 +0.13
BUN (mg/dl) 6111 3243
Creatinine (mg/dl) 14+£0.1 1.1£0.1
pH 7.3 £0.03 7.12 £ 0.04
Bicarbonate(mEq/1) 18 £ 1.1 94+ 14
B-hydroxybutyrate(mmol/l) 1.0£0.2 9.1 £0.85
Total osmolality (mosm/kg) 380 £ 5.7 323 +£25
IRI (nmol/1) 0.08 + 0.01 0.07 £ 0.01
C-peptide (nmol/l) 1.14 £0.1 0.21 £0.03
FFA (nmol/l) 1.5+£0.19 1.6 £0.16
Human growth hormone (ng/l) 1.9£0.2 6.1 £1.2
Cortisol (ng/l) 570 + 49 500 + 61
Glucagon(pg/l) 689 + 215 580 + 147
Cathecholamines (ng/1) 0.28 = 0.09 1.78 £04
Anion Gap 11 17

Data are presented as mean = SEM. Adapted from ref. (5,24).

hormones and leukocytosis. The pro-coagulant and inflammatory states may be
non-specific phenomena due to stress and may partially explain the association
of hyperglycemic crises with a hypercoagulable state.

Hyperglycemic Hyperosmolar State

While the pathogenesis of DKA and HHS are similar, they differ in that with
HHS there is (/) greater dehydration, (2) sufficient insulin to prevent excessive
lipolysis (suppression of lipolysis requires one-tenth the amount of insulin
necessary to promote glucose uptake), and (3) counterregulatory hormones
are variable and there is no clear difference between DKA and HHS (5,32,33)
(Table 3) (Fig. 5).

FLUID AND ELECTROLYTE ABNORMALITIES

Moderate to severe water and electrolyte imbalance occurs with DKA and
HHS as a result of insulin deficiency, hyperglycemia, and hyperketonemia.
Hyperglycemia causes osmotic diuresis which promotes loss of minerals and
electrolytes including sodium, potassium, calcium, magnesium, chloride, and
phosphate. The classical studies of Atchley et al and Butler et al provided the
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Fig. 5. Pathogenesis of DKA and HHS stress, infection and/or insufficient insulin [modified
from ref. (3).

first detailed studies of electrolyte balance in DKA (34,35), and as they and
others noted, while sodium, potassium, and chloride can be rapidly replaced
during treatment other minerals may take weeks for full restoration (36,37).
Loss of water in DKA averages 5 to 6 L, with an average sodium and potas-
sium loss of 400 to 700 meq (37) and 250 to 700 meq (38), respectively. The
fluid lost in DKA resembles hypotonic more closely than isotonic saline since
there is a greater loss of water than sodium (39,40). The excretion of ketoan-
ions, which forces urinary cation excretion, also contributes to the derangement
of electrolytes (36). Insulin deficiency may directly contribute to renal losses
of water and electrolytes due to lack of the effect of insulin on water and salt
resorption in the renal tubule (37,38). There is a shift of water out of cells due
to increased plasma tonicity from hyperglycemia and water loss. An associated
movement of potassium from cells to the extracellular compartment is aggra-
vated by acidosis and the breakdown of intracellular protein (47). In addition,
potassium entry into cells is impaired by lack of effective insulin action. Exces-
sive fluid losses may also be caused by vomiting, fever, diarrhea, and diuretic
use. A combination of older age, more severe dehydration, and the presence of
comorbid states in patients with HHS accounts for the higher mortality observed
in this condition (42).
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Diagnosis
CLINICAL PRESENTATION

The symptoms of DKA usually evolve rapidly over a day or less. In our
experience nearly one-quarter of patients presenting in DKA were newly diag-
nosed with diabetes (24). Conversely, HHS may develop insidiously over days
to weeks (42). Common to both are symptoms of hyperglycemia including
polyuria, polydypsia, and polyphagia, weakness and weight loss. Physical signs
of dehydration include dry mucous membranes, poor skin turgor, sunken eye-
balls, tachycardia, hypotension, and in severe cases shock. DKA patients may
exhibit nausea, vomiting, Kussmaul respiration, acetone breath, and occasion-
ally abdominal pain, the latter correlating with the degree of acidosis (43). This
may be sufficiently severe to be confused with an acute abdominal crisis. Normal
body temperature or even mild hypothermia may be observed in some patients
despite the presence of infection (5). Approximately 30% of patients with DKA
present with hyperosmolality (/3). The state of consciousness in adults is related
to serum osmolality and most patients who present with an effective osmolal-
ity greater than 330 mOsm/kg are obtunded or comatose (/3) (Fig. 6). A recent
study in children suggests that other parameters such as pH and biocarbonate
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Fig. 6. Calculated serum osmolality in 122 patients with diabetic ketoacidosis with relation
to mental status. About one third of patients with hyperglycemic crises may present with
altered mental status (7/3). This can be correlated to serum osmolality but needs to be dif-
ferentiated from various clinical conditions associated with altered mental status or coma
which may present in diabetic patients. [Adopted from Kitabchi and Fisher (13)].
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Table 4
Admission clinical and biochemical profile and response to therapy of comatose
versus noncomatose patients with DKA

Noncomatosen=35 Comatosen=13 P values

Age (yr) 36.1 £3.9 50.2 £ 6.8 <0.02
Glucose (mg/dL) 577.5+425 988 £ 175.15 <0.01
HCO™3(meq/L) 8.6 +0.72 6.1 £0.9 <0.02
pH 7.19 £0.25 7.10 £ 0.45 NS
BUN (mg/dL) 241+1.2 545+£52 <0.01
Osmolality(mOsmol/kg) 3136 +£2.2 365+ 15.2 <0.01
Ketones (mM) 13.7 £ 0.76 143+14 NS
Hours to Recovery

Glucose <250(mg/dl) 52406 95425 <.05
HCO™3>15(meq/L) 10.6 £ 1.7 129 £ 2.7 NS
pH>7.3 6.6 -1 10.15+2.8 NS
Mentally alert NA 718 £4.2 NA

may also correlate with mental status (44). In our earlier studies of 48 patients
with DKA using low dose versus high dose insulin therapy (45), we evaluated
the initial biochemical values of patients with stupor/coma versus non comatose
patients (46). Table 4 shows that only age, glucose, bicarbonate, blood urea
nitrogen (BUN), and osmolality, but not pH, or ketones are significantly dif-
ferent between non-comatose and comatose patients. Conversely, patients with
an effective osmolality less than 320 mOsm/kg are usually alert. Thus patients
who are obtunded but have a normal or only mildly elevated osmolality should
be evaluated for other co-morbidities such as cerebrovascular accident or other
conditions. In every case, clues should be sought for underlying causes of DKA
and HHS by a rapid but thorough history and physical examination.

LABORATORY EVALUATION

After the history and physical examination, the initial laboratory studies
should include plasma glucose, blood urea nitrogen, creatinine, and electrolytes
[with calculated anion gap], plasma osmolality and urine ketones by dipstick,
serum ketones (if urine ketones are present), arterial blood gas, complete blood
count with differential, and urinalysis. Ancillary investigations include electro-
cardiogram, chest x-ray, and culture of body fluids as indicated clinically. The
diagnostic criteria for DKA and HHS are shown in Table 1. DKA is classified
as mild, moderate, or severe based on the severity of the acidosis and the mental
status (3). More than a third of patients have features of both DKA and HHS
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(4,13,45). By definition, patients with HHS typically have a pH greater than
7.30, bicarbonate level greater than 20 mEq/L, and negative ketone bodies in
plasma and urine. Leukocytosis is common in both conditions (5,/4,47). The
leukocytosis may be related to increased level of cortisol and catecholamines
secondary to stress of hyperglycemia and dehydration. This may be a non spe-
cific phenomenon, as a similar level of leukocytosis may be seen in normal sub-
jects undergoing stress of insulin-induced hypoglycemia (48). However when
leukocytes are greater than 25,000/p.L evaluation for possible infection should
be initiated (49). The initial serum sodium is usually low due to the osmotic
movement of water from the intracellular to extracellular space secondary to
hyperglycemia. Therefore, the presence of hypernatremia and hyperglycemia
indicates severe dehydration. Alternately, in the presence of lipemic serum
from a high chylomicron concentration (which may be diagnosed clinically by
lipemic retinalis or the presence of lactescent serum), pseudonormoglycemia
and pseudohyponatremia may occur in DKA (50,51). Because insulin deficiency
may elevate serum potassium secondary to extracellular shift of potassium, the
presence of a low-normal or frankly low potassium on admission with DKA sug-
gests severe total body potassium deficit. In that instance, more vigorous potas-
sium replacement should take place along with cardiac monitoring for possible
arrhythmias. Total body potassium deficiency in DKA is usually on the order of
3 to 5 meq/kg body weight, but has been noted as high as10 meq/kg (34,52). An
elevated serum amylase may occur in up to 25% of DKA patients, but can arise
from non-pancreatic tissue such as the parotid glands (53,54). For that reason
pancreatic enzymes may not be reliable to diagnose pancreatitis in the setting
of DKA. Another source of laboratory error is the artificial elevation of serum
creatinine, either because of dehydration or interference from ketone bodies if
a colorimetric method is used for determination (55). Most laboratory tests for
ketone bodies use the nitroprusside method which detects acetoacetate but not
beta hydroxybuterate (BOHB), which is the more abundant ketone body (56).
When newer meters that have the capacity to measure BOHB are not utilized,
the use of ketone bodies to follow progress of DKA treatment is not advocated
since BOHB is converted to acetoacetate during therapy and the ketone test may
show high values, mistakenly suggesting a deterioration of ketonemia (Fig. 7)
(24). Another source of error are drugs, such the angiotensin-converting enzyme
inhibitor captopril, which have sulfthydryl groups that may react with the agent
in the nitroprusside test and give a false-positive reaction (57). Therefore clini-
cal judgment and other biochemical tests will be required in patients suspected
of ketoacidosis who are receiving such medications. An alternative to measure-
ment of venous pH and BOHB is monitoring of the serum bicarbonate and cal-
culated anion gap. The anion gap [ Serum anion gap = Serum sodium — (serum
chloride + bicarbonate)] gives an estimate of the major unmeasured anions in
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plasma which in DKA are principally ketoacids. Normalization of the anion gap
in DKA reflects correction of the ketoacidosis as ketoacid anions are removed
from the blood.

Differential Diagnosis

Although there are many causes of acidosis, few are a source of confusion
with DKA. Metabolic causes of acidosis and coma are shown in Table 5 (58).

ALCOHOLIC AND FASTING KETOACIDOSIS

Acidosis can be fairly severe in alcoholic ketoacidosis (AKA), but the lack
of hyperglycemia in AKA serves to eliminate DKA as a consideration. Rarely,
modest elevations of blood glucose have been reported in AKA (59), per-
haps reflecting underlying unrecognized diabetes or a catecholamine stimulated
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rise from stress. After prolonged fasting alone ketoacid levels do not exceed
10 meq/L and serum bicarbonate is typically greater than 14 meq/L (56).

ANION GAP ACIDOSIS

DKA must also be differentiated from other causes of high anion gap
metabolic acidosis. These include lactic acidosis which can be induced by met-
formin, (but rarely in the absence of renal failure); aspirin, methanol, and ethy-
lene glycol; and advanced renal failure. None of these disorders, however, causes
ketoacidosis.

Treatment
THERAPEUTIC OBJECTIVES

The treatment of hyperglycemic crises, whether DKA of HHS, has several
goals:

(a) restoration of circulatory volume and tissue perfusion; (b) steady but grad-
ual reduction of serum glucose and plasma olmolality; (c) correction of elec-
trolyte imbalances; (d) resolution of ketoacidosis in DKA; and (e) recognition
and treatment of any precipitating causes or comorbid conditions.

MONITORING

Serum glucose values must be checked every 1-2 hours during treatment,
and serum electrolytes, phosphate, and venous pH should be assessed every 2—-6
hours depending on the clinical condition and response of the patient. Venous
blood samples for pH, which is about 0.03 units lower, may be substituted
for arterial blood and the pain and potential complications of arterial puncture
avoided (60). Figure 8 provides a detailed algorithm for management of DKA
and HHS, in adults. A flow sheet (Fig. 9) is extremely valuable in organizing
care and documenting treatment (24).

REPLACEMENT OF FLUID AND ELECTROLYTES

As noted earlier, loss of water in DKA averages 5 to 6 L and in HHS may
be as high as 9 L (3,5,32). The severity of deficits is determined by a number of
factors but primarily by the duration of hyperglycemia, the level of renal func-
tion, the balance of oral intake of solute and water with vomiting or loss by
diarrhea, and presence of fever or high ambient temperature. Our initial choice
of fluid is isotonic saline infused at a rate of 1 to 1.5 L the first hour to rapidly
expand extracellular and interstitial compartments (40). The optimal rate of infu-
sion is dependent on the clinical state of the patient. In patients who are in
shock it should be infused as quickly as possible. This is followed during the
next 2 hours by either 0.45% or 0.9% NaCl given at 500-1000 ml/hour with
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Adopted by permission from Kitabchi, et. al,, In: Joslin's Diabetes mellitus. 1994 (24)

Fig. 9. Adopted by permission from Kitabchi, et. al., In: Joslin’s Diabetes mellitus.
1994 (24).

subsequent fluid replacement dependent on the status of hydration, serum elec-
trolyte levels, and urinary output. The goal should be to replace the estimated
water deficit over the first 36 hours. As intravascular volume is restored, even in
the absence of insulin treatment, there will be a decrease in counterregulatory
hormones and blood glucose (67). In patients with renal or cardiac compro-
mise, frequent monitoring must be performed to avoid iatrogenic fluid overload
(14,40,61).
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POTASSIUM

As noted previously, most patients with DKA and HHS have a significant and
sometimes profound potassium deficit at the time of presentation due to urinary
and in some instances gastrointestinal losses. This may be masked, however, by
the shift of potassium out of cells so that serum potassium may be elevated on
admission. With insulin therapy, fluid replacement, and correction of acidosis,
hypokalemia will likely ensue if potassium therapy is delayed, but potassium
repletion should not begin until serum potassium falls to less than 5.3 meq/L and
urine output is at least 50 ml/hour. The use of one-half isotonic saline may be
influenced by the need for potassium infusion since potassium is as osmotically
active as sodium. The addition of 40 meq of potassium to a liter of one-half
isotonic saline provides a solution that contains 117 meq of cation (77 meq of
sodium and 40 meq of potassium) which is equivalent to approximately three-
quarters isotonic saline. By contrast, if potassium is added to isotonic saline a
hypertonic solution is produced that will not correct hyperosmolality.

INSULIN

Unless the episode of DKA is mild and uncomplicated, regular insulin by
continuous intravenous infusion is the preferred treatment. The only reason for
delaying insulin therapy would be initial serum potassium below 3.3 meq/L
since insulin would worsen the hypokalemia by driving potassium into cells
which could trigger a cardiac arrhythmia. The therapy should begin with an
intravenous bolus of regular insulin (0.1 U/kg body weight) followed by a con-
tinuous infusion of low-dose regular insulin at a concentration of 0.1 U/kg per
hour. The importance of the intravenous bolus was demonstrated in an investi-
gation of the optimal route of insulin administration in DKA. Although the total
time for resolution of DKA was the same in patients receiving insulin by intra-
venous, subcutaneous, or intramuscular routes, those who received intravenous
insulin showed a more rapid decline in both glucose and ketone bodies during
the first two hours (62). The same insulin dose is used for DKA and HHS.

With this approach to therapy, serum glucose will usually decrease by 50 to
70 mg/dl (2.8 to 3.9 mmol/L) per hour or more. If the serum glucose does not fall
by 10% of the initial value in the first hour, the initial intravenous bolus should
be repeated hourly until a steady decline in glucose is achieved. If glucose levels
fail to decline with treatment, the intravenous access must be checked to insure
that the insulin is being delivered and that there are no filters interposed that
could bind insulin.

As already pointed out, glucose may decline considerably with fluid replace-
ment alone due to hemodilution and increased glycosuria as renal perfusion is
improved (61). Patients with HHS are usually more dehydrated and their rate of
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decline in serum glucose with therapy may be even more pronounced than in
DKA patients.

When serum glucose reaches a level of 200 mg/dl (11.1 mmol/L) in DKA
or 300 mg/dl in HHS, the intravenous solution should be changed to dextrose
in saline, and the insulin infusion rate usually may be decreased to 0.05 U/kg
per hour. Thereafter the rate of insulin and glucose infusion should be adjusted
to maintain the blood glucose between 150 and 200 mg/dl in DKA and 250 to
300 mg/dl in HHS until the hyperglycemic crisis is over (in DKA) and effective
osmolality is <320 mOsm/kg and patient is alert (in HHS). Effective osmolality
is calculated by following formula: 2 (Na+) + glucose (mg/dl)/18 = mOsm/kg.

ALTERNATIVE TREATMENT WITH FAST-ACTING INSULIN ANALOGS

Two recent prospective randomized trials investigated the use of the rapid-
acting insulin analogs aspart and lispro in treating DKA (63,64). A total of
95 patients with mild to moderate DKA were randomly assigned to receive
intravenous regular insulin or a short-acting analog. The outcome of therapy
was indistinguishable between the groups, but the lispro and aspart groups were
managed on regular hospital wards or intermediate care units whereas the intra-
venous group was admitted to ICU. As a result, the cost of hospitalization was
39% higher for the latter group even though length of hospital stay was no dif-
ferent (Table 6).

BICARBONATE THERAPY

Since diabetic ketoacidosis usually corrects with insulin treatment and fluid
replacement, most current reviews do not recommend bicarbonate use in DKA,
although the subject remains controversial (65). In arandomized trial of 30 DKA
patients with a pH between 6.90 and 7.10 on admission, morbidity and mortality
was not changed by bicarbonate therapy (66). This study was small, however,
and there was no difference in the rate of rise in serum bicarbonate or arterial
pH between the bicarbonate and placebo arms of the study. There have been no
prospective randomized trials of bicarbonate therapy in DKA patients with an
admission pH less than 6.9. There are several potential concerns with the use of
alkali in treating DKA:

e Use of alkali, particularly in large amounts, may cause a rapid rise in pCO2 by
diminishing the acidemic stimulus to hyperventilation. That might result in a
paradoxical fall in cerebral pH since the lipid-soluble CO, can rapidly cross the
blood-brain barrier. Although neurological impairment has been reported in this
setting, it is probably a rare event (67).

e The rate of recovery of ketosis may be decreased by alkali treatment. In one
study of seven patients, the three patients given bicarbonate had an increase
in serum ketoacid levels during bicarbonate infusion and a six hour delay in
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Table 6
Comparative Effects of Subcutaneous (SC) Fast-acting Insulin vs IV Regular
Insulin in DKA. [Data Adopted from ref. (63,64)]

Aspartate* Lispro* Regular** P values
SC-2 hr. SC-1 hr. 1v.

Length of hospital 3.9+ 1.5 4+£2 45+3.0 NS
stay (days)

Duration of therapy 6.1 £ 1 7+1 7.1+£1 NS
until
BG<250mg/dl
(hrs)

Duration of therapy 10.7 £0.8 10£1 11£0.7 NS
until resolution
of DKA (hrs)

Amount of insulin 94 £ 32 84 £ 32 82 £ 28 NS
until resolution
of DKA (units)

Episodes of 1 1 1 NS
Hypoglycemia

Cost of $10,173 £ 1738 $9,816 £ 4981 $17,030 £ 1753 <0.01
Hospitalization

Data are means £ SE, NS=Not Significant,

*treated in general medical wards

**Treated in ICU Insulin dose 0.2-0.3 U/Kg SC initially followed one hour later by 0.1
U/Kg/H or 0.2 U/Kg/2h SC

ketosis resolution (68). In the randomized trial cited above, however, treatment
with bicarbonate had no effect on the rate of decline of serum ketone levels (66).
e Post-treatment metabolic alkalosis may be caused by alkali therapy since the
metabolism of ketoacid anions induced by insulin treatment promotes regenera-
tion of bicarbonate and correction of most of the metabolic acidosis.
e Bicarbonate therapy may increase the risk of hypokalemia (65).

Despite these caveats, because of the potential deleterious effects of severe
acidosis including decreased myocardial contractility, in adult patients with a
pH between 6.9 and 7.0 it may be prudent to give 50 mmol of bicarbonate
(1 ampule) in 200 ml of sterile water with 10 mEq of potassium chloride over
2 hours. If the pH is <6.9, 100 mmol of bicarbonate (2 ampules) in 400 ml ster-
ile water with 20 mEq potassium chloride should be administered at the rate of
200 ml/hour over 2 hours. Venous pH should be checked every two hours, and
bicarbonate administered as above until the pH rises above 7.0.
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PHOSPHATE

Although whole body phosphate deficiency is common in DKA, the serum
phosphate may be normal or increased before initiation of therapy due to phos-
phate movement out of cells (69,70). As observed with potassium balance,
phosphate depletion is quickly apparent with institution of insulin treatment.
Hypophosphatemia which occurs acutely during treatment of DKA is self-
limited, and usually not severe or associated with adverse effects. Frank rhab-
domyolysis with myoglobinuria and hemolysis has been reported in this situa-
tion, but is quite rare (7/-73).

Several prospective randomized trials of phosphate replacement in DKA
have failed to demonstrate a benefit (74-76). Furthermore, phosphate therapy
can produce both hypocalcemia and hypomagnesemia (74—78). In view of these
comments, the routine use of phosphate replacement in the treatment of DKA
is not recommended. There may be rare instances, however, where phosphate
therapy might be of benefit. Since cardiac and skeletal weakness and respiratory
depression has been associated with severe hypophosphatemia, patients with
a serum phosphate less than 1.0 mg/dL (0.32 mmol/L), especially those with
hemolytic anemia, cardiac dysfunction, or respiratory depression, should be
considered for therapy (79). Potassium phosphate, 20 to 30 meq/L can be added
to replacement fluids.

RESOLUTION OF DKA AND HHS

When the following goals are met, the hyperglycemic crisis is considered to
be resolved:

e Cessation of ketoacidosis is achieved, as evidenced by normalization of the
serum anion gap to less than 12 meq/L or the absence of beta-hydroxybutyric
acid by direct testing. Ketonemia and ketonuria may last for more than 36 hours
because of the slower removal of acetone, in part through the lungs (80). Acetone
is biochemically neutral, however, so such patients are no longer in ketoacidosis.

e Patients with HHS have effective osmolality below 320 mOsmol/kg and are men-
tally alert.

e The patient is able to eat.

ADA guidelines suggest that intravenous insulin may be tapered and a multi-
ple dose subcutaneous insulin schedule started in patients who meet the follow-
ing goals, the last three applying only to DKA:

e Serum glucose less than 200 mg/ml in DKA or 250 to 300 mg/kg in HHS

e Serum anion gap < 12 meq/L (or less than upper normal limit for the local lab-
oratory)

e Serum bicarbonate >18 meq/L

e Venous pH >7.30
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Whenever rapid-acting or regular subcutaneous insulin in started, intravenous
insulin infusion should be allowed to overlap for one to two hours in order to
prevent a rebound of ketoacidosis or hyperglycemia. If the patient is unable to
resume oral nutrition, it is preferable to continue intravenous insulin to allow
more flexibility in glucose control.

COMPLICATIONS

Before the era of low-dose insulin treatment of DKA and HHS it was not
unusual to give as much as 100 units per hour for several hours with hypo-
glycemia and hypokalemia frequent sequelae. These iatrogenic problems that
resulted from excessive insulin, and often bicarbonate as well, seldom occur
with current treatment protocols (45). A brief hyperchloremic non-anion gap
acidosis is seen often in the recovery phase of DKA, but is usually of no clinical
consequence (81,82). This results from the loss of large quantities of ketoan-
ions in the urine during the development of DKA, limiting the regeneration of
bicarbonate from the metabolism of ketoanions during recovery. In addition the
excessive administration of chloride containing fluids and the intracellular shifts
of NaHCOs contribute to this phenomena (83,84).

Cerebral edema is a rare but highly fatal complication of DKA that occurs
principally in children with newly diagnosed diabetes, but occasionally in chil-
dren with known diabetes and in young adults (85,86). The etiology of cerebral
edema is unknown, but a recent study utilizing magnetic resonance imaging of
14 children in DKA suggested that increased cerebral perfusion from a vaso-
genic mechanism rather than osmotic cell swelling may be the underlying cause
(87). Cerebral edema in adults with DKA or HHS is extremely uncommon, and
there have been no prospective studies to guide preventive measures or ther-
apy. It would appear prudent to replace sodium and water deficits gradually
in hyperosmolar patients, and to add dextrose to the hydrating solution once
the blood glucose reaches 200 mg/dl in DKA or 300 mg/dl in HHS. In HHS
it is recommended that a glucose level of 250-300 mg/dl be maintained until
hyperosmolality and mental status has improved and the patient is clinically
stable (3).

Reduction in colloid osmotic pressure leading to increased lung water content
and decreased lung compliance has been suggested as a cause of hypoxemia
in DKA.

Rarely, non-cardiac pulmonary edema may be seen in this situation (/4).

PREVENTION

As early as 1980 it was shown that frequent follow up of adult diabetic
patients in outpatient diabetic clinic could reduce incidence of recurrent DKA by
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about 60% (88). In more recent studies similar results were obtained in children
(89). Educational programs in the proper use of medication and access to medi-
cal care also play pivotal roles in prevention of hyperglycemic crises (90).

PROSPECTIVES AND FUTURE STUDIES

In spite of many advances in the diagnosis and treatment of hyperglycemic

crises, there are major controversies in both DKA and HHS that deserve further
study. Following are examples of such topics:

1.

The use of bicarbonate in DKA. Limited studies suggest that for pH >7.0
bicarbonate does not provide any advantage (66), but studies for pH <6.9
were limited and a larger number of subjects are necessary to settle the issue
(65,67,68). On the other hand no prospective randomized studies are available
to establish efficacy of the use of bicarbonate in DKA for pH <6.9 (97). Addi-
tionally the status of cardiac function in such severe acute acidotic states is not
known (91).

. Priming dose of insulin. Although the use of priming dose of insulin in DKA

during intravenous infusion of insulin is the recommended method in the most
recent ADA Consensus Report (3), in the pediatric group the use of bolus
method has not been recommended in the ADA Consensus Report (92). Fur-
thermore our earlier study on pediatric patients clearly showed that 0.1 U/kg of
body weight per hour of insulin infusion will result in orderly recovery of such
patients (93). Therefore the need for the use of priming or bolus dose of insulin
in adult DKA requires further investigation.

The mechanism for lack of ketosis in HHS. In spite of the fact that recent stud-
ies suggest fatty acids and counter regulatory hormones are comparable in the
two groups comparative studies are lacking. It also would appear that additional
studies are needed to confirm the presence of higher concentration of C-peptide
in HHS than DKA (Table 2), especially when C-peptide in ketosis-prone dia-
betes may be comparable to some of the patients with HHS (7,8,12).

. The mechanism of production of elevated proinflammatory cytokines,

as well as cardiac risk factors in patients with hyperglycemic crises who
demonstrate no cardiac history, infection or injury is not known. Interestingly
these elevated values return to near normal levels with insulin therapy and
hydration within 24 hours (37). This non-specific effect of stress requires further
investigation.

. The subcutaneous use of regular insulin in DKA. We have demonstrated that

the use of fast acting insulin analogues by the subcutaneous route in general
wards (in mild or moderate DKA) is as effective as the use of regular insulin
by the IV route in the ICU, with cost savings of about 39% (63,64). However it
is not known if a similar result could be obtained with standard regular insulin
given every 2 hours by the subcutaneous route in general wards to such patients.
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12.

13.

14.

15.

16.

The use of regular insulin, if found effective, could certainly save additional
money as the cost of insulin analogues is at least two to three fold higher than
regular insulin.
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BACKGROUND
Pathophysiology

Conceptually, hypoglycemia results from an absolute or relative imbal-
ance between the rate of appearance and disappearance of circulating glu-
cose. Excess glucose utilization favors disappearance and is usually due to
inappropriately high circulating insulin concentration; in rare cases, it may
result from antibodies or incompletely processed insulin-like growth factors
that act on insulin receptors. Increased consumption of glucose by tissues as
seen in intense exercise, weight loss, sepsis, or pregnancy also favors disappear-
ance of circulating glucose and can lead to hypoglycemia when glucose is not
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replenished as quickly as it is used. Hypoglycemia in this setting is most fre-
quently observed when compounded to disorders that compromise endogenous
glucose production (see below). The rate of glucose appearance is determined by
oral intake of substrate and in the fasting state by the rate of endogenous glucose
production provided by glycogenolysis and gluconeogenesis. Diseases associ-
ated predominantly with compromised endogenous glucose production include;
malnutrition, liver failure, renal failure, endocrine deficiencies, and enzymatic
defects in glyco-metabolic pathways.

Hypoglycemia, the Brain, and Counterregulation

In the non-fasting state, glucose is the preferred substrate for the brain. The
brain relies on a continuous external supply of glucose to meet its energy
requirements as it lacks the capacity to store large amounts or produce this sub-
strate de novo. When plasma levels of glucose fall below the transport maxi-
mum (Tm) for glucose across the blood brain, transport becomes rate limiting
for energy production and consequently for brain function. Redundant mech-
anisms to counter insulin’s glucose lowering action have evolved to ensure a
continuous supply of glucose to the non-fasting brain. The counter-regulatory
response (glucose-raising) involves both behavioral (e.g., hunger and food-
seeking behavior) and physiological mediators. The latter include hormones, the
autonomic nervous system and glucose itself. The central nervous system plays
an important role in processing and coordinating the response to an acute drop
in systemic blood glucose. Hormonal mechanisms that orchestrate the hypo-
glycemic response have been well characterized (/,2) and involve a decrease in
the secretion of insulin (decreased glucose uptake from insulin dependent tis-
sue and increased glycogenolysis) followed by a concomitant rise in systemic
glucagon (increased glycogenolysis), epinephrine (increased glycogenolysis,
increased gluconeogenesis, decreased glucose uptake from insulin dependent
tissue, and decreased insulin secretion) growth hormone and cortisol. In con-
cert, these mechanisms limit glucose utilization and increase glucose production
with resultant recovery from hypoglycemia. Drugs (e.g., subcutaneously admin-
istered insulin, beta-blockers) or disease states (e.g., diabetes, liver or renal fail-
ure) can overwhelm and/or modulate behavioral (e.g., autonomic failure result-
ing in decreased or absent symptoms) or physiological elements (e.g., absence of
glucagon, decreased sympathetic response) of the counter-regulatory response
and impair recovery from hypoglycemia. The phenomenon of ‘hypoglycemia
unawareness’ that follows frequent, recurrent hypoglycemic episodes in the set-
ting of tightly controlled diabetes (3) or insulinoma (4) is an example of such
modulation. The dysregulation of the counter-regulatory response in diabetes
has been extensively studied and recently reviewed (5,6).
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DEFINITION, SYMPTOMS, RISK FACTORS,
AND CLASSIFICATION
Definition of Hypoglycemia

Both biochemical and clinical features are needed to define pathologic forms
of hypoglycemia. Hypoglycemic symptoms are non-specific and conditions
other than low plasma glucose can present with similar symptoms. Thus, docu-
mentation of a plasma glucose level below the normal range is essential. Though
evidence of low plasma glucose is necessary, relying solely on this criterion to
define hypoglycemia can be misleading. Indeed, plasma glucose values below
the normal range do not always differentiate between normal and pathologic
forms of hypoglycemia (7). Furthermore, artifactual hypoglycemia caused by
specimen mishandling or glycolysis within the collected sample, as seen in
cases of severe erythrocytosis or leukocytosis, can lead to an erroneous diag-
nosis. With these caveats in mind, the definition proposed by Whipple in 1938
(8) remains the most useful. It defines pathologic hypoglycemia as a triad of low
plasma glucose, hypoglycemic symptoms, and resolution of symptoms with cor-
rection of the blood sugar.

Symptoms of Hypoglycemia

Symptoms caused by a sudden drop in blood glucose (9,10) result from
increased autonomic nervous system outflow and central nervous system (CNS)
glucose deprivation. Classic adrenergic symptoms include anxiety, tremulous-
ness, pallor, and palpitations. Whereas sweating, tingling, nausea, and hunger
fall under cholinergic symptoms. Neuroglycopenic symptoms, which include
weakness, fatigue, confusion, seizures, focal neurological deficit, and coma;
denote compromised brain function due to insufficient glucose.

Risk Factors

Though many conditions predispose to hypoglycemia, it is most often
observed in patients receiving hypoglycemic medications for the treatment of
diabetes (/1-14). Due to the high prevalence of diabetes, hypoglycemia is the
most frequent endocrine emergency in both the ambulatory and inpatient care
settings (/1,14—17). In the Diabetes Control and Complications Trial (DCCT)
the risk of suffering one hypoglycemic episode requiring third party assistance
for treatment in one year of conventional or intensive treatment was estimated
to be 19% and 62% respectively (18). Previous hypoglycemic episodes, lower
glycosylated hemoglobin levels, and intensive therapy predicted hypoglycemic
events in this population. In the first 10 years of the United Kingdom Prospec-
tive Diabetes Study (UKPDS), hypoglycemic episodes requiring third party
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intervention occurred at an incidence of 1.2% for type-2 patients treated with
insulin (/9). More recent studies suggest an incidence of severe hypoglycemia in
type 2 diabetes approximating that of type 1 (/2,20). In a retrospective analysis
of an elderly population with type 2 diabetes, recent hospitalization, advanced
age, African American ancestry and use of five or more medications indepen-
dently predicted hypoglycemia (2/). As recognition of benefits derived from
intensive therapy and subsequent implementation of such practice extend to the
general medical community, an increase in incidence of hypoglycemic events
can be expected (13,18,19). Hypoglycemia is less common in the non-diabetic
population (Reviewed in (22)) and its etiological basis and risk factors differ.
In the non-diabetic hospitalized patient, the risk of developing hypoglycemia is
associated with malnutrition, malignancy, renal disease, congestive heart failure,
and sepsis (15,23). In ambulatory patients, predisposing factors may not be read-
ily apparent. In this population the clinician should be aware of risk factors such
as poly-pharmacy, advanced age, ingestion of specific foods (e.g., unripened
ackee fruit), undiagnosed underlying psychiatric disorder, or previous gastro-
intestinal surgery.

Classification of Hypoglycemia

The hypoglycemic syndromes can be divided into two categories; fasting
(also termed post-absorptive) hypoglycemia and reactive (also termed post-
prandial) hypoglycemia. Fasting hypoglycemia occurs in the post-absorptive
period (> 4 hours after a meal) and reactive hypoglycemia occurs in relation
to ingestion of either a mixed meal or a glucose load. Fasting hypoglycemia
is a manifestation of a major health problem that necessitates diagnostic and
therapeutic intervention.

Reactive hypoglycemia is a more controversial entity. While many patients
are told they have reactive hypoglycemia, low plasma glucose is not often
observed at the times of symptoms (24,25). In addition, low post-prandial
plasma glucose levels alone are not sufficient to define pathologic reactive hypo-
glycemia. Indeed, an estimated 10-30 % of normal individuals undergoing oral
glucose tolerance testing have plasma glucose levels <50 mg/dL at the end
of the test without ever developing symptoms (26—28). That being said; any
patient that has suffered a severe adverse event (loss of consciousness, trau-
matic injury, or accident) attributed to post-prandial hypoglycemia requires fur-
ther work-up. One of the least disputed causes of reactive hypoglycemia is
termed alimentary hypoglycemia and was most commonly observed in patients
following gastrectomy for peptic ulcer disease (29). The pathophysiology of
this disorder involves disruption of controlled gastric emptying that results in
decreased transit time of aliments from the stomach to the small intestine, which
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causes a rapid elevation in plasma glucose that triggers a fast and exaggerated
insulin response. The abnormal insulin response can cause a precipitous drop
in blood glucose with consequent adrenergic and neuroglycopenic symptoms.
Alimentary hypoglycemia is most frequently observed two hours after a meal
and has been described as a late component of the dumping syndrome. An
ongoing debate over the etiological basis for reactive hypoglycemia following
Roux-en-Y surgery for morbid obesity exists. Nesidioblastosis or islet hyperpla-
sia has been proposed by some as causative (30,31) others consider it a conse-
quence of the well established dumping syndrome (32).

ETIOLOGY OF FASTING HYPOGLYCEMIA IN ADULTS
Drugs

Drugs account for the most frequent cause of hypoglycemia in adults. The most
commonly implicated drugs are insulin, sulfonylurea, and ethanol (1/7,14-17).

INSULIN

Insulin-induced hypoglycemia usually occurs in patients with diabetes treated
with insulin. Factors to consider in assessing hypoglycemia in a patient with dia-
betes include: errors in the type, dose or timing of insulin injection; failure to
account for changes in nutrition, affecting the peripheral action (e.g., weight
loss, exercise), or clearance of insulin (e.g., renal failure); and altered counter-
regulation as a result of underlying disease or drugs (e.g., beta-blockers). Some
patients with psychiatric illness inject insulin surreptitiously, thereby induc-
ing hypoglycemia. These patients have usually acquired their familiarity with
insulin either through a relative with insulin treated diabetes or through employ-
ment as health care workers (33).

SULFONYLUREA

As with insulin, sufonylurea associated hypoglycemia can occur as a result
of volitional or inadvertent overdose (34), surreptitious use (35,36) or criminally
intended administration (37,38). Risk factors associated with inadvertent over-
dose in patient taking sulfonylurea to treat diabetes include; advanced age, drug-
drug interaction, and decreased renal (e.g., chlorpropamide) or hepatic clearance
(e.g., tolbutamide, glipizide and glyburide) (27,34). Accidental overdoses can
also occur in patient patients unknowingly taking a sulfonylurea as a result of
dispensing error (39,40).

ETHANOL

Ethanol inhibits gluconeogenesis (4/). This phenomenon has been attributed
to consumption of a rate-limiting co-factor (e.g., Nicotinamide Adenine
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Dinucleotide (NAD+)) essential for gluconeogenesis as a result of ethanol
metabolism (42—44). Ethanol induced hypoglycemia occurs after glycogen
stores have been depleted (12—72 hours) when levels of circulating glucose
reflect de novo synthesis from alternate substrate. Ethanol levels in plasma may
be normal or no longer detectable at the time of hypoglycemia. Hypoglycemia
should be excluded before attributing impaired cognition to inebriation in the
setting of ethanol ingestion.

OTHER DRUGS

Many other drugs have been reported to cause hypoglycemia. High dose sal-
icylates (44—46), beta-blockers (47), and sulfa-based drugs (48) are commonly
implicated. Pentamidine at doses used to treat pneumocystis carinnii pneumo-
nia can also cause hypoglycemia (49). Quinine (50,51) and antiarrythmics (e.g.,
quinidine (52), disopyramide (53)) have been associated with hypoglycemia.
Quinolone antibiotics (54,55) (e.g., gatifloxacin and levofloxacin) have received
recent attention for their propensity to cause dysglycemias. Increased insulin
secretion is postulated as the underlying mechanism behind pentamidine,
quinine derivatives (including quinolones) and anti-arrythmic induced hypo-
glycemia.

Organ Failure
LIVER FAILURE

The liver, through glycogenolysis and gluconegenesis, supplies most of the
glucose to the circulation in the fasting state. The normal liver has a large
functional reserve (56) and it is estimated that as little as 20% residual func-
tion would suffice to prevent hypoglycemia. This large reserve likely accounts
for the fact that most patients with liver disease never develop hypoglycemia.
Liver diseases most commonly associated with hypoglycemia include hepato-
cellular carcinoma (57) and fulminant hepatitis caused by hepatotoxic agents
or viruses (58). Genetic defects in glyco-metabolic pathways can also lead to
hypoglycemia as a consequence of deficient hepatic glycogenolysis and gluco-
neogenesis and most will be diagnosed in childhood. Finally, liver dysfunction
can contribute to hypoglycemia through compromised drug metabolism (e.g.,
tolbutamide, glyburide, glipizide).

RENAL FAILURE

The kidney is second only to the liver as a gluconeogenic organ (59). Factors
associated with renal disease that predispose to hypoglycemia include: caloric
deprivation from anorexia, vomiting or protein restriction; depletion of gluco-
negenic substrate from the latter or hemodialysis treatment; use of glucose-free
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dialysate; and decreased clearance of renally excreted drugs or their metabolites
(e.g., insulin, chlorpropamide, and metabolite of glyburide)

ENDOCRINE FAILURE

Deficiencies in cortisol and growth hormone, have been causally linked to
hypoglycemia (60-65). Though these hormones do not play a major role in the
recovery from acute hypoglycemia, they support the process of gluconeogenesis
(66—-69). Hypoglycemia, in this setting, will usually develop after a period of
fasting when de novo synthesis of glucose is the major contributor to circulating
levels. Pituitary disease that results in combined ACTH and growth hormone
deficiency particularly predispose to the development of hypoglycemia.

Cancer
NON ISLET CELL TUMORS

Mesenchymal tumors, hepatocellular carcinoma, adrenocortical tumors, car-
cinoid, leukemia, and lymphomas are tumors most commonly associated with
hypoglycemia. These tumors cause hypoglycemia by secreting a factor with
insulin-like action that is chemically distinct from insulin (70,71). An incom-
pletely processed Insulin Like Growth Factor-1I (IGF) molecule termed ‘Big’
IGF-1I (72-74) with decreased affinity to IGF binding protein is thought to cause
hypoglycemia in some tumors (75,76). A case (77) of reactive hypoglycemia
caused by a tumor secreting both glucagon-like peptide 1 (GLP-1) and somato-
statin has also been reported. Finally, ectopic insulin secretion from tumors is
a rare phenomenon. Though sporadic case reports exist in the literature, very
few reports (78-80) have conclusively excluded the possibility of a concomitant
insulinoma.

INSULINOMA

Pancreatic beta-cell tumors are rare and can cause hypoglycemia by secret-
ing insulin autonomously. The majority of these tumors are small, solitary and
benign (<10% are malignant) (81,82). The central defect is an inability of insuli-
noma cells to appropriately suppress insulin secretion in response to a decreas-
ing circulating glucose concentration. This relative excess of insulin in rela-
tion to glucose leads to fasting hypoglycemia. Although development of hypo-
glycemia in the post-prandial period does not rule out the presence of an insuli-
noma, a negative supervised fast does; as virtually all patients with insulinomas
develop hypoglycemia after a 48-hour supervised fast (83). Thus, demonstrating
fasting hypoglycemia is essential for the diagnosis of insulinoma.
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ISLET HYPERPLASIA

In adults, a variety of histologic patterns in islets have been linked to
hypoglycemia. This condition has been termed nesidioblastosis, diffuse islet
hyperplasia, or coined syndrome of non-insulinoma pancreatogenous hyperin-
sulinism (30,31,84,85). There is no doubt that these histological patterns exist
but their relationship to hypoglycemia is controversial. Adding to the con-
fusion is the fact that similar histological patterns are observed in cases of
persistent hyperinsulinemic hypoglycemia of infancy (PHHI). However, in con-
trast to adults, many of these infants have an identifiable genetic basis for their
hyperinsulinemia in the form of sulfonylurea receptor 1 (SUR1) (86,87) postas-
sium channel Kir6.2 (88,89), glucokinase (90), or glutamate dehydrogenase
(91) mutations. Finally, nesidioblastosis as a cause of hypoglycemia follow-
ing bariatric surgery is confounded by the fact that gastric surgery can result
in alimentary hypoglycemia.

AUTO-IMMUNE CAUSES
Anti-insulin Receptor Antibody

Rarely hypoglycemia is caused by auto-antibodies that bind the insulin recep-
tor and mimic the biological action of insulin (92,93,94) (Reviewed in (95)).
Most patients with this syndrome have an antecedent diagnosis of autoimmune
disease. In some patients, an elevated erythrocyte sedimentation rate or positive
anti-nuclear antibody titer may be the only finding suggestive of an autoimmune
cause.

Anti-insulin Antibody

Development of hypoglycemia has also been associated to auto-antibodies
directed against insulin itself (95-98). These antibodies bind free circulat-
ing plasma insulin when its concentration is high and release insulin when
the concentration of free plasma insulin drops. Release of insulin at inappro-
priate times can cause hypoglycemia. Hypoglycemia in this setting is typi-
cally observed in the post-prandial period but fasting hypoglycemia has been
reported.

DIAGNOSIS

Documenting Fasting Hypoglycemia

The first step in the diagnosis is to establish the presence of fasting hypo-
glycemia. The supervised fast is used for this purpose. This test is performed in
the hospital setting to mitigate the risk to the patient if hypoglycemia develops.
The patient is fasted and monitored from 48 to 72 hours for biochemical and
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symptomatic evidence of hypoglycemia. A retrospective review of surgically
proven insulinomas showed that in 95% (83) of cases hypoglycemia develops
within the first 48 hours of the fast.

Determining The Cause
HISTORY

Once fasting hypoglycemia has been established, the next step is to iden-
tify the cause. The history provides the clinical context (e.g., liver failure, sep-
sis, autoimmune disease, neoplasm, or no past health problems), should be
reviewed for a potential drug etiology (including ethanol) and may be suggestive
of dispensing error as a cause especially if a recent refill precedes the onset of
symptoms.

BIOCHEMICAL EVALUATION

Biochemical tests to assess for potential liver, renal, adrenal, and anterior
pituitary dysfunction should be obtained. In patients with pituitary insuffi-
ciency, growth hormone and cortisol levels in the normal range at the time of
hypoglycemia are not uncommon; in particular when the problem has been
longstanding. Hormonal deficiency as a cause should be established using
the appropriate stimulation tests (e.g., cosyntropin or insulin tolerance test).
Blood and urine should be screened for the presence of hypoglycemic agents
to rule out surreptitious use. A positive screen should be confirmed by a
repeat test to rule out the presence of substances that may cross-react with the
assay. The presence of insulin antibodies suggests that the patient has received
insulin by injection but in rare cases may represent autoantibodies directed
against insulin. The highly purified insulin preparations currently used for the
treatment of diabetes are far less immunogenic than in the past. Thus, the
absence of insulin antibodies does not reliably exclude surreptitious injection of
insulin.

DIAGNOSIS OF INSULINOMA

If the initial evaluation fails to reveal a cause for the hypoglycemia, the pos-
sibility of insulinoma should next be considered. Several different approaches
to demonstrate the presence of an insulinoma exist but the most useful is the
48-hour supervised fast with measurement of plasma insulin and proinsulin.
Demonstrating abnormal insulin suppression at the time the patient develops
fasting hypoglycemia makes the diagnosis of insulinoma. This test is based on
the premise that insulin secretion in normal beta-cells is suppressed prior to
the onset of symptoms at a plasma glucose level of 40-50 mg/dL. In contrast,
the threshold for insulin suppression in insulinoma may be absent or shifted
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to a lower plasma glucose and symptoms arise prior to insulin suppression.
Thus, a plasma insulin level that fails to suppress to <6 wU/mL at the time
of hypoglycemia strongly suggests the presence of an insulin secreting tumor
(81). A plasma insulin level that suppresses to <6 pwU/mL, in contrast, favors a
different etiology. The sensitivity of this test is not 100% and in rare cases sup-
pression of plasma insulin levels to <5 wU/mL is observed in patients with an
insulin secreting tumor. Presumably, the tumors in these patients have retained
some glucose sensing ability. In addition, newer more specific insulin assays
no longer measure insulin precursors. When compared to the old assay used
to establish the 6 pU/mL cutoff, these new assays would be expected to yield
lower values. In these rare patients, measurement of proinsulin at the termi-
nation of the fast is extremely useful. An elevated fasting proinsulin level in
this setting strongly suggests a diagnosis of insulinoma. A study using a gel fil-
tration radioimmunoassay to measure proinsulin plasma levels in insulinoma,
found that in 87% (99) of cases proinsulin made up 25% or more of the total
immunoreactive insulin. Only two other conditions, easily distinguishable from
insulinoma, present with a similarly high proinsulin to total measured insulin
ratio; familial hyperproinsulinemia (/00) and hyperglycemia. For the newer
commercially available direct proinsulin sandwich assay, a fasting proinsulin
plasma level above the assays normal range is seen in 85% (99) of insulinoma
cases ( ~22 pmol or 0.2 ng/mL) and in the fasting state is specific for the pres-
ence of an insulinoma. This test should be reserved to patients with equivocal
plasma insulin levels.

C-PEPTIDE LEVELS

Measurement of the plasma c-peptide level at the time of hypoglycemia is
useful to diagnose patients injecting insulin surreptitiously. The distinguishing
biochemical features in these patients are low c-peptide levels accompanied by
high insulin levels. A similar pattern may be seen in patients with autoantibod-
ies directed against the insulin receptor. In these patients, antibodies interfere
with insulin binding to its receptor thereby affecting its clearance from the cir-
culation. Since c-peptide clearance is unaffected, these patients can present with
elevated insulin levels and low c-peptide levels.

INSULIN-LIKE GROWTH FACTOR II LEVELS

It has been suggested that at least 50% of non-islet cell tumors that cause
hypoglycemia produce an incompletely processed insulin like growth factor 11
(‘Big IGF-2’) and that IGF-II is directly responsible for causing hypoglycemia.
The correlation between circulating IGF-II levels and IGF-1I hypoglycemic
activity is complex. The interaction between circulating IGF-II and specific
binding proteins is believed to determine IGF-II hypoglycemic activity. Protein
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profiles that permit egress of IGF-II from the circulation and allow tissue entry
are postulated to result in hypoglycemia. Measurement of circulating IGF-II
levels in isolation is thus not a useful routine diagnostic test. The cause of hypo-
glycemia in these cases is recognized by the presence of a known, frequently
large, tumor and appropriately suppressed circulating insulin levels at the time of
hypoglycemia.

THERAPEUTIC PRINCIPLES

Administration of glucose in a quantity sufficient to maintain a plasma glu-
cose level above 50 mg/dL is the first priority in the treatment of hypoglycemia.
Oral carbohydrate replacement through frequent meals and snacks or intra-
venous glucose replacement can be used to this end. The second priority con-
sists in addressing the underlying cause. Examples of interventions include
removal or adjustment of the offending drug, appropriate hormone replacement
for patients with deficiency, or confrontation and psychiatry referral for patients
with factitious disorder. In the case of insulinoma, resection of the tumor is usu-
ally curative. For non-resectable malignant insulinoma, diazoxide may provide
some benefit (/01). Hypoglycemia resulting from non-islet cell tumors is usu-
ally treated by interventions aimed at reducing tumor burden. If this cannot be
achieved, glucose administration is the only therapy. The syndrome of autoan-
tibodies against the insulin receptor can result in severe hypoglycemia and left
untreated is associated with high mortality. This disorder is usually a self-limited
condition that resolves over months in the majority of cases. Therapy consist-
ing of high dose glucocorticoid (prednisone 60 mg/d) prevents hypoglycemia
by inhibiting the insulinomimetic effect of the anti-receptor antibody but do not
hasten their disappearance from plasma.

SUMMARY

Under physiologic conditions, glucose plays a critical role in providing
energy to the central nervous system. A precipitous drop in the availability of
this substrate results in dramatic symptoms that herald compromised brain func-
tion and warrant immediate therapy aimed at restoring plasma glucose to normal
levels. A thorough and systematic review of the differential causes of hypo-
glycemia for a given clinical context will provide a clue as to the most likely
etiology. This in turn , will guide further diagnostic and therapeutic interven-
tions that address the specific underlying problem. In most cases this approach
to diagnosis and therapy will be met with good outcome for the patient.
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INTRODUCTION

Critical illness is characterized by a uniform dysregulation of all
hypothalamic—anterior-pituitary axes. These neuroendocrine alterations con-
tribute to the high risk of morbidity and mortality in the intensive care unit.

Through recent research, it has become clear that the neuroendocrine
response is substantially different in the acute and prolonged phase of critical
illness (1,2). The acute phase is exemplified by low peripheral effector hormone
levels, despite an actively secreting pituitary. In prolonged critical illness, a uni-
form suppression of the neuroendocrine axes, primarily of hypothalamic origin,
contributes to the low levels of peripheral effector hormones.

The erroneously extrapolation of the changes observed in the acute-disease
state to the chronic phase of critical illness has deluded investigators to use
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certain endocrine treatments with an unexpectedly increased mortality in con-
sequence (3,4). Therefore, a thorough understanding of the pathophysiology
underlying these neuroendocrine changes is essential. Moreover, before con-
sidering therapeutic intervention, it is important to differentiate between ben-
eficial and harmful neuroendocrine responses to critical illness. The endocrine
alterations in the acute phase of illness appear to direct to reduce energy and sub-
strate expenditure, thereby pushing back costly anabolism and forcing the sub-
strates released to vital tissues in order to improve survival. This hypercatabolic
reaction is likely beneficial and, currently, there is no supportive evidence to
intervene. In contrast, the chronic phase of critical illness suffers from persistent
hypercatabolism despite feeding, which leads to substantial loss of lean body
mass and often concomitant fatty infiltration of vital organs, which may com-
promise vital functions and delay recovery. Therefore, therapeutic interventions
to correct these alterations may open perspectives to improved survival.

THE SOMATOTROPIC AXIS

Growth hormone (GH) is secreted by the somatotropes in the pituitary in
a pulsatile fashion. It is essential for linear growth during childhood, but has
many more functions throughout life, mostly anabolic. The regulation of the
physiological pulsatile release of GH, with peaks followed by undetectable
levels, is important for its metabolic effects (5). Hypothalamic GH-releasing
hormone (GHRH) stimulates and somatostatin inhibits GH secretion. Also sev-
eral synthetic GH-releasing peptides (GHRPs) and non-peptide analogues with
potent GH-releasing activity have been developed (6). These GHRPs act via a
G-protein-coupled receptor which is located in the hypothalamus and the pitu-
itary (7). The highly conserved ghrelin is an endogenous ligand for this recep-
tor, and appears to be a third key factor in the physiological control of GH
release (8). The indirect actions of GH are regulated mainly through stimula-
tion of insulin-like growth factor-I1 (IGF-I) production, of which the bio-activity
in turn is controlled by several IGF-binding proteins (IGFBPs).

The Somatotropic Axis in Acute Illness

The acute phase of illness, in the first hours to days after an acute insult, is
hallmarked by a dramatically changed GH profile. The number of GH bursts
is increased, peak GH levels are elevated and inter-pulse concentrations are
high (1,9). Concurrently, a state of peripheral GH resistance develops, partly
triggered by cytokines, such as TNF-a and interleukin-6 (9,10). Despite the
clear increase in GH secretion, serum concentrations of IGF-I, GH-dependent
IGFBP-3, and acid-labile subunit (ALS) are low during the acute phase of criti-
cal illness (9,11).



Chapter 8 / The Dynamic Neuroendocrine Response to Critical Illness 169

A reduced negative feedback inhibition with reduced expression of the GH
receptor, and therefore low circulating IGF-I, has been suggested to be the pri-
mary event driving the abundant release of GH in the acute phase of illness
(11,12). The elevated GH might theoretically enhance its direct lipolytic and
insulin-antagonizing effects, resulting in increased fatty acid and glucose levels
in the circulation, whereas indirect IGF-I-mediated somatotropic effects of GH
would be attenuated. This would then result in postponing of costly anabolism,
normally largely mediated by IGF-I, which seems appropriate in the struggle for
survival. Clinical recovery is indeed also preceded by a rapid normalization of
the somatotropic changes.

The Somatotropic Axis in Prolonged Illness

In prolonged critically ill patients, when recovery does not occur within a few
days, the pulsatile release of GH becomes suppressed, whereas the non-pulsatile
fraction of GH release remains somewhat elevated (/3-15). Since the robust
release of GH in response to GH secretagogues (5) excludes a possible inability
of the somatotropes to synthesize GH, the relative hyposomatotropism probably
originates within the hypothalamus. A hypothalamic deficiency or inactivity of
endogenous GH secretagogues, not of GHRH, is a plausible mediator, as GH
release in response to GHRH injection is less pronounced than to a GHRP-2
injection in prolonged critical illness (5). The combination of a ghrelin defi-
ciency, together with a reduced somatostatin tone most likely brings about this
secretory profile.

Circulating IGF-I, IGFBP-3, and ALS levels remain low and correlate posi-
tively with the pulsatile fraction of GH release, which suggests that the loss of
pulsatile GH release contributes to these low levels (/3—15). The administration
of GH secretagogues increased IGF-I and IGFBP levels which indicates that GH
responsiveness at least partially recovers in the chronic phase of critical illness
(13,14).

The chronic GH deficiency, due to lack of pulsatile GH secretion, could
contribute to the pathogenesis of the ‘wasting syndrome’ that characterizes
prolonged critical illness. This is indicated by the tight relation between bio-
chemical markers of impaired anabolism, such as low serum osteocalcin and
leptin concentrations and the low circulating IGF-I and ternary-complex-binding
proteins levels (15).

Therapeutic Interventions

Administration of pharmacological doses of GH, inspired by the assumption
of sustained GH resistance in the prolonged phase of critical illness, unexpect-
edly increased morbidity and mortality (3). As it is now clear that peripheral GH
sensitivity at least partially recovers in the chronic phase of critical illness, the
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administration of such high doses (up to 20-fold substitution dose) may have
exposed the patients to toxic side effects. High doses of GH aggravate insulin
resistance and induce hyperglycemia that usually develops during critical ill-
ness (16). Hence, the glucose-counter-regulatory toxic side effects may have
surpassed any possible benefits of these therapies. The combined administration
of GH and IGF-I, additive in their anabolic actions, might be a better option,
because they neutralize each other’s side effects (/7).

Treatment with hypothalamic releasing factors to reactivate the pituitary may
be more effective and safer than administration of pituitary or peripheral hor-
mones. Indeed, infusions of GH secretagogues not only restored the pulsatile
GH secretion, but also evoked an increase of IGF-I, IGFBP-3, and ALS, indica-
tive of a restored peripheral responsiveness (13,14).

THE THYROID AXIS

Thyroid hormones are essential for the regulation of energy metabolism and
have profound effects on differentiation and growth (/8). At the level of the
hypothalamus, thyrotropin-releasing hormone (TRH) is released and stimulates
the pituitary thyrotropes to secrete thyroid-stimulating hormone (TSH). TSH
in turn drives the thyroid gland to synthesize and secrete thyroid hormones.
Although the thyroid gland predominantly produces T4, the biological activity
of thyroid hormones is largely exerted by T3 (18). Different types of deiodinases
(D1-D3) are responsible for the peripheral activation of Ty to either T3 or to the
biologically inactive reverse T3 (r'T3) (19,20). The thyroid hormones in their turn
exert an inhibitory feedback control on both TRH and TSH secretion.

The Thyroid Axis in Acute Illness

The early response of the thyroid axis after the onset of severe physical stress
consists of a rapid decline in the circulating levels of T3z and a rise in 1T5 levels,
predominantly because of altered peripheral conversion of T4 (2/). TSH and
T4 levels are briefly elevated but subsequently return to normal levels, although
T4 levels may also decrease in the more severely ill (22). Regardless of normal
single-sample-TSH levels, the TSH profile is already affected in this acute phase
of illness, as the normal nocturnal TSH surge is absent (23). The low Tz levels
persevere beyond TSH normalization, a constellation referred to as ‘the low T;
syndrome’, ‘euthyroid sick syndrome’ or ‘non thyroidal illness’. The decrease
in circulating T3 during the first 24 hours after the insult reflects the severity of
illness and correlates with mortality (24,25).

Cytokines might play a role in the pathogenesis of the low T3 syndrome, since
they are able to mimic the acute stress response of the thyroid axis (26,27).
However, cytokine antagonists failed to restore normal thyroid function after
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endotoxemic challenge (28,29). Other potential factors of the low T3 syndrome
at the tissue level include low concentrations of thyroid hormone binding pro-
teins and inhibition of hormone binding, transport, and metabolism by elevated
levels of free fatty acids and bilirubin (30).

The observed alterations in the acute phase of critical illness are very simi-
lar to the ones observed in fasting. The immediate fall in circulating T3 during
starvation has been interpreted as an attempt of the body to reduce its energy
expenditure, and prevent protein wasting (3/). It could be looked upon as a ben-
eficial and adaptive response that does not warrant intervention. Whether this
also applies to the reduced thyroid hormone action in the acute phase of critical
illness remains controversial (32).

The Thyroid Axis in Prolonged Critical Illness

Patients, who need prolonged intensive care, enter a more chronic phase of
illness, during which in addition to the absent nocturnal TSH surge, a dramati-
cally reduced pulsatile TSH secretion occurs. Furthermore, circulating T4 and T;
are low, but in particular the decline in T3 correlates positively with the dimin-
ished pulsatile TSH release (33). The prognostic value of the disturbed thyroid
axis with regard to mortality is now illustrated by lower TSH, T4, and T3 and
higher 1T5 levels in patients who ultimately die as compared with those surviv-
ing prolonged critical illness (34). An impaired capacity of the thyrotropes to
synthesize TSH, an alteration in set-point for feedback inhibition, inadequate
TRH-induced stimulation of TSH or elevated somatostatin tone may explain
these findings. Reduced hypothalamic TRH gene expression has been described
in patients dying after chronic critical illness, indicating a predominantly central
origin of the suppressed thyroid axis, similar to changes in the somatotropic
axis (35). The rise in TSH secretion and in peripheral thyroid hormone levels
after TRH administration in prolonged critically ill patients further strengthens
this interpretation (/4,15). Cytokines are less likely to be important at this stage
of the disease, as circulating levels are usually much lower than in the acute
phase (36). Endogenous dopamine and/or hypercortisolism however, could be
involved since they are known to provoke or severely aggravate hypothyroidism
in critical illness (37,38).

A disturbed peripheral metabolism of thyroid hormone also contributes to the
low T3 syndrome in the chronic phase of critical illness. This is illustrated by
a reduced activity of type 1 deiodinase (D1), the enzyme mediating peripheral
conversion of T4 to T3, and the induction of type 3 deiodinase (D3) activity,
responsible for conversion of T4 to inactive rT3 (39). Remarkably, type 2 deio-
dinase (D2) activity increases in the prolonged phase of critical illness and does
not appear to play a role in the pathogenesis of the low T3 syndrome in pro-
longed critically ill patients (40). Interestingly, concomitant infusion of TRH
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and GHRP-2 in critically ill patients, not only increased TSH, T4, and T3 lev-
els but also prevented the rise in r'T3 seen with TRH alone (/4). This suggests
that deiodinase activity may be affected by GHRP-2, either directly or indirectly
through its effect on the somatotropic axis. Combined administration of TRH
and GHRP-2 to a rabbit model of prolonged critical illness indeed decreased D3
activity whereas TRH infusion alone augmented D1 activity. This indicates that
D1 suppression in critical illness is related to alterations within the thyroid axis,
whereas D3 is increased under joint control of the somatotropic and thyroid
axes (41,42). Regulation of thyroid hormone action at the level of the thyroid
hormone receptor also appears to be altered by critical illness, possibly causing
an upregulated thyroid hormone sensitivity in response to low T3 levels (43).

Therapeutic Interventions

It remains controversial whether administration of thyroid hormone to crit-
ically ill patients is beneficial or harmful in prolonged critical illness. Admin-
istration of T3 substitution doses to pediatric cardiac surgery patients has been
associated with improved postoperative cardiac function, but these patients were
treated with dopamine which induces hypothyroidism (44). Treatment with Ty
failed to demonstrate a clinical benefit, although this could be partly due to
impaired conversion of T4 to T3 (45).

By continuous infusion of TRH in combination with a GH secretagogue,
not only thyroid hormone levels were restored to physiological levels, but also
markers of hypercatabolism were reduced (/4). This suggests that low thyroid
hormone levels rather contribute to than protect from the hypercatabolism of
prolonged critical illness.

THE GONADAL AND LACTOTROPIC AXES

The release of luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) from the gonadotropes in the pituitary is stimulated by the hypothala-
mic gonadotropin-releasing hormone (GnRH). In females, LH mediates ovarian
androgen production, whereas FSH stimulates the aromatization of androgens to
estrogens in the ovary. In men, LH stimulates androgen production by the testic-
ular Leydig cells, whereas the combined action of FSH and testosterone on the
Sertoli cells supports spermatogenesis. Sex steroids exert a negative feedback
on GnRH and gonadotropin secretion. Several other hormones and cytokines
are also involved in the complex regulation of the gonadal axis (46).

Prolactin is produced and secreted by the lactotropes in the pituitary in a pul-
satile and diurnal pattern. The main function of prolactin is to stimulate lactation,
but is also known as stress hormone with immune-enhancing properties (47).
Physiological regulation of prolactin secretion is largely under the control of
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dopamine, but several other prolactin inhibiting and releasing factors can mod-
ulate prolactin secretion (48).

The Gonadal and Lactotropic Axes in Acute Illness

Acute physical stress causes an immediate drop in the serum levels of testos-
terone, even though LH levels are elevated (49-51). This suggests an immedi-
ate suppression of androgen production in Leydig cells which may be viewed
as an attempt to reduce energy consumption and conserve substrates for more-
vital functions. Although the exact cause remains unclear, cytokines are possibly
involved (52,53).

In response to acute stress, prolactin levels rise (/,54). Vasoactive intestinal
peptide, oxytocin, and dopaminergic pathways, but also cytokines may play a
role. The rise in prolactin levels following acute stress are thought to play a part
in the vital activation of the immune system early in the disease process, but this
remains speculation.

The Gonadal and Lactotropic Axes in Prolonged Illness

More dramatic changes develop within the male gonadal axis when criti-
cal illness prolongs and hypogonadotropism ensues (55,56). Circulating lev-
els of testosterone become extremely low or even undetectable, in the presence
of suppressed mean LH concentrations and pulsatile LH release (57,58). Also
total estradiol levels are relatively low, but since sex-hormone-binding glob-
ulin decreases simultaneously, the level of bio-available estradiol is probably
maintained (58). On the other hand, a remarkable rise in estrogen levels has
been observed in several studies (46,59,60). Since exogenous GnRH is only
partially and transiently effective in correcting these abnormalities, they must
result from combined central and peripheral defects within the male gonadal
axis (58). Indeed, aromatization of androgens to estrogens is enhanced in criti-
cally ill patients (61). As testosterone is the most important endogenous anabolic
steroid, the abnormalities in the gonadal axis could be important with regard to
the catabolic state of critical illness.

The pulsatile fraction of prolactin release becomes suppressed in the pro-
longed phase of critical illness (1, 33). Possibly, the blunted prolactin secre-
tion contributes to the immune suppression or increased susceptibility to infec-
tion associated with prolonged critical illness. Endogenous dopamine may
play a role, again hypothetically, since exogenous dopamine, a frequently
used inotropic drug, not only further suppressed prolactin secretion, but also
concomitantly aggravated T lymphocyte dysfunction and disturbed neutrophil
chemotaxis (37,62).
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Therapeutic Interventions

No conclusive clinical benefit has been demonstrated for androgen treatment
in prolonged critical illness (63, 64). On the other hand, exogenous pulsatile
GnRH administration partially overcomes the hypogonadotropic hypogonadism
in prolonged critically ill men (58).

THE ADRENAL AXIS

The corticotropes in the pituitary produce adrenocorticotropic hormone
(ACTH, corticotropin), which stimulates the adrenal cortex to produce cortisol
(65). The hypothalamic corticotropin-releasing hormone (CRH) controls ACTH
release. Cortisol itself exerts a negative feedback control on both hormones. In a
stress-free healthy human, cortisol is released in a diurnal pattern. Although only
free cortisol is biologically active, more than 90% of circulating cortisol is bound
to binding proteins, predominantly corticosteroid-binding globulin (CBG) but
also albumin (66).

The Adrenal Axis in Acute Illness

In the early phase of critical illness, release of CRH and ACTH is increased,
causing a rise in cortisol levels. The diurnal variation in cortisol secretion, how-
ever, is lost (65). Moreover, CBG levels are substantially decreased, in part due
to elastase-induced cleavage, resulting in proportionally much higher levels of
free cortisol (67-71). Cytokines might be involved in these alterations as they
can modulate cortisol production and glucocorticoid receptor number and affin-
ity in acute illness (72).

Both very high and low cortisol levels have been associated with increased
mortality (73-78). High cortisol levels point to more-severe stress, whereas low
levels indicate the inability to sufficiently respond to stress, labeled ‘relative
adrenal insuffiency’. An appropriate activation of the hypothalamic—pituitary—
adrenal axis and cortisol response to critical illness are thus essential for sur-
vival, since it fosters the acute provision of energy by shifting carbohydrate,
fat, and protein metabolism, protects against excessive inflammation by sup-
pression of the inflammatory response and improves the hemodynamic status
by induction of fluid retention and sensitization of the vasopressor response to
catecholamines (1,72).

The Adrenal Axis in Prolonged Illness

In the chronic phase of critical illness, ACTH levels decrease, whilst cortisol
levels remain elevated (79,80). Cortisol levels slowly decrease, only reaching
normal levels in the recovery phase (/). CBG levels recover in the chronic phase
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of illness (69, 71). Whether the continued elevation in cortisol is beneficial in
prolonged critical illness remains uncertain. It could theoretically be involved
in the increased susceptibility to infectious complications associated with pro-
longed critical illness. On the other hand, an increased risk of ‘relative adrenal
failure’ may predispose to adverse outcome (817).

Therapeutic Interventions

Initial trials studying administration of high doses of glucocorticoids have
clearly shown that this strategy is ineffective and perhaps even harmful (4, 82).
In contrast, studies using ‘low-dose’ glucocorticoid replacement therapy for rel-
ative adrenal insufficiency reported beneficial effects, at least in patients with
septic shock (77,82). The results of randomized controlled trials on hydrocorti-
sone treatment, such as the CORTICUS study, are required to clarify this further
(83). However, administration of hydrocortisone in the so-called ‘replacement
dose’ resulted in several fold higher total and free cortisol levels, indicating the
need of a re-evaluation of the doses used (71).

CONCLUSIONS

In conclusion, the anterior pituitary responds in two distinct phases to severe
stress of illness and trauma. In the acute phase of critical illness, the pituitary
is actively secreting, but target organs become resistant and concentrations of
most peripheral effector hormones are low. These acute adaptations are prob-
ably beneficial in the struggle for short-term survival. In contrast, prolonged,
intensive-care-dependent critical illness is characterized by a uniform suppres-
sion of the neuroendocrine axes, predominantly of hypothalamic origin, which
contributes to low serum levels of the respective target-organ hormones. These
chronic alterations may no longer be beneficial, as they participate in the gen-
eral wasting syndrome of prolonged critical illness. Attempts to reverse these
abnormalities with hormonal therapies have demonstrated that lack of patho-
physiological insight holds danger, the choice of hormone and corresponding
dosage are of crucial importance.

As most hypothalamic—pituitary axes show a decreased activity during
prolonged critical illness, treatment with hypothalamic releasing factors to reac-
tivate the pituitary may be more effective and safer than administration of pitu-
itary or peripheral hormones. Indeed, infusions of GH secretagogues, TRH or
GnRH have been shown to reactivate the corresponding pituitary axes, result-
ing in elevated levels of the peripheral effector hormones. Concomitant infu-
sion of GHRP-2 and TRH reactivated both the somatotropic and thyrotropic
axes, but avoided the rise of inactive rT3 levels seen with TRH alone (74).
This combined intervention was associated with a reduced hypercatabolism and
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stimulated anabolism (/5). Additional co-activation of the gonadal axis by
administering GnRH together with GHRP-2 and TRH in prolonged critically
ill men at least partially restored the three pituitary axes and appeared to induce
an even more distinct anabolic effect (84).

These data emphasize the interactions between the different endocrine axes
and the need for jointly correcting all hypothalamic—pituitary defects instead of
a single hormone treatment. Moreover, overstimulation of the respective axes
are avoided, thus preventing toxic side effects of high peripheral hormone levels
since the endogenous negative feedback mechanisms remain intact (/4,15,84).
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THE SOMATOTROPIC AXIS

The peptide hormones of the anterior pituitary are essential for the regulation
of growth and development, response to stress, and intermediary metabolism.
Their synthesis and secretion are controlled by hypothalamic hormones
(upstream) and by hormones from the peripheral endocrine organs (down-
stream). Hence, the complex interactions among the hypothalamus, the pituitary
and the peripheral endocrine glands provide elegant examples of integrated feed-
back regulation. Seven major anterior pituitary hormones have been identified
in humans. They can be divided in three classes: the somatotropic hormones
[growth hormone (GH) and prolactin], the glycoprotein hormones [luteinizing
hormone (LH), follicle-stimulating hormone (FSH), and thyroid-stimulating
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hormone (TSH)] and the proopiomelanocortin-derived hormones [corticotropin
(ACTH) and a-melanocyte-stimulating hormone]. Additionally, the posterior
pituitary, also known as the neurohypophysis, releases arginine vasopressin and
oxytocin.

Growth hormone, the most abundant anterior pituitary hormone, is synthe-
sized and secreted by somatotrophs in a pulsatile fashion (/). The normal noctur-
nal pattern of GH secretion consists of peaks, alternating with troughs in which
GH levels are virtually undetectable. The amplitude of the secretory pulses is
maximal at night and physiological stimuli of GH release include stress, exer-
cise, fasting, and sleep. Daily GH secretion is high in children, reaches maximal
levels during adolescence and then decreases in an age-related manner in adult-
hood.

Classically, two hypothalamic hormones control GH secretion: GH-releasing
hormone (GHRH), which stimulates the production and release of GH, and

Hypothalamus GHRH somalostatin ghrelin
Pituitary gland d Peripheral tissues
t ! DIRECT
GH receptor l,
Liver
INDIRECT T
IGF-I hybrid receptor
Serum
Downstream ternary complex

Fig. 1. Schematic overview of the somatotropic axis. Through a complex network, the
GH/IGF-I/IGFBP axis exerts its effects on the peripheral tissues. In skeletal muscle GH will
act via a direct (GHR) and indirect (IGF-I hybrid receptor) pathway. The liver and the adi-
pose tissue barely have IGF-I receptors. Hence, direct GH effects will be dominant, resulting
in increased heptic glucose output and lipolysis, respectively. The dual role of GH is tightly
regulated by numerous feedback loops. — : stimulation, L : inhibition, dashed L : feedback
inhibition
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somatostatin, which exerts an inhibitory effect. Appreciation of a third compo-
nent, however, arose from studies of synthetic GH-releasing peptides (GHRPs)
and non-peptide analogs (2) (Figure 1).

These GH secretagogues (GHS) exert their potent GH-releasing capacities
through a specific G-protein coupled receptor, distinct from the GHRH receptor
and located in the pituitary and in the hypothalamus (3). The endogenous ligand
for the GHS-receptor has long been hypothetical until the discovery of ghre-
lin in 1999. This highly conserved 28-amino acid octanoylated peptide origi-
nates in the stomach and the hypothalamic arcuate nucleus (4). It stimulates GH
release and appetite. Ghrelin’s concentrations fall post-prandially and in obesity,
and rise during fasting and after weight loss. It basically acts as leptin’s coun-
terpoise (5). Now, ghrelin has emerged as a key factor alongside GHRH and
somatostatin, involved in the complex control of GH secretion. This ensemble
orchestrates serum GH concentrations to alternate between peaks and virtually
undetectable troughs, as observed in normal, healthy humans (6) (Figure 2).

All three peptidyl effectors are regulated by a reversible auto-feedback
enforced by GH and IGF-I, primarily aimed to maintain a physiological home-
ostasis. The GH auto-feedback and the feedback of insulin-like growth factor
1 (IGF-I) stimulate somatostatin and suppress GHRH secretion in the hypotha-
lamus. However, the dominant feedback action of IGF-I occurs directly on the
pituitary gland.

A e Health
GH = Acute critical illness
ﬂ ﬂ ——  Prolonged critical illness

Time

Fig. 2. Nocturnal serum concentration profiles of GH, illustrating the differences between
the acute and the prolonged phase of critical illness, in comparison with healthy subjects.
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When GH secreted from the pituitary gland has reached the systemic circula-
tion, it will exert its hormonal effects on the peripheral tissues, such as the liver,
skeletal muscle, heart, and bone.

While GH encompasses cellular effects directly through the GH receptor
(GHR), it essentially affects body growth and metabolism, indirectly, through
stimulation of IGF-I production (7). In the circulation of normal healthy indi-
viduals, roughly 99% of IGF-I is bound to binding proteins, with IGF binding
protein 3 (IGFBP-3) the major one (Figure 3). Together with the acid labile sub-
unit (ALS) they form the large 150 kDa ternary complex, which extends the
half-life of IGF-I from about 14 minutes to 16 hours and regulates its hypo-
glycaemic potential (8,9). IGFBP-5 can also form an alternative ternary com-
plex with IGF-I and ALS (10). Whereas IGFBP-3 is produced by many cell
types, circulating IGF-I and ALS are almost exclusively liver-derived (11,12).

| Binary complex |

IGFBP-1 IGFBP-2 IGFBP-4 IGFBP-6

‘o

Increased during critical illness

| Ternary complex|

ALS : IGFBP-3 E IGFBP-5 E

Decreased during critical ilness

IGFBP proteolysis

Increased during
critical illness

Fig 3. The insulin-like growth factor binding protein (IGFBP) family during critical illness
The “smaller” IGFBPs (IGFBP-1, -2, -4, —6), which do not bind to the acid-labile sub-
unit (ALS), form a binary complex with IGF-I. IGFBP-3, and -5 bind ALS in conjunction
with IGF-I to form the ternary complex. During critical illness ternary complex proteins are
decreased, circulating levels of the “smaller” IGFBPs are elevated and IGFBP-3 and -5 are
proteolysed, phenomena that supposedly increase the bioavailability of IGF-1. (Artwork by
RC Baxter).
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The synthesis of the latter proteins is strongly stimulated by growth hormone at
the transcriptional level (13).

Hence, the circulating components of the ternary complex are often used as
markers of peripheral GH effect (/4,15). Under normal circumstances, only a
little fraction of IGF-I is bound by the other IGFBPs, notably IGFBP-1, -2,
—4 and -6, in binary complexes (16). As the latter binding proteins are unsatu-
rated under normal conditions and the half-lives of their complexes with IGF-I
come to 90 min, they function to regulate free IGF-I levels in the short term.
IGF-I bound to these ‘small’ IGFBPs may also cross the endothelial barrier
more easily, hence increasing its bioavailability (/7). On the contrary, the ternary
complexes provide a stable reservoir of IGF-I in plasma. Nevertheless, bioavail-
ability of IGF-I may also be increased by proteolysis of IGFBP-3, such as during
pregnancy (/8) and type 2 diabetes mellitus (/9).

GH SECRETION DURING CRITICAL ILLNESS

Critical illness involves a serious metabolic derangement (20). When this
critical illness persists for several days the muscle mass gradually melts away,
while adipose tissue is maintained, despite adequate nutritional support (21). It
resembles the change of body mass composition in GH deficient subjects (22).
This protein hypercatabolism gives rise to functionally important complications
such as prolonged immobilisation, delayed weaning from mechanical ventila-
tion, impaired tissue repair and atrophy of the intestinal mucosa, together result-
ing in prolonged convalescence, conceivably with a higher cost burden (23).
The “wasting syndrome” boils down to a rerouting of amino acids, such as glu-
tamine and alanine, from skeletal muscle to the liver for the synthesis of acute
phase proteins and the gluconeogenesis. The main driving force is the systemic
inflammation in combination with the metabolic derangement. As organ failure
progresses, this reliance on amino acids as an energy source becomes even more
pronounced (24).

GH secretion is stimulated by stress, and the mean serum GH levels may
be elevated in the course of early critical illness. However, studies examin-
ing the pulsatility of the GH secretion reveal a convoluted pattern. In patients
who underwent major surgery (25) or were suffering from septic shock (26)
early investigations pointed to raised GH concentrations between the secre-
tory bursts, while mean GH levels did not differ from those in healthy con-
trols. Deconvolution analysis confirmed that the number of GH bursts released
by the somatotrophs is increased and the peak GH levels, as well as inter-
pulse concentrations, are high (27). The hypothalamic control of the changes
during critical illness is still unclear. It may resemble situations of starva-
tion during which elevated GHRH levels and more frequent absences of
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inhibitory somatostatin result in enhanced circulating GH concentrations (28).
In rats, plasma ghrelin levels are suppressed by lipopolysaccharide (LPS)
injections in the first hours and are elevated after 2-5 days of repeated LPS
injections (29).

If clinical recovery does not occur, after about a week of critical illness, the
pattern of GH secretion appears to be entirely different from that during the
acute phase (30-32). Now, it displays a generally reduced pulsatile fraction,
a non-pulsatile fraction that is still somewhat elevated and a pulse frequency
that remains high (27,33-35). In addition, the GH pulses appeared to be less
regular, as judged by an increase in the apparent entropic statistic. The result is
a mean serum GH concentration that is low to normal. This relative suppression
of GH release seems to be dependent more on length of time than on the type
or severity of the critical condition. The combination of a deficiency of ghrelin,
the endogenous ligand for the growth hormone-secretagogue receptor, together
with a reduced somatostatin tone, and maintenance of some GHRH effect, most
likely brings about this secretory profile. As this finding is not in line with the
above mentioned animal data (29), cohort studies in the critically ill patients are
desirable.

RELATIONSHIP BETWEEN GH AND THE TERNARY COMPLEX
DURING CRITICAL ILLNESS

Plasma IGF-I concentrations in critically ill patients are invariably low.
During the acute phase of critical illness, the concurrence of elevated GH levels
and low IGF-I levels (36,37) has been interpreted as resistance to GH, which
may be related to decreased expression of the GH receptor (38,39) and/or
post-receptor signal transduction (40). The low serum concentrations of IGF-I
are associated with low levels of IGFBP-3 and ALS, which are all regulated
by GH, of which the latter at transcriptional level (36,41). Because IGF-I and
IGFBP-3 have greatly extended circulating half-lives when in complex with
ALS, their circulating levels must to some extent reflect the concentration of the
ternary complex rather than the rate of production of the individual components.
During the course of critical illness, IGFBP-3 and ALS remain tightly related,
corroborating the pivotal role of ALS (36). In the acute phase of critical illness
paediatric patients show similar changes in the somatotropic axis as adults, with
elevated GH concentrations in combination with decreased IGF-I/IGFBP-3
levels (42,43).

In the convalescent phase of critical illness, this coordinated behaviour of the
ternary complex intact. If a patient is improving, his IGF-I levels will increase
and IGFBP-3 and ALS will follow. On the contrary, when the patient does not
recover and slips into the prolonged phase of critical illness, the components
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of the ternary complex will remain lowered or further decrease. In the back-
ground of reduced GH secretion, these changes do not support the notion of
prolonged critical illness as a GH-resistant state, as reflected by a decreased GH
over IGF-I ratio (44). The reduced amount of GH that is released in the pulses
correlates positively with low circulating levels of IGF-I, IGFBP-3, and ALS
(33-35). Intriguingly, a greater loss of pulsatility within the GH secretory pat-
tern and lower IGF-I1 and ALS levels are observed in male compared with female
patients, despite an indistinguishable total GH output (45).

In protracted critically ill patients, the somatotropic axis can be reactivated
by the administration of GHRH and GHRP-2. Here too, serum IGF-I and
ALS levels show a strong correlation with the re-established pulsatile GH frac-
tion (45). The dependence of these proteins on GH is so strong that their
serum levels decay as soon as the GHRP-2 infusion ceases. Hence, during pro-
longed critical illness the restoration of the pulsatile GH secretory pattern with
infusion of GHSs, in conjunction with an increase in serum levels of the GH-
dependent ternary complex proteins, can only be explained by a relative hypo-
somatotropism of essentially hypothalamic origin and preserved peripheral GH
responsiveness (46). The latter was corroborated by the increase in serum GHBP,
reflecting GH receptor abundance, upon GHS administration (45). This relative
GH deficiency could contribute to the wasting syndrome as the often very low
levels of IGF-I and ALS are closely related to biochemical markers of impaired
anabolism such as low serum levels of osteocalcin (35) and leptin (47) during
prolonged critical illness.

Serum concentrations of the other small IGF-binding proteins, such as
IGFBP-1, -2, —4 and -6 are elevated (36,48). They normally bind only a small
amount of IGF-I compared with IGFBP-3. It is hard to speculate on the conse-
quences of these IGFBP changes during critical illness. The decrease in IGFs
in ternary complexes and redistribution into the more bio-available binary com-
plexes may imply an enhanced IGF transport to the tissues. The increased pro-
teolysis of IGFBP-3 during critical illness may further amplify the latter (41,
49-51). Nevertheless, most downstream, the cellular effects of IGF-I in the
peripheral tissues (the indirect GH action) during critical illness remain diffi-
cult to gauge.

Without exception, all other pituitary axes such as the thyrotropic,
gonadotropic, adrenocortical, and lactotropic axes are characterized by the same
biphasic response (31,46). During acute critical illness the pituitary is activated
with increased (pulsatile) levels of TSH, LH, ACTH, and prolactin. During
the protracted phase of critical illness these pituitary-released hormones are
decreased. Downstream, in the peripheral organs levels of T4 and T3, testos-
terone and cortisol decrease further as the patient passes into the protracted
phase of critical illness.
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Essentially, the latter embodies a totally different neuro-endocrine paradigm,
which should be reflected in our therapeutic approach of these prolonged criti-
cally ill patients.

CLINICAL INTERVENTIONS REGARDING THE
SOMATOTROPIC AXIS DURING CRITICAL ILLNESS

In light of the previous discussions, it would appear that IGF is exclusively
regulated by GH. Among others, the nutritional status, insulin, oestrogens,
androgens, T4, and cortisol are significantly contributing factors though (52).
Therapies involving these may provoke far-reaching and unpredictable effects
as interference with the tiniest part can disrupt the multi-facetted GH system.

Growth Hormone

Inspired by the beneficial effects of recombinant human growth hormone
in GH-deficient patients on lean body mass and bone remodelling, rhGH was
proposed as a treatment for reversing the feeding-resistant wasting syndrome.
Through a wide array of small, often uncontrolled and non-randomized, studies
using surrogate markers of outcome, such as the nitrogen balance, human GH
was generally perceived as an effective anabolic agent in critical illness (53—
57). However, the first large multi-centre prospective, double-blind, random-
ized, controlled trial on rhGH administration, with sufficient power to analyze
mortality, revealed increased fatalities due to septic shock, and/or multiple organ
failure in the therapeutic arm of the study (58). It is crucial that in the latter study
GH administration was started 5-8 days from admission and for a maximum of
3 weeks at a dosage of 0.1 mg/kg/day, consequently supra-physiological GH
administration in prolonged critically ill patients. It is noteworthy to highlight
that in the study the markers of GH responsiveness (IGF-1 and IGFBP-3) were
increased upon GH therapy, despite almost doubling the ICU mortality.

The lack of GH resistance (59), the induction of insulin resistance, hallmarked
by elevated IGFBP-1 levels, and hyperglycaemia by GH (58), the modulation of
the immune system (60), the prevention of glutamine mobilization (61), deterio-
ration in the acid-base balance due to increased lipolysis with ketone body pro-
duction as well as the exacerbation of the cholestatic potential of LPS (62,63),
have all been suggested as potential mechanisms for the excess mortality asso-
ciated with GH therapy in long-stay ICU patients (64). Hence the use of recom-
binant human GH in adult prolonged critically ill patients should be discour-
aged (65). A more physiological GH administration (0.05 mg/kg/day divided
into 8 boluses in combination with alanyl-glutamine supplementation) may be
an alternative (66). This mode of administration has less side-effects, but insulin
resistance cannot be avoided and a clinical outcome benefit still has to be proven.
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GH Secretagogues

Possibly, more upstream therapies for the somatotropic axis may be the obvi-
ous means in prolonged critically ill patients. Here the goal is the restoration
of the relative hyposomatotropism of hypothalamic origin by a continuous infu-
sion of GH secretagogues. While bolus administration of GHRP, compared to
GHRH, resulted in much higher serum GH levels (67), the combination of them
attains the most powerful stimulus of pituitary GH release. The restored IGF-I
levels subsequently instigate a feedback inhibition of GH release, hence pre-
venting over-treatment (35). The benefits would be similar to the direct admin-
istration of GH. GHS may inhibit the metabolic changes that produce a relative
increase of visceral fat at the expanse of muscle and slow down the critical
illness-related sarcopaenia with maintenance of muscle mass and strength.

Nevertheless, one should bear in mind that recent animal studies suggest that
reducing GH and IGF-I increases longevity (68—70). Whether it also improves
the quality of life, whether it can be extrapolated to animals under severe stress
or to humans, is doubtful. Long-term stimulation of IGF-I may also increase
tumour growth, but by using GHS, the IGFBPs, which inhibit the proliferative
effects of IGF-I, rise concomitantly (71).

Thyroid Hormone and Sex Steroid Substitution

To fully normalize the somatotropic axis, stimulation of additional pitu-
itary axes through the administration of thyrotropin-releasing hormone (TRH)
and gonadotropin-releasing hormone (GnRH) seems vital (35,72). These co-
infusions induce anabolism in peripheral lean tissues, reflected by elevated
serum insulin, leptin, and osteocalcin levels (35,47). In statistical models, this
improved anabolism could be linked to the restored somatotropic axis. On the
other hand, the suppression of catabolic markers, such as the urea over creatinine
ratio, appears to be merely explained by the reversal of the tertiary hypothy-
roidism. In non-critically ill patients, hypothyroidism results in low IGF-I lev-
els. T4 replacement therapy returns GH and IGF-I concentrations to normal and
enhances the pulsatile GH response to GHRH (73). Contrary, the influences of
sex steroid hormones on the somatotropic axis are much more complicated (74).
In general, oestrogens suppress the GH-stimulated IGF-I synthesis, while andro-
gens increase the GH and IGF-I concentrations in primary hypogonadal patients.
Paradoxically, the androgen effect on pulsatile GH secretion is mediated by the
oestrogen receptor after aromatization of testosterone (75). During critical ill-
ness it has to be taken into account that serum testosterone levels are low due to
this peripheral aromatization to oestrogen (76).
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Intensive Insulin Therapy

Two large prospective RCTs, totalling 2748 patients in a surgical (77) and
a medical ICU (78), showed a significant decrease in mortality and morbidity
through strict glycaemia control below 6.1 mmol/L (110 mg/dL) with intensive
insulin therapy, as compared with the conventional approach which only rec-
ommended insulin therapy when blood glucose levels exceeded 12 mmol/L
(220 mg/dL). The effect occurred particularly in the prolonged critically ill
patient population, where an absolute risk reduction of 9% for mortality was
described (79).

In a sub-analysis of 363 critically ill patients with an ICU stay of more
than seven days, mean GH levels were initially increased, before decreasing
over time (44). This is in line with the biphasic response during critical ill-
ness. Although insulin treatment in diabetes mellitus is known to inhibit GH
secretion (80), intensive insulin therapy compared to conventional treatment
increased serum GH levels in critically ill patients. Contrary to expectation,
intensive insulin therapy also prevented the recovery over time of the circu-
lating levels of IGF-I, IGFBP-3, and ALS. The stimulation of GH secretion in
combination with a suppression of the ternary complex proteins suggests an
induction of GH resistance by intensive insulin therapy, as can be evidenced by
diminished GHBP levels under the latter therapy. Surprisingly, intensive insulin
therapy had no effect on IGFBP-1, the binding protein under direct suppres-
sion of insulin (8/). Intensive insulin therapy during the chronic phase of criti-
cal illness appears to convert prolonged critical illness back into a more ‘acute
phenotype’.

IGF-1

Although no large, randomized clinical trials have been established, IGF-
I has been put forward as an anabolic agent for some time (54). From a
theoretical point of view it comprises several advantages. Firstly, IGF-I is
mediator of the anabolic (indirect) effects of GH. Hence, upon IGF-I admin-
istration, the direct adverse effects of GH such as lipolysis and sodium
retention could be avoided. Secondly, IGF-I is able to lower blood glucose
levels. This has often been regarded as a serious disadvantage, but the lat-
ter view should be reconsidered in light of the Leuven insulin trials. Recent
tissue-specific gene deletion experiments have emphasized the role of the
somatotropic axis in intermediary metabolism. Mice with a liver-specific IGF-
I gene deletion have minimal growth retardation, but show significant mus-
cle insulin insensitivity (82). This insulin resistance could be abrogated by
the simultaneous deletion of IGF-I and ALS, probably due to maintenance
of relatively high free IGF-I concentrations (83). It strongly suggests that



Chapter 9 / Changes Within the GH/IGF-I/IGFBP Axis in Critical Illness 191

maintenance of normal serum IGF-I levels is required for normal insulin
sensitivity.

The molecular mechanism by which IGF-I enhances insulin sensitivity hasn’t
been clearly delineated. However, IGF-I is capable of binding to the hybrid
insulin/IGF receptors in skeletal muscle, resulting in stimulated glucose uptake.
Other ways by which IGF-I lowers blood glucose levels include the inhibition
of renal nocturnal gluconeogenesis and the suppression of GH-initiated hepatic
glucose release. Hence, IGF-I treatment during acute critical illness may be
interesting as it can lower blood glucose levels as well as suppress the increased
GH concentrations (84). A major drawback of this therapy emerged in a study
in which patients with type 2 diabetes, receiving insulin therapy, were adminis-
tered the rhIGF-1/rhIGFBP-3 complex. Its blood glucose lowering capacity was
strongly self-limiting by suppression of ALS concentrations (85).

Nutrition

Often the pivotal postion of the nutritional status in the IGF-I regulation is
neglected. It has been known for a long time that caloric restriction reduces
serum IGF-I concentrations (86,87) and that at least 700 kcal of carbohydrate
must be ingested per day to maintain them (88). This modulation of the soma-
totropic axis by nutrition presumably works through the variation of intra-portal
insulin levels (89). During fasting conditions, numbers of GHR decrease and
consequently impair GH’s ability to stimulate IGF-I synthesis, indicating liver
and peripheral GH-resistance (90). The resulting low levels of IGF-I give rise
to increased GH secretion as the negative feedback loop on the pituitary is cur-
tailed. The state of a high GH over IGF-I ratio amplifies the anti-insulin effects
of GH, with increased glucose and free fatty acid availability (91).

An observational 30-day study in critically patients demonstrated that nutri-
tional markers (pre-albumin, transferrin, and retinol-binding protein) are robustly
associated with ALS and the other components of the ternary complex (36).
Amino acids deprivation suppresses serum IGF-I and ALS (92,93). Well
controlled interventional studies examining the effects of amino acid/protein
supplementation on the GH-IGF-I axis during critical illness are lacking.

As amino acids such as arginine provoke an enhanced GH release, one could
assume that amino-acid supplemented parenteral nutrition may be an aid to
restore the somatotropic axis during critical illness. Arginine is part of the so
called “immunonutrition” as it plays a central role in the immune system. How-
ever, clinical trials with those feeds have been inconclusive (94). Another inter-
esting amino acid may be glutamine, formed in the muscle from the catabolism
of branched amino acids. During critical illness it serves as a precursor for the
gluconeogenesis in liver and kidney, and its levels drop significantly in muscle



192 Part II / Non-Endocrine Critical Illnesses

and serum. Nevertheless, glutamine supplementation in critically ill patients
does not increase IGF-I concentrations nor improves patient survival (95). At
most it decreases critical illness-related infectious complications and insulin
resistance (96,97).

The somatotropic axis may also take part in the enteral versus parenteral feed-
ing discussion as total enteral nutrition more effectively increases plasma ghrelin
levels compared with TPN during LPS-induced sepsis in rats (98). This was
associated with a better preserved cardiac function. Involuntarily, feeding modus
studies are often marred by differences in total caloric intake. Caloric restric-
tion, as well as mutations in the GH-IGF-insulin signalling, has been shown
to increase longevity in species from worms to humans (99). The induction of
GH resistance by a targeted disruption of the GHR, however, interferes with the
beneficial actions of the caloric restriction (/00). Despite the fact that extensive
trials on hypocaloric nutritional support during critical illness are still missing,
preliminary data indicate that they could be beneficial.

SUMMARY

The neuro-endocrine features of the somatotropic axis that distinguish acute
from prolonged critical illness have only recently been described. They hallmark
a biphasic pattern in the hypothalamic-pituitary response to critical illness.

Early in critical illness, a transition occurs from stimulated GH secretion
and peripheral resistance to pronounced pulsatile GH reduction together with
an apparent reinstated GH sensitivity.

The complexity of the GH/IGF-I/IGFBP system in combination an evolu-
tion over time during critical illness may render therapeutic anabolic inter-
ventions rather daunting. This is well illustrated by the disastrous results of
the multi-centre GH trial. Other strategies such as the use of GH secreta-
gogues look promising but still need to show a clear advantage for the ICU
patient. Unexpected avenues come into the spotlight through fascinating animal
studies that link insulin, GH/IGF-I and nutritional manipulations to a survival
benefit.
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INTRODUCTION

Thyroid hormones are indispensable for normal growth, development and
metabolism of virtually every cell and organ (/,2). The secretion of thyroid
hormone is regulated by the hypothalamus-pituitary-thyroid (HPT) axis which
functions as a classical feedback system. At the level of the hypothalamus,
thyrotropin-releasing hormone (TRH) is released which stimulates the pitu-
itary to secrete thyroid-stimulating hormone (thyrotropin or TSH). TSH in turn
drives the thyroid gland to release the prohormone thyroxin (T4) into the cir-
culation. Conversion of T4 in peripheral tissues produces the active hormone
tri-iodothyronine (T3) and reverse T3 (rT3) which are thought to be metaboli-
cally inactive. T4 and T3 in turn exert a negative feedback control on the level
of the hypothalamus and the pituitary.
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Sepsis, surgery, myocardial infarction, and trauma are all examples of condi-
tions that evoke an acute stress response. Already within a few hours after the
onset of acute stress, circulating T3 levels drop and T3 levels increase. At the
same time, there is a brief rise in circulating levels of T4 and TSH (3). These
observed changes in circulating thyroid hormone levels during the acute phase
of critical illness are largely explained by disturbances in peripheral thyroid hor-
mone metabolism and binding.

When patients require prolonged intensive care therapy, they enter a chronic
phase of illness during which T4 levels start to decline as well, and circulating
T3 levels decrease even further (4). Despite the major drop in serum T3 and in
severe cases of T4, single-sample-TSH-levels do not rise but remain within the
normal range (4) suggesting that in the chronic phase of critical illness, patients
develop an additional neuroendocrine dysfunction.

Together, these changes are commonly referred to as the ‘euthyroid sick syn-
drome’. More neutral terms, avoiding the assumption that patients are really
euthyroid are ‘low T3 syndrome’ or ‘Non Thyroidal Illness’. In this article, we
will review the mechanisms behind the observed changes in the HPT axis in the
acute phase and the chronic phase of critical illness.

PERIPHERAL CHANGES DURING CRITICAL ILLNESS

Peripheral transport, metabolism, and receptor binding of thyroid hormones
are essential steps for normal thyroid hormone action. During critical illness
and particularly in the acute phase of critical illness, alterations occur in thyroid
hormone metabolism which plays a major role in the pathogenesis of the low T3
syndrome. In prolonged critical illness, these alterations continue to persist, but
here a neuroendocrine dysfunction leading to a decline of thyroidal T4 release
is superimposed on the peripheral ‘adaptations’.

Thyroid Hormone Deiodination

Iodothyronine deiodinases are selenoproteins that activate or inactivate thy-
roid hormone depending on whether they remove outer or inner ring iodines.
Three types of deiodinases have been characterized (D1-D3) (5) and in general,
each is expressed in a given cell type. D1 is expressed in the thyroid gland, liver,
kidney, and pituitary and activates or inactivates T4 at the same rate. It was con-
sidered to be the main source of circulating T3; however, recently its role in
health is questioned (6,7). D2 is expressed in the brain, thyroid gland, skeletal
muscle, and anterior pituitary and converts T4 into the active hormone T3 and
T3 into 3,3’-diiodothyronine (T2). D2 is thought to contribute to circulating T3
(7) and is essential for local T3 production, especially in brain and pituitary (8).
D3 is the major inactivating enzyme: it catalyzes the conversion of T4 into T3
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and of T3 into T2 (5,9). It is present in brain, skin, various fetal tissues, and
in pregnant uterus and placenta where it protects the fetus against excess T3
concentrations, which are detrimental for normal development (70).

The observed changes in circulating thyroid hormone parameters during crit-
ical illness, that is, low T3 and high rT3, suggests that decreased monodeiodina-
tion of T4 could be involved (11,12). This would result in reduced conversion of
T4 into active T3 and increased metabolisation of T4 into the inactive metabo-
lite rT3. Peeters et al. indeed confirmed a decreased activation and an increased
inactivation of thyroid hormone in critically ill patients (/3). A unique rabbit
model for prolonged critical illness (14, 15) as well as a mouse model of acute
illness (16) further elucidated the role of the deiodinases during critical illness.

Reduced D1 Activity During Critical Illness

D1 activity is regulated by T3 at the transcriptional level which results in a
stimulation of D1 activity during hyperthyroidism and a decrease in D1 activ-
ity during hypothyroidism (/7). Critically ill patients indeed showed a marked
reduction in liver D1 activity, measured in postmortem liver samples as com-
pared with values previously observed in healthy individuals (/3). Furthermore,
D1 activity correlated positively with the serum T3/tT3 ratio, a marker for the
severity of illness (13).

Decreased hepatic D1 expression and activity is likely mediated by cytokines
as shown in a mouse model of acute illness and in primary cultures of rat
hepatocytes (18-20). Debaveye et al. were able to demonstrate that the drop
in D1 activity is reversible by infusing critically ill rabbits with TRH (74,21).
This treatment restored hepatic D1 activity and brought serum T4 and T3 levels
back within normal range (/4).

Increased D2 Activity During Critical Illness

D2 activity is controlled by thyroid status both at the pre- and posttransla-
tional level: D2 is upregulated during hypothyroidism, whereas high T3 lev-
els will lead to diminished D2 activity (5). These characteristics make D2 an
ideal player for regulating local T3 levels, demonstrated clearly in the rat brain
(22,23). Recently it was shown that skeletal muscle D2 may have a signifi-
cant contribution to circulating T3 as well, particularly in the hypothyroid state
(7,24). It was therefore hypothesized that diminished D2 activity during critical
illness played a role in the reduced activation of T4 into T3. However, analy-
sis of postmortem obtained skeletal muscle biopsies from critically ill patients
showed elevated D2 gene expression and activity levels, compared to acutely
stressed patients and healthy controls (25). Thus reduced D2 activity does not
appear to play a role in the pathogenesis of the low T3 syndrome in prolonged
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critically ill patients. Acutely stressed patients showed no difference in D2 activ-
ity with healthy controls despite their lower T3 levels (25) indicating that D2
fails to compensate for the reduced T3 levels in the early phase of illness.

Increased D3 Activity During Critical Illness

D3 decreases local T3 concentrations and is particularly important during
fetal development. It has been named an oncofetal protein since it has also been
found in vascular tumors and malignant cell lines (26). These D3-expressing
tumors cause a massive inactivation of circulating thyroid hormone which leads
to a condition called consumptive hypothyroidism (27). Critically ill patients
also showed increased D3 activity in liver and muscle leading to similar alter-
ations in circulating thyroid hormone levels (13,28). By continuously infusing
TRH to prolonged ill rabbits, the increased D3 activity was diminished and
T3 levels were normalized, while rT3 levels increased (/4). The addition of a
growth hormone secretagogue to the infusion prevented the rise in rT3 (/4).

In addition to the down-regulation of D1, an induction of D3 activity in liver
and muscle is likely to contribute to the low serum T3 and high serum rT3 levels
seen in critically ill patients. D2 does not seem to play a role in the pathogenesis
of the low T3 syndrome.

Thyroid Hormone Binding and Transport
THYROID HORMONE BINDING

A decrease in T4 binding proteins such as T4 binding globulin (TBG), albu-
min, and transthyretin (TTR) is shown to be involved in the decreased serum T4
levels observed during acute events as sepsis and cardiac bypass surgery (28—
30). It has also been suggested that a binding inhibitor may be present in the
serum of critically ill patients (3/,32). Such a binding inhibitor would result in
diminished uptake of thyroid hormone by cells or in a distortion of the normal
interaction between thyroid hormone and its nuclear receptors. However, exoge-
nous T4 administration to prolonged critically ill patients can easily increase cir-
culating T4 levels, indicating that an inhibitor of binding is not the predominate
cause of low serum T4 during critical illness (33).

THYROID HORMONE TRANSPORT

Thyroid hormone must first be transported over the cell membrane before it
can be converted by the selenocysteine deiodinases and interact with its recep-
tor. During critical illness, T4 uptake in the liver is decreased which may con-
tribute to lowered T3 production (34,35). Furthermore, serum of critically ill
patients can inhibit the uptake of T4 into cultured hepatocytes (36-38). This
observation has led to the identification of several inhibitors, such as indoxyl
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sulfate, nonesterified fatty acids (NEFAs), and bilirubin which circulate in
increased concentrations during critical illness (36,39). Inhibition of liver T4
uptake during critical illness can also be explained by an existing negative energy
balance leading to hepatic ATP depletion (40,41). This idea is supported by
the observation that administration of fructose to healthy volunteers, transiently
decreasing liver ATP levels, was followed by a temporary decrease in liver T4
uptake (42)

Thyroid hormone cannot enter the cell by simple passive diffusion through
the cell lipid bilayer, but needs specific transmembrane transporters (34). Mono-
carboxylate transporter 8§ (MCTS8, SLC16A2) is such an amino acid transporter
which recently has been shown to be very active and specific for thyroid hor-
mone (43,44). Expression analysis in liver and muscle tissue of critically ill
patients suggested that MCTS is not crucial for transport of iodothyronines, at
least not in these tissues (45). Very recently, it was shown that MCT10 can trans-
port thyroid hormone as well (46). The precise role and regulation of MCT8
and MCT10 during acute and chronic critical illness remains to be addressed in
future studies.

Tissue Levels of Thyroid Hormone and Interaction with its Receptors

It is still not clear whether the low concentrations of circulating thyroid hor-
mone and the decreased tissue uptake of T4 actually result in reduced thyroid
hormone levels in the tissue and thus a low bioactivity of thyroid hormone. The
study by Arem et al. showed that, in general, T3 concentrations were decreased
in the tissues of critically ill patients compared with tissues from patients who
died acutely (47). This is supported by the observation that circulating T3 levels
correlate well with skeletal muscle and liver T3 content in critically ill patients
(45). In this larger study, the investigators also showed that in patients who had
received thyroid hormone treatment, serum T3 concentrations were higher with
concomitant higher skeletal muscle T3 concentrations (45).

The bioactivity of thyroid hormone is not only dependent on its concentra-
tion in the cell; it can also be modulated at the level of its nuclear receptors.
Nuclear thyroid hormone receptors (TR) exist in two isoforms: TRa and TR.
By alternative splicing each gene can encode several proteins. TRa—1, TR-
1, and TRB-2 bind T3 with similar affinity. Upon binding, target genes are
transcriptionaly activated or repressed. Importantly, in the absence of thyroid
hormone, these receptors repress or silence basal transcription of positively reg-
ulated genes (48). Of special interest is TRa-2 which is also encoded by the TRa
gene. It lacks a functional ligand binding domain and acts as a dominant negative
inhibitor of thyroid hormone action (49). The ratio of the different splice vari-
ants could therefore have a marked influence on T3-regulated gene expression.
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Analysis of post-mortem obtained liver biopsies from critically ill patients
showed an inverse correlation between T3/rT3 ratio and the TRa-1/TRa-2 ratio
(50). Furthermore, sicker and older patients showed higher TRa-1/TRa-2 ratios
as compared with the less sick and younger ones. Increasing the expression of
the active form of the thyroid hormone receptor gene can be regarded as an adap-
tive response to the decreasing thyroid hormone levels during critical illness. On
the other hand, experimental work on animals showed a decline in number and
in occupancy of hepatic nuclear T3 receptors (57,52).

Degradation of Thyroid Hormones

Sulfation is another important mechanism for thyroid hormone metabolism
(53). Sulfated iodothyronines do not bind to thyroid hormone receptors and
are rapidly degraded by D1. Therefore, the concentrations of sulfated iodothy-
ronines in serum are normally low (54, 55). In one study, increased circulat-
ing concentrations of sulfated T4 (T4S) were found in prolonged critically ill
patients as compared with healthy references (56). These increased serum T4S
levels showed a negative correlation with hepatic D1 activity suggesting that a
decreased liver D1 activity plays an important role in the increase of T4S lev-
els during critical illness. Contradicting results were obtained when analyzing
serum T4S levels in children with meningococcal sepsis (28). In these children,
average T4S levels were decreased as compared to healthy controls.

NEUROENDOCRINE CHANGES DURING CRITICAL ILLNESS

In the prolonged phase of critical illness, the above-described peripheral
changes persist but patients develop additional alterations in the central compo-
nent of the HPT-axis. Some of these changes are already perceivable in the acute
phase of illness. For example, TSH levels only rise very briefly (+/-2 hours) in
face of declining T3 concentrations and even return to normal despite ongoing
decline in T3 levels (3,4). This can be indicative of an altered set-point for feed-
back inhibition. Acute critically ill patients also lack a nocturnal TSH surge as
seen in healthy individuals (3,57).

In the prolonged phase of critical illness, TSH release loses its pulsatility and
correlates positively with the low circulating T3 and T4 levels (4,58). Contin-
uous infusion of TRH can increase TSH secretion and, concomitantly, the low
circulating levels of T4 and T3 back to normal levels (58) which suggests a
predominantly central origin of the suppressed thyroid axis (59). This is fur-
ther substantiated by the work of Fliers et al., who indeed showed reduced TRH
gene expression in the hypothalamus of patients dying after chronic critical ill-
ness compared with those who died after a road accident or an acute illness (60).
Furthermore, a positive correlation was found between TRH mRNA levels and
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serum TSH and T3 (60). An increase in circulating levels of TSH is also an early
marker of recovery from severe illness (6/-63).

Role of Cytokines

The neuroendocrine pathophysiology behind these changes is incompletely
understood. Endogenous dopamine and/or hypercortisolism could be involved
since they are known to provoke or severely aggravate hypothyroidism in critical
illness (64,65). Also, cytokines may play a role since injection of tumor necrosis
factor-a (TNF-a), interleukin (IL)-1 or IL-6, were able to mimic the acute stress-
induced alterations in thyroid status (/8,66). Other studies question the role of
cytokines in evoking the low T3 syndrome. First, in contrast to the acute phase,
circulating cytokines are usually low in the chronic phase of severe illness (67).
Secondly, cytokine antagonism failed to restore normal thyroid function both
in humans (68) and animals (69). And thirdly, in a large group of hospitalized
patients, cytokines were not withheld as independent determinants of the vari-
ability in circulating T3 (70,71).

Central Hyperthyroidism?

It is intriguing that TRH gene expression is suppressed in face of low circu-
lating thyroid hormone levels. This could be explained by a local hyperthyroid
state, either by an increased activation of T3 by D2 or a decreased inactivation by
D3. Several studies in rodents indeed showed an increase in D2 expression and
activity in the mediobasal hypothalamus after injection with lipopolysacharide
(LPS) (16,72,73). This effect seemed not to be induced by hypothyroidism (73)
but could be a direct effect of induced cytokines on D2 expressing tanycytes
(74-76). Decreased hypothalamic expression of D3 was also observed in chronic
inflamed mice (77). However, these data are in conflict with the observation that
the hypothalamus of patients who died after chronic severe illness contained
less then half the concentration of T3 as compared to patients who died from
an acute trauma (47). The fact that LPS injection induces an acute illness rather
than a chronic illness could explain some of the discrepancies.

Role of Thyroid Hormone Transporters and Receptors

MCTS, a specific thyroid hormone transporter, and organic anion transporter
OATPI1Cl1, a high affinity T4 transporter, are both expressed in the hypothala-
mus (78,79). Analysis of MCT8 null mice showed increased TRH expression
levels in hypophysiotropic neurons despite their increased circulating T3 levels
(80). This shows that MCT8 is necessary for normal TRH feedback regulation.
OATPI1C1 is known to be regulated by thyroid state in the brain (8/) but up until
now, the regulation of these thyroid hormone transporters in the hypothalamus
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and their involvement in the altered hypothalamic set-point in critical illness has
not been studied.

Expression of thyroid hormone receptor isoforms were also shown to be reg-
ulated by thyroid hormone status in the hypothalamus (82), but their role in
critical illness has not been studied so far.

Feedback by Neuronal Afferents

TRH neuron function can also be controlled by the melanocortin signal-
ing system. This system consists of a group of neurons that synthesize alpha
melanocyte stimulating hormone (a-MSH) and a group of neurons synthesizing
agouti-related protein (AGRP). The first peptide has an activating effect on TRH
neurons, while the latter suppresses TRH mRNA in the PVN (for review see
(83)). The precise role of the melanocortin system in critical illness remains to
be unraveled. Until now, most of the research has been done on LPS-induced
inflammation models and starvation which has led to some puzzling results.
During fasting, a-MSH expression decreases and AGRP increases in the PVN
resulting in decreased TRH expression (84). Inflammation in the rat also resulted
in an overall suppression of TRH in the PVN, however, this was accompanied by
an increased expression of a-MSH (85). Neuropeptide Y (NPY) may be addi-
tionally involved since it potentiates the inhibitory effect of AGRP on TRH. In
patients who died from severe illness, NPY expression was reduced and showed
a positive correlation with TRH levels (86) while an inverse correlation was seen
during starvation (84).

TREATING THE LOW T3 SYNDROME

The pathophysiology of the low T3 syndrome is still not fully understood,
and studying the underlying mechanisms should therefore be a priority before
contemplating on treatment strategies. Research by Van den Berghe et al. has
shown that there are important differences between the acute and the chronic
phase of critical illness (87-89). Patients from both groups are thus not likely to
benefit from the same therapy.

The observed alterations in the acute phase of critical illness are very similar
to the ones observed in fasting. In fasting, the reduced amounts of circulating T3
have been interpreted as an attempt of the body to reduce its energy expenditure,
prevent protein wasting and to promote survival (90,91). The acute changes in
the thyroid axis during acute critical illness are so uniformly present in all types
of acute illnesses that they could be looked upon as a beneficial and adaptive
response that does not warrant intervention.

Prolonged critical illness is a relatively new condition arising from the devel-
opment of modern intensive care medicine. It is an unnatural condition, which
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could not have been selected by nature, making it unlikely that it represents an
adaptive response. These prolonged ill patients show high levels of biochemi-
cal markers of catabolism (urea production and bone degradation). When thy-
roid hormone is restored to physiological levels by continuous infusion of TRH
in combination with a growth hormone (GH) secretagogue, these markers of
hypercatabolism can be reduced (92). This suggests that low thyroid hormone
levels rather contribute to than protect from the hypercatabolism of prolonged
critical illness. Importantly, the negative feedback inhibition, exerted by thyroid
hormones on the thyroid gland to prevent overstimulation of the thyroid axis,
can be maintained when infusing TRH in prolonged critical illness (58,93).

It is still under debate whether these patients should be treated with direct
administration of T3 and/or T4 to raise circulating T3 levels (47,94). Treatment
with T4 has yet failed to demonstrate a clinical benefit, although this could be
in part due to the impaired conversion of T4 to T3 (33,95). Administration of
substitution doses of T3 after cardiac surgery in pediatric patients has been asso-
ciated with improvements in postoperative cardiac function (96). These patients
however, were treated with dopamine which induces hypothyroidism and there-
fore this study does not provide evidence of clinical benefit of treating the non-
iatrogenic low T3 levels characteristic of prolonged critical illness (97,98).

Another possibility is to treat patients with hypothalamic releasing factors.
This enables the body to use its normal feedback systems and protect itself
against over-treatment. Infusion with TRH increased nonpulsatile TSH release
and circulating T3 and T4 levels but r'T3 levels increased as well. The combined
infusion of TRH with growth hormone releasing peptide 2 (GHRP-2) prevented
the rise in r'T3 and also increased pulsatile TSH secretion (58). Intriguingly, infu-
sion of GHRP-2 alone, although accompanied by increases in GH secretion and
in serum concentrations of insulin-like growth factor 1 (IGF-I), IGF-binding
protein 3 (IGFBP-3), and its acid-labile subunit (ALS), did not induce any of
the anabolic tissue responses which were evoked by the combined infusion of
GHRP and TRH, (93). Further studies should be undertaken to assess the clini-
cal benefits on morbidity and mortality of TRH infusion alone or in combination
with GH secretagogues in prolonged critical illness.
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INTRODUCTION

The integrity of the hypothalamic pituitary adrenal (HPA) axis and the
noradrenergic system are essential to survive critical illness as stressed almost a
century ago when bilateral hemorrhage of the adrenals were associated with
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fatal outcome in meningococcemia. In the past two decades, it has become
consensual that overwhelming systemic inflammation is the hallmark of most of
critical illnesses and likely accounts for progression of organs failure and death.
Whether excessive systemic inflammation during critical illness results from an
inappropriate response of the HPA axis has been extensively investigated and
remains unclear. This review will discuss the mechanisms of inadequate HPA
response to critical illness and the benefit/risk of glucocorticoids during critical
illness.

EVIDENCE OF IMPAIRED HYPOTHALAMIC PITUITARY
ADRENAL AXIS DURING CRITICAL ILLNESS

The first demonstration of critical illness associated adrenal insufficiency was
reported in patients with fulminate meningococcemia (/). Several decades later
abnormal cortisol metabolism was observed in patients with severe abdominal
infection and renal or liver failure (2). Then, in the early nineties, Koo and col-
leagues demonstrated that induction of peritonitis by cecal ligature and puncture
in rats resulted in decreased corticosterone synthesis (3). In these experiments,
as compared to sham-operated animals, septic animals had higher circulating
levels of ACTH but similar levels of corticosterone and decreased adrenals con-
centration of corticosterone. Furthermore, administration of ACTH resulted in
lower increment in cortisol in septic animals. In a similar model of polymicrobial
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Fig. 1. Male Wistar rats were exposed to cecal ligature and puncture producing increasing
severity of sepsis. Sham-operated animals remained sepsis free. ACTH synthesizing cells
were counted after careful dissection of the pituitary gland and immunoassaying preparation.
There was a slight increase in the number of ACTH positive cells in the mild septic group
suggesting sepsis induced recruitment of cells. By contrast, in more severe sepsis there was
a gradual decrease in the number of ACTH positive cells suggesting pituitary failure.
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sepsis, adrenocortical cells sensitivity to ACTH decreased with the intensity of
inflammation with subsequent abolition of circadian rhythm of corticosterone
synthesis (4). In another animal study, the number of ACTH synthesizing cells
and the amount of ACTH release by these cells decreased with increasing sever-
ity of sepsis following peritonitis (Fig. 1, personal communication). Sepsis asso-
ciated adrenal insufficiency was also documented in large animals (5). Impaired
HPA acxis is not specific to sepsis and decreased adrenal responsiveness to cor-
ticotrophin may for example complicate trauma and hemorrhage in rats (6).
A number of observational clinical studies suggested that abnormal HPA axis
may occur in patients with sepsis, burns, trauma, liver diseases, or many other
acute illnesses (7—11). In a recent study, the integrity of the HPA axis was
investigated in patients with severe sepsis using the overnight metyrapone test
(12). Remarkably, when compared to healthy volunteers or non-septic crit-
ically ill patients, about 60% of patients with severe sepsis had abnormal
response to metyrapone suggestive of secondary adrenal insufficiency in 80% of
cases.

MECHANISMS OF IMPAIRED HYPOTHALAMIC-PITUITARY
ADRENAL RESPONSE TO CRITICAL ILLNESS

Signalization to the Hypothalamic-Pituitary Axis

During systemic inflammation, the hypothalamic pituitary adrenal axis is
activated both via neural routes and via blood-borne cytokines. Afferent fibres
of noradrenergic and the vagus nerve sense the threat at the level of tissues
with subsequent activation of neurons within the Locus Coeruleus that synapse
on cholinergic inter-neurons in the parvocellular nuclei. Acetylcholine stimu-
lates the release of corticotrophin releasing factor through muscarinic receptor
and this effect is enhanced by nitric oxide or carbon monoxide and inhibited
by hydrogen sulfide. Hence, in LPS challenged or septic animals, vagotomy
enhanced the systemic inflammatory response, an effect fully prevented by elec-
trical stimulation of the vagus nerve (/3). The blood-borne inflammatory medi-
ators, via hypophysial portal capillaries, reached the hypothalamus and the brain
areas lacking a blood-brain barrier (i.e., circum ventricular organs), or can cross
the blood brain barrier via specific transport systems (/4). Glial cells can also
produce a number of cytokines such Interleukin (IL)-1, IL-2 and IL-6 (15),
and in endotoxin challenged animals, IL-6 was expressed in the anterior pitu-
itary (16) and in patients with sepsis, both TNF and IL-13 were expressed
in the parvocellular and supraoptic nuclei (/7). Subsequent over-expression of
the inducible NO synthase (iNOS) may prolong the synthesis of hypothala-
mic hormones (18,19). The pituitary and pineal glands also expressed the anti-
inflammatory cytokines IL-10, IL-13, and IL-1 receptor antagonist which may
counterbalance the stimulatory effects of the pro-inflammatory mediators on the
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neurohormones (20). Cytokines can also directly act on the anterior pituitary,
particularly to stimulate ACTH synthesis and release (27), and on the adrenal
gland to stimulate cortisol synthesis. Hence, in critical illness, it is thought that
the degree of activation of the HPA axis parallels the intensity of the systemic
inflammatory response and may be mediated by IL-6 (22). One may consider the
ratios ACTH/IL-6 or cortisol/IL-6 in plasma as markers of the balance between
systemic inflammation and the neuroendocrine response. Nevertheless, there is
still no validated index of the appropriateness of HPA axis activation.

Critical Illness Associated Vascular Damage of the Hypothalamic
Pituitary Adrenal Axis

The pituitary is characterized by a weak arterial supply particularly in the pars
distalis and thus is exposed to ischemia and necrosis in case of sudden cardio-
vascular collapse. The hypothalamus may also be susceptible to vascular dam-
age. For example, in a cohort of 330 septic shock, brain ischemia or hemorrhage
were found in 7% and 10% of patients, respectively (23). The adrenal glands
are characterized by limited venous drainage and thus the increased arterial flow
during stress results in prompt enlargement of the glands subsequently exposing
them to hemorrhagic or necrotic damage. Cardiovascular or renal failure, pos-
itive blood cultures, coagulation disorders and anticoagulant are the main risk
factors for adrenal vascular damage (24).

Critical Illness Associated Inflammation of the Hypothalamic
Pituitary Adrenal Axis

As mentioned above, brain expression of cytokines like IL-1 upregulates
the inducible nitric oxide synthase (iNOS), particularly in the wall of ves-
sels neighboring pituitary and hypothalamic cells. The subsequent accumu-
lation of NO behaves as a neurotoxin. Then, NO was shown to cause neu-
ronal apoptosis in critical illnesses like sepsis (25). In endotoxin-challenged
animals, a number of other mediators (e.g., substance P, superoxide radi-
cals, carbon monoxide, prostaglandins) are upregulated and may further alter
the synthesis of the hypothalamic-pituitary hormones (26). Likewise, a num-
ber of pro-inflammatory mediators may interfere with cortisol synthesis by
the adrenal cells. Tumour necrosis factor has a dual effect on adrenocorti-
cal cells function. Corticosterone production is inhibited by TNF at concen-
trations ranging from 0.1 to 100 ng/ml (27) and enhanced by higher concen-
trations (200 to 500 ng/ml) (28). Interleukin-6 may enhance basal and post
ACTH corticosterone release by adrenocortical cells in culture (29) whereas
it is inhibited by IL-10 (30). Exposure of rats’ adrenocortical cells to serum
from patients with septic shock resulted in inhibition of both basal and ACTH
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Fig. 2. Adrenocortical cells of rats were cultured and exposed to serum from a patient with
septic shock. Serum from septic shock dramatically decreased in a concentration dependent
manner corticosterone production by cells.

stimulated corticosterone production (Fig. 2, personal communication).
Neutrophils derived corticostatins may compete with ACTH on their binding
sites and thus block corticosterone synthesis. Finally, it has been suggested that
some viruses may share identical amino-acid sequences with ACTH (317). These
viruses may compete with ACTH at the receptor levels. Alternately, the host pro-
ducing viral antibodies may directly interact with ACTH and account for adrenal
insufficiency.

Critical Illness Associated Tissue Resistance to Corticosteroids

Once produced, cortisol is release in the circulation and binds to cortisol bind-
ing globulin (CBG) and albumin with only about 10% of circulating unbound
hormone. At tissues levels, elastase released from polymorphonuclear cells frees
cortisol from its carrier allowing the free hormone to passively enter the cells or
binds to membrane sites. In the cytosol, cortisol binds to a specific receptor
to form a very active complex with subsequent down or upregulation of thou-
sands of genes (32). During critical illness, a rapid decrease in CBG and albumin
levels occurs increasing in the proportion of unbound hormone which however
may be less effectively delivered to target tissues (33). Other mechanisms of
tissue resistance to corticosteroids may include down regulation of the gluco-
corticoid receptor alpha or decrease in its affinity for cortisol. Cortisol may also
be inactivated by over expression of the 11 beta hydroxysteroid dehydrogenase
(34). Exposure of peripheral polymorphonuclear cells to plasma from patients
with unresolving acute respiratory distress syndrome demonstrated that sys-
temic inflammation is associated with decreased ratio of glucocorticoid receptor
alpha over nuclear factor kappa B suggesting acquired glucocorticoid resistance
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Fig. 3. Top panel: distribution of skin blanching 18 hours after topical administration of
glucocorticoids. Score 0= no skin blanching — score 1= mottled areas of skin blanching —
score 3= skin blanching limited to the area of application — score 4 =skin blanching beyond
the area of application. There were significantly (p = 0.02) more patients with a score of
0, 1 or 2 among severe sepsis than among non septic critically ill patients. There was a
significant (p<0.001) inverse relationship between basal cortisol levels and a low score of
skin blanching (bottom panel).

syndrome (33). Dermal application of a glucocorticoid in patients with septic
shock failed to induce skin blanching in about three quarter of cases suggesting
peripheral tissue resistance (Fig. 3, personal communication). In addition, serum
cortisol levels inversely correlated with the intensity of skin blanching. The use
of several drugs in the critically ill may further contribute to tissue resistance to
corticosteroids or may accelerate their metabolism.

DIAGNOSIS OF IMPAIRED HYPOTHALAMIC PITUITARY
ADRENAL AXIS DURING CRITICAL ILLNESS

Clinical symptoms of adrenal insufficiency like fever, abdominal pain, vom-
iting, hypotension, or altered consciousness are very common signs in the crit-
ically ill patients and thus are unhelpful for the recognition of impaired HPA
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axis. Similarly, hyponatremia and hyperkaliemia or changes in eosinophil count
are non specific findings in the intensive care unit.

Although there is no consensus on how to diagnose adrenal insufficiency in
critically ill patients, in practice, physicians should rely on the standard short
corticotrophin test. The insulin tolerance test cannot be used for intensive care
unit for several reasons. This test is cumbersome and requests trained physi-
cians and nurses. Critical illness is almost always associated with insulin resis-
tance lowering the reliability of the insulin tolerance test. Furthermore the on/off
response type renders the test very dangerous, increasing the risk of profound
hypoglycaemia particularly in the sedated patients. The overnight metyrapone
test is also cumbersome and dangerous to be performed in critically ill patients.
Nevertheless, it was used in one study and pending systematic cortisol replace-
ment therapy at the end of the test, no serious complications were observed
(12). This test relies on evaluation of increase in plasma concentrations of corti-
cotrophin and 11B deoxycortisol after metyrapone induced fall in cortisol levels.
It is unlikely that corticotrophin and 11 B deoxycortisol could be measured in a
timely fashion for routine use in the ICU. The standard high dose corticotrophin
remains the most practical test for the diagnosis of HPA axis impairment during
critical illness. In critically ill patients with normal response to metyrapone test,
i.e., presumably having normal adrenal function, the basal total cortisol level
was never lower than 10 pg/dl and delta cortisol was never lower than 9 ng/dl
(12). In this study, none of the patients with abnormal response to metyrapone
had basal or stimulated cortisol levels higher than 44 wg/dl. Thus, during criti-
cal illness, a basal cortisol level lower than 10wg/dl or an increment in cortisol
lower than 9 wg/dl are suggestive of impaired HPA axis. In patients with low
albumin levels, total cortisol levels are less reliable (36) and because free cor-
tisol levels could not be obtained in a timely fashion, the diagnosis of adrenal
insufficiency in these patients remains problematic. However, the delta cortisol
may not be affected by serum albumin levels, suggesting that using the incre-
ment in cortisol levels after ACTH remains a valuable diagnostic tool in these
patients (37). Recently, it was shown that salivary concentrations of free corti-
sol may be reliably obtained in critically ill patients (38). Whether recognition of
adrenal insufficiency in these patients may rely on determination of salivary cor-
tisol concentrations remains to be investigated. Finally, computed tomography
scan can help demonstrating damage to the adrenal glands (39).

CLINICAL CONSEQUENCES OF CRITICAL ILLNESS
ASSOCIATED IMPAIRED HPA AXIS

In animals, removal of the adrenal cortex increased dramatically the death rate
following endotoxin whereas animals with intact adrenal cortex and destruction
of the medulla have similar risk of death than sham-operated animals (40). In



222 Part II / Non-Endocrine Critical Illnesses

critically ill patients a number of large observational studies have investigated
the prevalence of adrenal insufficiency and have shown increased risk of death
associated with presumed adrenal insufficiency (7—/1). Hospital mortality was
close to 60% in patients with severe sepsis and adrenal insufficiency and only
22% in those with normal response to the overnight metyrapone test (/2). Crit-
ically ill patients with adrenal insufficiency are more likely hypotensive and
require higher doses of vasopressor. They are also more likely to have mechani-
cal ventilation weaning failure (41).

TREATMENT WITH GLUCOCORTICOIDS DURING
CRITICAL ILLNESS

Critical illness is thought to be characterized by uncontrolled systemic inflam-
mation which may result from inadequate cortisol synthesis or acquired tissue
resistance to cortisol. Glucocorticoids are potent immuno-modulatory drugs and
act through genomic as well as non-genomic effects (32). In addition, glucocorti-
coids have numerous cardiovascular and metabolic effects which may contribute
to the restoration of homeostasis during critical illness.

Immuno-Modulatory Effects of Glucocorticoids Administration
During Critical Illness

The molecular mechanisms have been extensively described elsewhere (42).
In conditions of excessive and deleterious systemic inflammation like acute res-
piratory distress syndrome or severe sepsis, glucocorticoids have been shown to
attenuate inflammation without causing immune-suppression.

In patients with acute respiratory distress syndrome, moderate doses of gluco-
corticoids (1 mg/kg/day of methylprednisolone) were associated with enhanced
glucocorticoid receptor-mediated functions leading to significant reductions in
nuclear factor-kappa B DNA binding and transcription of tumour necrosis factor
and interleukin-1B (34). In five randomized controlled trials of prolonged treat-
ment with moderate doses of glucocorticoids have shown a rapid and profound
decrease in both lung and plasma concentrations of pro-inflammatory cytokines
and a dramatic fall in neutrophils count in the bronchial-alveolar fluids (43—47).
The favorable effects of glucocorticoids on systemic and lung inflammation was
associated with improved lung compliance and function and prevention of dis-
semination of inflammation to other organs. Thus, patients were weaned earlier
from the ventilator, developed fewer organ failures and fewer super-infections
and left earlier the intensive care unit.

In severe sepsis, moderate doses (around 200 mg per day) of hydrocorti-
sone resulted in a significant attenuation of the systemic inflammatory response
syndrome, a dramatic reduction in plasma levels of C-reactive proteins, of
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phospholipase A2 and of neutrophil elastase (48). Several randomized con-
trolled trials have shown that such dose of hydrocortisone induced a substantial
decrease in circulating levels of most pro-inflammatory cytokines (49,50). Ex
vivo studies on polymorphonuclear cells demonstrated that hydrocortisone pre-
vents the up-regulation of late pro-inflammatory mediators like the macrophage
migrating inhibitory factor (57). Of note, circulating levels of anti-inflammatory
cytokines were either not affected by hydrocortisone therapy or even signifi-
cantly reduced (49). Finally, hydrocortisone therapy was not associated with
significant alteration in HLA-DR expression on the monocytes surface (49).
Taken together these data suggested that moderate doses of hydrocortisone
down regulate both early and late pro-inflammatory mediators without caus-
ing immune suppression. Subsequently, in severe sepsis, hydrocortisone therapy
fastened organs failure resolution without increasing the risk of super-infection.
The reduction in local or systemic inflammation was demonstrated in a number
of severe infections like bacterial meningitis, pneumocystis pneumonia, typhoid
fever, croup, or severe cases of HSN1 avian influenza.

Administration of moderate doses of glucocorticoids have been successful
in restoring immune homeostasis in other critical illnesses. Moderate doses of
glucocorticoids significantly reduced circulating TNF, IL-6, and IL-8 levels in
patients after cardiac surgery with cardiopulmonary bypass (52). Hydrocorti-
sone therapy was found to produce similar favorable effects on inflammation
and organ dysfunction in critically ill patients with acute liver diseases (10,11),
and in high risk surgical patients (53) .

Effects of Glucocorticoids Administration on Survival
Jrom Critical Illness

Most of physicians refrain to use short course of high dose glucocorticoids
(e.g., 30 mg/kg of methylprednisolone) in patients with severe sepsis or acute
respiratory failure as they have been proven to be ineffective (54). By contrast,
the benefit/risk of a prolonged treatment with moderate doses of glucocorticoids
may be favorable in several critical illnesses such as severe sepsis or acute res-
piratory failure.

In 18 critically ill patients, as compared with standard treatment alone,
100 mg twice daily of hydrocortisone dramatically improved intensive care
unit survival rate (90% vs. 12.5%) (55). There were 14 randomized clinical
trials of long course (one week or more) with moderate doses 200 to 300 mg
of hydrocortisone per day, or 1 mg/kg/day of methylprednisolone) in patients
with severe sepsis or acute respiratory failure, accounting for 1496 patients
(43-45,47,49,50,56-63). The pooled estimate from these studies showed a sig-
nificant (p=0.01) reduction in mortality with glucocorticoids (Fig. 4, personal
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Fig. 4. Meta-analysis of 14 randomized controlled trials in patients with severe sepsis, septic
shock, acute lung injury or acute respiratory distress syndrome.

communication). Indeed, there were 262/771 deaths in the glucocorticoids
treated group and 294/725 deaths in the control group. The relative risk of dying
was 0.85 (95% CI: 0.75 to 0.96) in favor of treatment with glucocorticoids.
There was no heterogeneity across the studies (chi-square statistic = 16.59, p =
0.22, and 12 =21.7%). In other conditions than severe sepsis or acute respiratory
failure, randomized clinical trial are needed to determine the benefit/risk profile
of glucocorticoids therapy at moderate doses.

Side Effects of Glucocorticoids Administration During Critical Illness

Although meta-analysis of randomized clinical trials did not show an increased
risk of gastro-intestinal bleeding or of super-infection with glucocorticoids ther-
apy given at moderate doses (54), these serious adverse events are common com-
plications of glucocorticoids. Therefore, itis mandatory to carefully and systemat-
ically screen for super-infection in glucocorticoids — treated critically ill patients,
all the more that this treatment will blunt the febrile response to infection. Simi-
larly, these patients may benefit from systematic stress ulcer prophylaxis. Gluco-
corticoids therapy is almost always associated with increased blood glucose levels
and intensive insulin therapy may be paramount in these patients to counteract the
potential hyperglycaemia related morbidity.

CONCLUSION

In conclusion, the imbalance between the systemic inflammatory response
and the hypothalamic pituitary adrenal axis is likely a determinant of critical
illness pathophysiology and outcome. At this time, the short corticotrophin test
remains the most accurate tool to identify critical illness related corticosteroids



Chapter 11 / The Adrenal Response to Critical Illness 225

insufficiency. Patients with baseline cortisol levels of less than 10pg/dl or an
increment after 250g ACTH of less than 9 pg/dl are very likely adrenal insuf-
ficient. Cumulative evidence from randomized controlled trials suggests that
patients with severe sepsis or acute respiratory failure benefit from prolonged
treatment with moderate doses of glucocorticoids.
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INTRODUCTION

Treatment of systemic hypotension aims at maintaining an adequate oxygen
delivery to the tissue by increasing the circulating volume as the first approach,
and by applying vasoactive drugs if fluid therapy alone is not sufficient to
restore an adequate cardiovascular function. With respect to their main pharma-
codynamic profiles, vasoactive drugs are commonly subdivided into inotropes,
mainly including catecholamines like epinephrine, dopamine, and dobutamine,
and vasopressors like phenylephrine and vasopressin (/). The subdivision into
these categories, however, does not completely hold true as many of these drugs,
especially catecholamines often reveal properties of both classes.

In this chapter, we will present the current rationale of vasoactive drug ther-
apy during shock and discuss their interactions with metabolism and immune
system. We will particularly focus on the septic shock as this condition repre-
sents not only the most frequent type of shock (2), but also the most common
cause of death in intensive care unit.

CLINICAL PHARMACOLOGY AND PRACTICAL USE
OF CATECHOLAMINES

As just mentioned, the traditional subdivision of catecholamines into
inotropes, that is, mainly acting on [3 receptors, and vasopressors, that is, mainly
acting on « receptors, should be regarded cautiously since, to a substantial
degree, most of them act on both receptor types. Exceptions are dopexamine
and isoproterenol as pure [3-adrenergic agonists, and phenylephrine, which is
the only pure a-agonist.

Dobutamine has a weak affinity for o and 3, and a stronger affinity for 3;-
adrenergic receptors. Therefore it is used to combine its inotropic () and
vasodilating (3,) effects; the latter property can decrease the systemic resis-
tance, and may therefore be advantageous in septic shock where dobutamine
and norepinephrine can be combined in order to counterbalance an excessive
vasoconstriction (/).

Norepinephrine, in contrast, is a strong, non-specific a-agonist with an
inotropic effect related to its affinity to (3;-receptors. This 3;-related effect of
norepinephrine is particularly important as it maintains or even increases cardiac
output, thus compensating, at least partially, for the increased afterload induced
by the strong a—mediated vasoconstriction.

Epinephrine exerts the strongest agonistic action on both a- and 3-receptors.
The use of epinephrine is generally limited to shock states resistant to
dobutamine or norepinephrine treatment while it is not recommended by
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international guidelines (3—4). Nevertheless some authors are still debating on
the use of epinephrine as the first drug in septic shock (5).

Dopamine, the natural agonist for dopaminergic receptors, also has pharma-
cologically important and dose-dependent effects on the adrenoreceptors. At low
doses the B-adrenergic related inotropic action predominates, while, at higher
dosages, the effects of this drug are mainly dominated by the a—mediated vaso-
constriction.

Despite of these fairly well understood specific mechanisms of receptor inter-
action, however, the pharmacological actions of catecholamines in the clinical
settings are not always fully predictable. During septic shock, for example, nore-
pinephrine kinetics and dynamics are unpredictable (5), and even the dopamine
plasma concentration measured in healthy subjects (7) during fixed infusion rate,
differed from the theoretically predicted one. In addition, the underlying disease
may change receptor properties in terms of densities and binding affinity, and
desensitization may be the reason behind the well known inter- and intrasub-
ject variability of catecholamine-effects (8,9,10). For these reasons, vasoactive
drug therapy of septic shock still remains largerly based on empiric experience.
Prospective randomized trials comparing the different drugs are not available
until yet, and even a Cochrane Database (//) concluded that there is no evi-
dence until yet supporting any difference between specific catecholamines in
terms of effectivness or safety. On the other hand, useful suggestions for a prac-
tical approach to catecholamine therapy may be derived from the literature. For
example, according to the data presented in a review article, norepinephrine
seems to be more potent than dopamine for reversing hypotension (/2). Fur-
thermore, in a recent multiple centers observational study the use of dopamine,
but not that of norepinephrine or dobutamine, was an independent risk factor
for intensive care unit mortality in patients with septic shock (/3). Another
observational study supports the benefit of norepinephrine on survival in sep-
tic shock compared to other catecholamines (/4). Currently, a trial comparing
norepinephrine plus dobutamine versus epinheprine (15) is still ongoing, and,
as already mentioned before, there is an emerging discussion around the use of
epinephrine as first line drug (5), although it is not recommended for that scope
by any guideline until yet. In contrast, the practical approach for using cate-
cholamines in septic shock summarized by the Surviving Sepsis Campaign (16)
should be considered as the most actual recommendation.

The question whether vasoactive drugs should be titrated targeting at a spe-
cific arterial pressure threshold (/7,18) in septic shock also still remains an open
issue. In fact, beneficial effects of increased blood pressure were observed in
experimental study but not confirmed by human studies until yet, and recom-
mendations like that of titrating norepinephrine to increase mean arterial pres-
sure not above 65-70 mmHg (79) are still not sufficiently supported by scientific
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data. At least in cardiac surgery patients with vasodilatory shock, for exam-
ple, increasing mean arterial pressure by norepinephrine from 60 to 90 mm Hg
does not seem to affect intestinal mucosal perfusion and gastric or splanchnic
oxygen demand/supply ratio. On the other hand, in a recent investigation con-
ducted on rats Dubniks et al. (27) nicely demonstrated that maintaining perfu-
sion pressure by noradrenaline under conditions of increased vascular perme-
ability induces a potentially deleterious loss of plasma volume. However, the
increased vascular permeability-model used for this study only partially mim-
icks properties of septic shock, thus limiting the practical conclusions from
the investigation (2/,22). In contrast, Sennoun et al. (23) presented experimen-
tal data obtained in a rat model of septic shock, showing that norepinephrine
combined with volume resuscitation allowed maintaining aortic and mesenteric
blood flow and results in better tissue oxygenation than fluid resuscitation alone.
Early use of norepinephrine was even more advantageous in terms of mesen-
teric perfusion, lactate levels, and infused volume when compered to delayed
therapy.

In a more generic sense an agreement on the endpoints of therapy of sep-
tic shock is still lacking; for example, the observed correlation between high
lactate levels and increased mortality in septic shock (24) seems to suggest the
usefulness of this variable as a therapeutic guide, but lactate metabolism in sep-
tic patients is rather complex to quantify and an increase may be due to other
factors than tissue hypoxia (5,25,26,27). In particular, catecholamines, and espe-
cially epinephrine, may induce an increase in lactate production derived from
direct stimulation of glycolysis without impairment of the oxygen availability
to the cell (5,28,29). In addition, even the strategy of targeting at a supranormal
oxygen delivery per se, previously considered as one of the main goals of ther-
apy in septic shock patients, has been abandoned, since different studies (16,30)
clearly demonstrated its ineffectivness.

In summary, the best strategy for vasoactive support in septic patients is still
a matter of debate; an individualized therapy which also considers the partic-
ular condition of the patient is likely to prove as the right approach in clinical
practice, but it will probably even remain the most difficult to achieve.

CATECHOLAMINES AND REGIONAL PERFUSION

Albeit of crucial importance, the specific impact of catecholamines and other
vasoactive drugs on the perfusion of different organs, epecially the kidney and
the splanchnic organs, in critical care patients is still not fully explained (3/-32).
In fact, observations in healthy subjects cannot be easily translated to patholog-
ical conditions, and the perfusion of liver and splanchnic region are difficult to
study in the clinical context. Furthermore, since a general consensus regarding
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the methods to assess splanchnic blood flow and metabolism in critically ill
patients is still lacking, some authors refuse definitive conclusions regarding
different effects of norepinephrine and dopamine on this region (3/). An agree-
ment only exists around the fact that adequate fluid resuscitation is a prerequisite
for any successful vasoactive therapy (3-4).

Dopamine

Theoretically, lower doses of dopamine which should act on both the 3, and
the dopaminergic receptors are expected to increase splanchnic perfusion. In
contrast, higher doses should rather be deleterious due to the increasing a-effect
(1). However, there is no clear clinical evidence supporting these theories. In
fact, both low and high dose have been considered responsible for mixed results
ranging from increased (33-34) to constant and decreased splanchnic blood
flow (35). Nevertheless, at least when compared to epinephrine in septic shock,
dopamine seems to maintain a better balance between oxygen demand and sup-
ply as suggested by the lower gradient between mixed venous and hepatic vein
oxygen saturation (36).

In contrast to splanchnic blood flow, the effects of dopamine on renal perfu-
sion are much better understood. As expected, a combined afferent and effer-
ent arteriolar dilation induced by low doses of dopamine increases renal blood
flow, however, without augmenting glomerular filtration rate due to the simul-
taneous decrease in intraglomerular pressure. In contrast, at higher concentra-
tions dopamine causes a marked renal vasoconstriction. Dopamine not only
has effects on renal hemodynamics, it further participates in renal sodium reg-
ulation by reducing the proximal reabsorption and, at least under physiologi-
cal conditions, by contributing to natriuresis as appropriate response to modest
volume expansion. Nevertheless, the concept of using low dose infusions for
protecting the kidney against hypoperfusion (37) has been abandoned, since
no clinical study could yet demonstrate any benefit of low dose dopamine
infusions for preventing or treating acute renal failure (38,39,40,41,4243)
despite an increase in urine output. In particular, the randomized clini-
cal trial conducted by the clinical trials group of the Australian and New
Zealand intensive care societies (44) provided convincing evidence that the
so-called low-dose dopamine therapy does not protect shock patients from renal
failure.

Norepinephrine

Similar as for dopamine, the net effect of norepinephrine on splanchnic hemo-
dynamics remains ambiguous. In fact, clinical studies demonstrated increased
(45), unchanged (46—47), or variable effects on splanchnic blood flow (46).
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Furthermore, the comparison of norepinephrine and other catecholamines is
often confused by the frequent addition of dobutamine. Especially in the case
of human septic shock, however, the combined use of dobutamine and nore-
pinephrine resulted in an increased splanchnic perfusion when compared to
norepinephrine alone (48); this observation led to the widely accepted recom-
mendation for combining these two drugs (3—4). Two further clinical studies
revealed potential benefits of norepinephrine when compared to other cate-
cholamines with regard to splanchnic perfusion. In fact, De Backer and col-
leagues (36) found a higher fractional splanchnic blood flow in septic patients
with norepinephrine than with epinephrine, and Guerin et al. (32) showed that
norepinephrine was superior to dopamine for maintaining fractional splanch-
nic blood flow and hepato-splanchnic energy balance in a comparable group of
patients.

The effect of norepinephrine on renal hemodynamic is complex inasmuch
it directly increases afferent arteriolar tone and enhances the efferent arteriolar
resistance through a mediation by renin and angiotensin II. As a net effect, it
should decrease renal blood flow without affecting the intraglomerular pressure
and thus the filtration rate. Clinical studies, however, do not fully confirm these
theoretical considerations. In fact, several studies reported an improvement in
renal blood flow under norepinephrine, especially when the drug was used to
restore arterial blood pressure during vasodilatory shock (49). Clearly, the ques-
tion of the dependency of renal perfusion on systemic pressure is of crucial
importance but still remains unsolved. Only one experimental study performed
by Bellomo et al. (50), which analyzed the effect of norepinephrine infusion in
dogs, allowed concluding that during endotoxemia norepinephrine effectively
improves renal blood flow and that this effect it is not related to an increased
perfusion pressure.

Several clinical studies suggest the efficacy and safety of norepinephrine
for supporting renal function (57,52,53,54) in septic shock. Interestingly, the
only randomized controlled study comparing norepinephrine and dopamine with
regard to renal effects during septic shock suggests that the former is superior
not only in reversing hypotension but also for increasing urine output (55). In
a recent review the same authors identified norepinephrine as an independent
predictor of survival during septic shock (/4). Interestingly, in an experimental
study Langenberg et al. (56) observed that in septic shock acute kidney injury
developed concomitantly with increased renal blood flow, while recovery of
renal function was rather associated with relative vasoconstriction and decrease
in renal perfusion. These data challenge the common view that renal failure
in septic shock is related to renal hypoperfusion, and therefore raise intriguing
questions on the adequate hemodynamic therapy to prevent this complication in
patients with sepsis (57).
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Epinephrine

Epinephrine is at least as efficient as norepinephrine and even superior
to dopamine in restoring hypotension; nevertheless its potentially deleterious
effects on regional perfusion limit the utility of this drug to a rescue ther-
apy in severe shock states, once other vasoactive drugs have failed (36). The
impairment on PCO, gap, splanchnic blood flow, difference between mixed and
hepatic venous hemoglobin oxygen saturation, glucose release, and lactate pro-
duction (58) under epinephrine clearly show the negative effects exerted by this
drug on the splanchnic region (36,59-60). Interestingly, an alternative point of
view is offered by Levy (5) who argues against the traditional negative consid-
eration of epinephrine during septic shock.

Unfotunately, there are no human studies on the renal effects of epinephrine
until yet. The ongoing debate on the detailed role of epinephrine in septic shock
has led to the large randomized trial comparing norepinephrine plus dobutamine
versus epinephrine (/5). As long as more convincing data are available, however,
the use of epinephrine during shock still remains a second line approach, mainly
as a rescue therapy.

Dobutamine

Dobutamine has been tested in septic shock both as a unique agent as well
as in combination with norepinephrine. Albeit the assumption that dobutamine
may increase splanchnic blood flow as a consequence of a systemic increase of
cardiac index is widely accepted (61,62,63), its presumed selective beneficial
effect on splanchnic hemodynamic has not been demonstrated yet (61).

Dobutamine was proved to exert a beneficial effect on splanchnic perfusion
when combined to norepinephrine; to this respect, dobutamine was even supe-
rior to epinephrine alone (48). Therefore, dobutamine is recommended as the
first line drug in septic shock when combined to norepinephrine.

Metabolic Effects of Catecholamines

An adequate perfusion and oxygen delivery to the different tissues do not
guarantee a sufficient metabolic function, especially during and after a shock
state. In fact, depending on the underlying disease and the therapeutic actions,
metabolic effects may potentially influence the outcome. For example, dur-
ing septic shock a hypermetabolic condition associated with insulin resistance,
hyperlactatemia, and increased oxygen demand is a common finding, which are
concomitant with impaired macro- and micorvascular organ perfusion and mito-
chondrial dysfunction (64-65). In this context, interactions between vasoactive
therapy and metabolism must be considered in order to avoid any further deteri-
oration of the derangements already present. The complex interactions between
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glucose metabolism and catecholamines have been extensively reviewed in a
recent article by Barth et al. (66).

Epinephrine, for example, is known to induce prominent metabolic effects.
Among these are hyperglycemia (induced by increasing both gluconeogenesis
and glycogenolysis and by decreasing insulin release mainly through a 3, medi-
ated action), increased oxygen demand, and enhanced plasma lactate concentra-
tion (5,67). Albeit these metabolic changes are part of the physiological response
to stress, in the long term clinical setting of septic shock they can be detrimental
because the drug-induced increase in gluconeogenesis may particularly impair
the hepatic balance between oxygen supply and demand. Furthermore, since
on the one hand plasma lactate concentration correlates with mortality (24),
and, on the other hand, epinephrine has been shown to increase lactate both in
healthy subject and in septic patients (64), it has been postulated that this drug
could lead, through an excessive vasoconstriction, to a low perfusion-induced
cellular hypoxia. These metabolic effects together with the epinephrine-induced
reduction in splanchnic perfusion (59) represent the main arguments against the
use of this drug as first line agent in septic shock (3—4,68). Nevertheless, it is
still unclear whether the hyperlactatemic and hyperglycemic metabolic response
caused by epinephrine is associated with a mere calorigenic effect or reflects a
condition of metabolic stress (66).

In this context, a recent study by Levy et al. (69) assumes particular impor-
tance: in endotoxin-challenged rats, the authors elegantly showed that the
hyperlactatemia during epinephrine infusion was not accompanied by a com-
plementary increase in the lactate/pyruvate-ratio. The authors also confirmed
their experimental observations in a clinical study providing evidence that dur-
ing septic shock epinephrine increases lactate production mainly as the result
of enhanced aerobic glycolysis associated with increased activity of Na-K-
ATPase (29). Although Levy et al. did not directly demonstrate the link between
epinephrine and Na-K- ATPase stimulation in humans, they underscored the
need to change the unique traditional interpretation of increased lactate produc-
tion as a marker of cellular hypoxia.

With respect to norepinephrine-induced metabolic effects investigations per-
mitting definitive conclusions are still lacking, but no evidence supports sus-
tained negative effects until yet. In healthy volunteers, no substantial metabolic
alterations were described except for a slightly increased glycaemia without any
persisting effects on glucose production and a small increase in lactate con-
centration (70),. During septic shock, De Backer et al. (36) reported higher
glycaemia under norepinephrine when compared to dopamine, but did not find
adverse metabolic effects.

With regard to the metabolic effect of dopamine, two studies underscored
its supposed negative role on liver metabolism: Jakob et al. (34) demonstrated
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a decreased splanchnic oxygen consumption despite a increased splanchnic
blood flow induced by dopamine infusion in septic patients. Guerin et al. finally
(32), compared dopamine and norepinephrine but did not find any difference in
splanchnic blood flow despite a higher cardiac index and a similar mean arte-
rial pressure in the dopamine group. The result of this hemodynamic difference
was a lower splanchnic fractional flow associated with lower hepatic lactate
uptake and higher hepatic venous lactate/pyruvate ratio; these results suggest
a detrimental dopamine-related effect on hepatic energy balance. This hypothe-
sis, however, had not been confirmed by De Backer (36), who reported a similar
metabolic profile during dopamine or norepinephrine infusion.

Dobutamine, as a weak agonist of 3;-receptors, and [3,-receptor, is known
to stimulate gluconeogenesis. Surprisingly, dobutamine infusion caused a slight
decrease in glucose production in both healthy subjects (70) and in patient with
septic shock (61) or recovering from cardiac surgery (7/). This unexpected
effect on carbohydrate metabolism led to the hypothesis that dobutamine may
not have pronounced 3;-activity, and thus metabolic effects in vivo (70).

Some authors argued that theoretically, due to the absence of major adverse
metabolic properties of both norepinephrine and dobutamine, the combined
administration of these two drugs may be safe with regard to splanchnic per-
fusion, in particular when compared to epinephrine (59,70,72—73). This hypoth-
esis, however, has not been tested experimentally until yet. Finally, despite the
fairly scarce data available, the use of pure a-agonists, for example, phenyle-
phrine, cannot be recommended: in two independent clinical studies replac-
ing norepinephrine by phenylephrine, titrated to achieve comparable systemic
hemodynamics, resulted in marked metabolic depression (74,75).

IMMUNE MODULATION BY CATECHOLAMINES

An increasing body of evidence supports the role of adrenergic agents in
the modulation of immune and inflammatory response in critically ill patients
and experimental models. Almost all inflammatory cells express a and f3
adrenoreceptors on their surface (76,77) while D; and D, receptors are known
to be present on lymphocytes and natural killer cells (78). Immunomodula-
tory actions of catecholamines are predominantly mediated by [3;-receptors;
although a,-adrenoreceptors may also induce the production of a variety of
pro-inflammatory cytokines (79). Apart from these observations, however, the
definitive and unique role of catecholamines in the complex network of inflam-
matory response, which presumably ranges from modulating T-helper cells
migration and maturation (80,81,82), and controlling cytokines expression
(83,84) to directly promote apoptosis in immune cells (85) remains to be fully
elucidated. Furthermore, some authors suggested that catecholamines may play
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an anti-inflammatory action by down-regulating the pro-inflammatory cytokine
response. In this context, the interleukine-6 response of splanchnic reticuloen-
dothelial tissues (86) seems to be mediated by ephinephrine, but not by nore-
pinephrine, while the ephinephrine-induced increase in interleukine-10 may
inhibit TNFa production (87). Another investigation suggests that dopamine
may be responsible for a functional suppression of neutrophilis caused by the
attenuation of the chemoattractant effect of interleukine (88). In addition to these
direct effects on the immune system, dopamine interferes with the response
to inflammation through its action on neuroendocrine system. Dopamine infu-
sion suppresses the release of most of anterior pituitary dependent hormones
and stimulates the synthesis of adrenal glucocorticoids (89). The concomi-
tant inhibition of growth hormone pulsatile secretion (90), thyroid-stimulating
hormone (9/) and particularly prolactin, which enhances monocyte and B
and T-cells response, may aggravate immune dysfunction and susceptibility to
infection. In contrast, dopexamine had minimal effects on pituitary function
in high-risk surgical patients (92) but still modulated cellular immune func-
tions during experimental systemic inflammation (93). Interestingly, in a very
recent experimental investigation in endotoxin-treated rats, Hofstetter et al. (94)
demonstrated that norepinephrine, as well as vasopressin, counteracted the anti-
inflammatory response induced by inhaled isoflurane, which consisted in an
attenuated release of the cytokines TNFalpha and IL-1beta. Whether or not these
catecholamine-induced alterations of immunological functions may somehow
influence survival in sepsis and septic shock still remain to be defined.

In summary, catecholamines remain the cornerstone in the therapy of cir-
culatory failure. However, clinicians must not only focus their attention on
the hemodynamic effects, but also use a more rationale approach consider-
ing the metabolic, endocrinological, and immunological consequences of cat-
echolamines administration. Looking at alternative strategies to catecholamines
in the treatment of shock, evidences of beneficial effects on hemodynamic end-
points of vasopressin during septic shock are accumulating and will be discussed
in the next chapters.

VASOPRESSIN AND ITS ANALOGOUS IN SHOCK THERAPY

Vasopressin is a natural hormone produced in magnocellular neurons of
hypothalamus and released from the posterior hypophysis. Its secretion is stim-
ulated in response to increases in plasma osmolality and decreases in systemic
blood pressure.

Vasopressin and its analogue terlipressin exert their effects via vascular Vla
receptors and renal tubular V2 receptors. V1a receptor stimulation leads to arte-
rial vasoconstriction and V2 stimulation increases renal free water reabsorption.
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Terlipressin has a higher vascular affinity for vascular receptors than vasopressin
as assessed by a higher V1a/V2 receptor ratio compared to vasopressin (2.2 ver-
sus 1, respectively) (95).

Abolished responsiveness of vascular smooth muscle to catecholamines stim-
ulation is one of the mechanisms leading to hypotension during endotoxic shock
(96). The vasoconstrictor response to other agents such as angiotensin and
vasopressin is similarly abolished (97,98) despite an increased plasmatic level
of vasopressin as shown in sepsis or hypodynamic models of septic shock in
baboons and dogs (99,100). The decreased vascular responsiveness during sep-
sis is mediated by pro-inflammatory cytokines which exert a down regulation of
V1 receptors (101).

Conversely, Landry et al. reported a vasopressin deficiency and hypersensi-
tivity (/02,103) in human septic shock. In fact, these authors demonstrated that
for a same level of mean arterial pressure in septic shock and in cardiogenic
shock the vasopressin blood levels were dramatically lower in the former state.
In addition, low dose vasopressin administration in vasodilatory septic (/02) and
in post-cardiopulmonary bypass shock showed a beneficial hemodynamic effect
in humans (/04). Sharshar et al. (105) precisely characterized the circulating
levels of vasopressin during the different phases of septic shock, concluding that
the vasopressin concentration is almost always increased during the early phase
of sepsis (first 6 hours), whereas it declines afterward (after 36 hours from the
onset of shock). The cause for vasopressin deficiency is still controversial, but
because the infusion of vasopressin can reach the expected plasma concentra-
tion, it seems unlikely that an increased clearance of this hormone is responsi-
ble for the low plasma level during sepsis. An exhaustion of neurohypophysis
stores seems to be a more logical conclusion (/06) as Sharshar et al. even spec-
ulated that this fall in vasopressin production may contribute to the development
of hypotension. Jochberger et al. (/07) argued against this latter hypothesis,
because they failed to demonstrate any correlation between vasopressin levels
and the presence of shock in a mixed critically ill population. These authors con-
cluded that peripheral hyposensibility rather than deficiency would contribute to
hypotension. The detailed mechanisms of vasopressin hypersensitivity in septic
shock were reviewed most recently by Barret et al. and include changes in vaso-
pressin receptor response, dysautonomic failure, interaction with other vasocon-
strictors, and interaction with corticosteroids (108).

HEMODYNAMIC EFFECTS OF VASOPRESSIN IN SEPTIC
SHOCK: EXPERIMENTAL STUDIES

In hypodynamic endotoxic shock models, vasopressin infusion induces a
decrease in cardiac output (100,109, 110) and myocardial ischemia (/11). More-
over, a recent study in endotoxic rabbits (//2) reported a detrimental effect
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of vasopressin on left ventricular systolic function (assessed by systolic aor-
tic blood flow and maximal aortic acceleration). The investigators argued that
the myocardial dysfunction was independent of the vasopressininduced increase
in cardiac afterload but rather caused by an impairment of coronary perfusion
or a direct effect on cardiac myocytes. However, the hypothesis of impair-
ment coronary perfusion by vasopressin was not confirmed by Kang et al.
in endotoxin-induced rabbit shock model (//3) Using a pressure-conductance
catheter technique to assess heart function as derived from left ventricular
pressure-volume loops, we did not find any further impairment of myocardial
systolic contractility nor diastolic relaxation related to vasopressin during resus-
citated, long-term hyperdynamic norepinephrine-resuscitated fecal peritonitis-
induced porcine septic shock (unpublished data).

In hyperdynamic endotoxic models, the hemodynamic effects of V1 agonists
were dependent on the infusion rate of vasopressin or terlipressin. In a study
where the infusion rate of V1 agonist was targeted to increase mean arterial
pressure above physiological values (+ 20 mm Hg above baseline values) car-
diac output decreased as well as oxygen consumption (/74,115). However, the
use of low doses of V1 agonists in hyperdynamic endotoxic animals increased
mean arterial pressure without detrimental effect on cardiac output (116,117),
and in a dose response study in endotoxemic pigs, Malay et al. demonstrated
detrimental effects on blood flow in various organs athigher vasopressin infu-
sion ratesonly (//7). Similarly, Albert et al. reported in endotoxic rabbits that
mean arterial pressure increased proportionally with incremental boluses of
vasopressin whereas aortic blood flow remained stable at least for the lowest
doses (118). Albeit using low dose terlipressin, our group reported a decrease
in cardiac output associated to a hyperlactatemia (//9) that was not originating
from splanchnic circulation in long term hyperdynamic endotoxic shock in pigs.
Compared to repeated high doses bolus administration (1mg) continuous infu-
sion of low doses of terlipressin avoided a decrease in cardiac index and limited
the raise of blood lactates in a live bacteria model of septic shock in pigs (120).

In addition, low dose of V1 agonists were reported to improve survival in
fluid resuscitated endotoxic rats (//6) and in live bacteria septic shock in sheep
(121) as well as in dogs (122).

V1 AGONISTS IN SEPTIC SHOCK: CLINICAL STUDIES
IN ADULT PATIENTS

In all published studies, V1 agonists increased mean arterial pressure and
reduced noradrenaline requirements (/02,103,123—136). The effect of V1
agonists on cardiac output was more variable. Cardiac output decreased in
ten studies (123,125,126,130,131,133—136) remained stable in two (127,132)
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and even increased in one (/29). Diinser et al. (/129) prospectively ran-
domized study, 48 patients with catecholamine resistant vasodilatory shock
to receive either a combined infusion of vasopressin and norepinephrine or
norepinephrine alone. Vasopressin-treated patients presented with significantly
lower heart rate, norepinephrine requirements, and a lower incidence of new-
onset tachyarrhythmias than noepinephrine patients. Mean arterial pressure,
cardiac index, stroke volume, and stroke volume were significantly higher
in patients treated with the association of vasopressin and norepinephrine. It
must be noted that in this study 18 patients in each group (vasopressin ver-
sus norepinephrine) were treated with milrinone to overcome excess peripheral
vasconstriction.

In all of the studies, vasopressin and terlipressin were able to reduce the
need for other vasopressors, and, in some cases, a complete weaning from nore-
pinephrine was possible. The ability to increase or restore sensitivity to cate-
cholamines remains the major rationale for supporting the use of vasopressin as
a rescue therapy when conventional catecholamines have failed.

During the European Congress of Intensive Care Medicine held in Barcelona
in Spain in 2006, Russell et al. reported the results of a multicenter randomized
controlled trial of vasopressin and septic shock trial (VASST). Eight hundred
and two patients were included and were stratified according to the initial dose of
norepinephrine in order to determine severity groups (less and more severe). The
overall mortality rate was the same in both groups. Surprisingly, the subgroup
analysis showed a significant lower mortality in the less severe patients with
septic shock, whereas the mortality rate was similar in the most severe patients.
At first glance, these unexpected results argue against the concept of vasopressin
as a rescue therapy of the hemodynamic failure during septic shock but rather
in favor of an early administration. Nevertheless, these primary results should
be interpreted with caution until the complete publication of this controlled
study.

Interestingly very little safety data is available in the literature. Except for
some case reports related to skin ischemia injuries, only Diinser et al. reported
their experience of side effects of vasopressin in 63 critically ill patients with
catecholamine-resistant vasodilatory shock. In this retrospective study, new
ischemic skin lesions occurred in 19 of 63 patients (30%). Body mass index, pre-
existent peripheral arterial occlusive disease, presence of septic shock, and nore-
pinephrine requirements were significantly higher in patients with ischemic skin
lesions. These patients required significantly more units of fresh frozen plasma
and thrombocyte concentrates than patients without ischemic skin lesions. Pre-
existent peripheral arterial occlusive disease and presence of septic shock were
independently associated with the occurrence of ischemic skin lesions dur-
ing vasopressin therapy (/37). These results were prospectively confirmed by
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the VASST study reported by Russell et al. in Barcelona in 2006: while the
rate of serious adverse event was similar in both groups (vasopressin versus
noepinephrine), the authors reported a higher rate of digital ischemia with vaso-
pressin (p = 0.06).

EFFECTS OF V1 AGONISTS ON SPLANCHNIC CIRCULATION:
EXPERIMENTAL STUDIES

Vl1a agonists are proposed in the treatment of vasodilatory shock states and
especially in septic shock (/38). However, V1a agonists may induce macro-
and microcirculatory disturbances in some vascular beds due to excessive vaso-
constriction which is not counterbalanced by positive inotropic effect. Since
splanchnic circulation is thought to play a central role during septic shock,
assessment of efficiency, and side effects of a potent vasoconstrictor such as
V1a agonist on this circulation is mandatory.

Schmid et al. have assessed the effect of incremental vasopressin doses on
mesenteric, renal and iliac blood flows in anesthetized dogs (/39). Vasopressin
decreased blood flow in all these three vascular. However, mesenteric and renal
blood flows expressed as percentage of cardiac output significantly increased
whereas it decreased in the ileac vascular bed suggesting a redistribution of
blood flow towards the splanchnic organs. In an ex vivo study in rabbit, vaso-
pressin had vasoconstrictor effect on renal artery but not on mesenteric artery,
and this vasoconstriction was inhibited by nitric oxide (/40). Hence, depending
on the species and experimental model, V1 agonist’s effects on regional hemo-
dynamics are potentially different.

V1 agonists are thought to potentially jeopardize splanchnic hemodynamics
due to their potent vasoconstrictor effects such as reported by Lazlo et al.

There are various models of gastric injuries in rats (/4/7), in which infusing
V1 receptor antagonist reduced the gastric mucosal damage (/42). Recently,
our group reported in non fluid-resuscitated endotoxic rats that infusion of terli-
pressin exhibited dramatically decreased splanchnic blood flow. Conversely, in
fluid challenged endotoxic animals splanchnic blood flow as well as ileal micro-
circulation assessed by laser Doppler technique was well-maintained (/76). The
role of fluid challenge, hence, seems crucial for the hemodynamic response.
Indeed, whenever the experimental design led to a hypodynamic state, infus-
ing a V1 agonist induced detrimental macro- or micro-circulatory effects in
the splanchnic area (1/0,143). Conversely, when animals were in hyperdy-
namic state, different studies in various species did not report harmful effects
on splanchnic hemodynamics (110,119,121). Beside the role of fluid chal-
lenge, the infusion rate and timing of vasopressin infusion is important as well.



Chapter 12 / Catecholamines and Vasopressin During Critical Illness 243

Malay et al. reported the effects of incremental doses on global and regional
circulation in fluid-resuscitated endotoxic pig model (/77). In this study, low
doses of vasopressin, such as typically used in the clinical management of
septic shock, raised arterial pressure without detrimental effect on mesenteric,
renal, iliac and carotid blood flows. However, moderately higher doses of vaso-
pressin induced ischemia in the mesenteric and renal circulations. Bennet et al.
compared temporal changes of cardiovascular responses of vasopressin ver-
sus norepinephrine on blood pressure and renal, mesenteric and hindquarter
blood flow during continuous infusion of endotoxin in conscious rats. The
authors showed that vasopressin exhibited a better and earlier pressor response
in the renal and hindquarter vascular beds but not in the mesenteric vascular
bed (144).

Interestingly, a study by Westphal et al. nicely illustrated the importance of
the dose of V1 agonist. The authors analysed the ilear villous microcirculation
with videomicroscopy, using high dose vasopressin in a rat model peritonitis-
induced septic shock (0.006 Ul/min/340 g of body weight approximately 1.23
Ul/min for a human of 70 kg). As expected, vasopressine markedly increased
mean arterial pressure, but also reduced blood flow of continuously perfused ter-
minal arterioles. During shock, plasma of vasopressin concentration decreased
below baseline, and infusion of vasopressin induced supra-physiologic concen-
tration of the hormone, which in turn probably led to an excessive vasoconstric-
tion (145).

Knotzer et al. (146) report the effects of an incremental infusion vasopressin
in endotoxic pigs. The results of the present investigation certainly have to
be interpreted within the limits of this experimental model, but also in the
light of another recent publication of the same group reporting the effects of
incremental doses of vasopressin in normal, that is, healthy non-endotoxic pigs
(147). The main result of these two studies was that incremental vasopressin
threatened splanchnic circulation by decreasing jejunal mucosal microvascluar
(w)PO, in non-endotoxic pigs, while it had no further detrimental effect on
mucosal oxygenation beyond that of endotoxin per se in endotoxic animals.
Interestingly, infusing vasopressin in non-endotoxic animals decreased cardiac
output and systemic oxygen delivery due to an excessive vasoconstriction,
which in turn limited oxygen availability in jejunal mucosa. Conversely, dur-
ing endotoxemia, vasopressin did not induce further decrease in cardiac output
despite an effective vasoconstriction as mirrored by the level of mean arterial
pressure.

Thus, as the reader may notice, it is rather difficult to draw a definitive con-
clusion on the effects of V1 agonists on splanchnic hemodynamics: most exper-
imental studies assessing the effects of V1 agonist at low doses in hyperdynamic
septic models did not demonstrate a detrimental effect.
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EFFECTS OF V1 AGONISTS ON RENAL: EXPERIMENTAL
STUDIES

The net effect of vasopressin on renal function is complex and differs widely
between physiologic and pathologic conditions. In physiologic conditions, vaso-
pressin induces water reabsorption by acting on V2 receptors in response to
hyperosmolarity and with a different degree to hypotension. The simultaneous
V1 receptor—mediated renal vascular response increases the efferent arteriolar
tone with less or no effect on the afferent one. As a result, the glomerular
pressure is increased while the total renal flow is slightly decreased (/48). In
endotoxemic rabbits, vasopressin induced an increase in mean arterial pressure
associated with an increase in renal blood flow (113,118,143).

At the same time, a short negative feedback loop seems to be activated by
vasopressin, which enhances local prostaglandin production through the V1
receptor. Prostaglandins, in particular PGE; (/30), may minimize the antidi-
uretic and the vascular response to vasopressin, maintaining renal perfusion.

EFFECTS OF V1 AGONISTS ON REGIONAL CIRCULATIONS
DURING SEPTIC SHOCK: CLINICAL STUDIES

Very few studies report the effects of V1 agonist on splanchnic circulation
in patients with septic shock. Among the studies related to the systemic effects
of V1 agonist none of them reported clinical detrimental renal or splanchnic
side effect (102,123-125,127-130,136). However, the simple clinical assess-
ment may not be sufficient to affirm the absence of harm of V1 agonist on
splanchnic circulation.

In a prospective controlled study in 16 patients with septic shock refractory
to catecholamines, Tsuneyoshi et al. (/24) reported a significant increase in uri-
nary output in 10 patients with vasopressin associated with a decreased arterial
lactate concentration in surviving patients. In a double blinded study comparing
the effects of a four-hour continuous infusion of vasopressin with those of nore-
pinephrine in 24 patients with septic shock, Patel et al. (127) reported a signifi-
cantly increased diuresis affiliated with a significant improve increatinine clear-
ance during vasopressin. Interestingly, gastric-arterial PCO, gradient remained
unaltered in both groups. These beneficial effects on creatinine clearance as well
as neutral effects on gastric-arterial PCO, gradient were confirmed by Lauzer
et al. (1/36). In the above-mentioned randomised controlled study, Diinser et al.,
comparing the combination of vasopressin (4UI/h) with norepinephrine versus
norepinephrine alone, also assessed parameters of visceral organ perfusion and
function. In this study, gastric-arterial PCO, gradient rose after one hour of
norepinephrine infusion and remained stable until the end of the study with
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norepinephrine alone whereas the combination of vasopressin and nore-
pinephrine induced a progressive raise of gastric-arterial PCO, gradient
reaching the same values at 48 hours of the study. However, patients treated
with vasopressin and norepinephrine exhibited a significant increase in plas-
matic bilirubin concentrations suggesting an impaired liver blood flow or a
direct effect on hepatic function mediated by vasopressin. In a short-term study
in 12 patients with septic shock Klinzing et al. (/37) reported that a switch
from norepinephrine (0.18 to 1.1 wg/kg/min) to high dose of vasopressin (0.06
to 1.8 Ul/min) significantly increased gastric-arterial PCO, gradient from 18
4 27 to 37 + 27 mm Hg. However tonometric variations do not always mirror
splanchnic blood flow changes (/49). Indeed in the same study, splanchnic
blood flow was invasively assessed with continuous indocyanin green dye
infusion and hepatic venous catheterization. Vasopressin significantly decreased
cardiac index from 3.8 1.3 to 3.0 £ 1.1 I/min/m? and oxygen consumption,
while fractional splanchnic blood flow (expressed as per cent of cardiac output)
increased significantly from 11 + 8 to 26 & 17%. The potential detrimental
effects of V1 agonist on gastric-mucosal PCO, gradient were not confirmed by
Morelli et al. (134) who reported the effects of a bolus of 1 mg of terlipressin in
15 patients with septic shock treated with a combination of norepinephrine and
dobutamine to induce a high cardiac output. Terlipressin increased mean arterial
pressure and mean pulmonary artery pressure but lowered cardiac output,
oxygen delivery, and consumption as well as arterial lactate concentrations.
Nevertheless, it did not alter the gastric-arterial PCO, gradient and even
increased gastric mucosal perfusion assessed with laser Doppler flowmetry.
Given these controversial data, the hemodynamic effects of low doses of V1
agonists on splanchnic circulation in patients with septic shock are still not fully
understood and justify further studies.

The net effect of vasopressin on renal function is complex and widely differs
between physiologic and pathologic conditions. In physiologic conditions, vaso-
pressin induces water reabsorption via its actionon V2 receptors in response to
hyperosmolarity and to hypotension. The simultaneous V1 receptor—mediated
renal vascular response increases the efferent arteriolar tone with less or no
effect on the afferent one. As a result, the glomerular pressure is increased
while the total renal flow is slightly decreased. At the same time, a short neg-
ative feedback loop seems to be activated by vasopressin, enhancing the local
prostaglandin production through the V1 receptor.

Different clinical studies performed in septic shock patients and either
comparing norepinephrine and vasopressin, or replacing norepinephrine by vaso-
pressin, showed increased or unchanged urine output during vasopressin infu-
sion (124,124,127,128,134—136), which was often associated with an increased
creatinine clearance (127,134—136). The exact mechanism of this diuretic effect
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is poorly understood. While there is no evidence that vasopressin doses higher
than 0.04 U/min may increase urine output, a beneficial effect on renal function
has been observed even at low doses of vasopressin (0.02 U/min). Despite these
encouraging data, researchers (/50) advocate a cautious approach, and further
investigations are warranted before low-dose vasopressin can be considered a
“renoprotective” therapy.

CONCLUSION

During hyperdynamic septic shock, data on the effects of low doses of V1
agonists on global hemodynamics are accumulating. However, to date, there is
no definitive data confirming the superiority of V1 agonists in terms of mor-
tality and morbidity. Given the potentially deleterious intrinsic metabolic and
immune-modulating effects of catecholamines, however, it could be argued that
decreasing the infusion rate of norepinephrine (or other catecholamines are a
relevant target for patients with septic shock. Nevertheless, in view of our cur-
rent knowledge today, the use of V1 agonist cannot only be recommended
for day-to-day routine protocols as has to be restrained to clinical investiga-
tions until the complete publication of the large multicenter randomized trial
(VASST) comparing vasopressin and norepinephrine in patients with septic
shock.
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INTRODUCTION

Whereas blood glucose levels normally are tightly regulated within the nar-
row range of 60—140 mg/dl, they usually rise during critical illness, irrespective
of whether the patient had diabetes or not before the insult. This dysregulation
of glucose homeostasis during critical illness has been labeled ‘stress diabetes’
or ‘diabetes of injury’ (/,2). For a long time, it has been considered to be an
adaptive and beneficial stress response. Indeed, according to a classic dogma
moderate hyperglycemia in critically ill patients is beneficial for organs that
largely rely on glucose for their energy supply but do not require insulin for
glucose uptake, such as the brain and blood cells. Also, the development of
hyperglycemia was regarded as a buffer against occasional hypoglycemia and
consequent brain injury with tight glucose management. However, above the
threshold of 220 mg/dl hyperglycemia-induced osmotic diuresis and fluid shifts
occur. Furthermore, knowledge from the diabetes literature indicates that uncon-
trolled and pronounced hyperglycemia predisposes to infectious complications
(2,3). Hence, until recently, the state of the art tolerated blood glucose levels
up to 220 mg/dl in fed critically ill patients with only excessive hyperglycemia
exceeding this value being treated (4). Nowadays though, this approach has lost
its foundations. Several studies already clearly identified the development of
(even moderate) hyperglycemia as an important risk factor in terms of mortality
and morbidity of critically ill patients suffering from a wide variety of underly-
ing diseases (5—16). Of crucial importance, however, was the demonstration by a
landmark study that normalization of blood glucose levels with intensive insulin
therapy during critical illness reduced mortality and morbidity of the patients
in a surgical intensive care unit (ICU) (/7). This study has had a major impact
worldwide. We here give an overview of the findings of that study and others
performed or initiated after it, discuss some questions that have been raised with
regard to efficacy and safety of the therapy in light of the available evidence,
highlight the practical implications of how to safely implement intensive insulin
therapy, and delineate the insights obtained so far into the mechanisms by which
this therapy establishes its clinical benefits.

INTENSIVE INSULIN THERAPY TO THE TARGET
OF NORMOGLYCEMIA IN CRITICAL ILLNESS:
THE LEUVEN STUDIES

Associations between hyperglycemia and adverse outcome do not necessar-
ily reflect a causal relationship, as the degree of hyperglycemia may be a marker
of more severe illness. To demonstrate causality interference with a treatment
that prevents hyperglycemia and assessment of its impact are needed. The first
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study on this topic included mechanically ventilated adult patients admitted to
the ICU predominantly after extensive, complicated surgery or trauma, or after
medical complications of major surgical procedures (n = 1548) (/7). Patients
assigned to the conventional approach received insulin only if glucose concen-
trations exceeded 215 mg/dl with the aim of keeping concentrations between
180 and 200 mg/dl, resulting in mean morning blood glucose levels of 153 mg/dl
(hyperglycemia). Insulin was administered to the patients in the intensive insulin
therapy group to maintain blood glucose levels between 80 and 110 mg/dl,
which resulted in mean blood glucose levels of 103 mg/dl (normoglycemia).
When admission levels were not taken into account, mean blood glucose levels
were 158 mg/dl in the conventional and 98 mg/dl in the intensive inulin therapy
group.

In the intention-to-treat patient population tight blood glucose control with
insulin lowered ICU mortality from 8.0% to 4.6% (absolute risk reduction, ARR
of 3.4%) and in-hospital mortality from 10.9% to 7.2% (ARR of 3.7%) (Fig. 1).
The benefit was much larger in the target population of patients who required
intensive care for at least 5 days, with a reduction of ICU mortality from 20.2%
to 10.6% (ARR of 9.6%) and of in-hospital mortality from 26.3% to 16.8%
(ARR of 9.5%) (Fig. 1). The choice of the target population as patients in the
ICU for at least 5 days was made arbitrarily, based on another study with a
similar target population (/8). In retrospect, it appeared that the impact of the
intervention increased with the duration of its application and that a substantial
benefit was present with at least 3 days of intensive insulin therapy. Besides
saving lives, intensive insulin therapy substantially prevented several critical
illness-associated complications. The incidence of critical illness polyneuropa-
thy as well as the development of blood stream infections and acute renal failure
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Fig. 1. Impact of intensive insulin therapy on in-hospital mortality of surgical and medical
ICU patients in relation to duration of treatment (17,22). Open bars represent the con-
ventionally treated patients, grey bars represent the patients who received intensive insulin
therapy.
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requiring dialysis or hemofiltration were reduced. Fewer patients acquired liver
dysfunction with hyperbilirubinemia. The need for red blood cell transfusions
decreased. In addition, patients were less dependent on prolonged mechanical
ventilation and intensive care. About 63% of the patients were included in the
study after complicated cardiac surgery. Improvement of long-term outcome
with intensive insulin therapy given for at least a third day in ICU was demon-
strated for this subgroup in a follow-up study (/9). Indeed, the survival benefit
was maintained up to 4 years after randomization. Risk for hospital readmis-
sion and dependency on medical care were similar in both groups. Short-term
glycemic control with insulin during intensive care did not induce a substan-
tial burden for the patients, their relatives or society, but the perceived quality
of social and family life appeared to be moderately compromised. In patients
with isolated brain injury, intensive insulin therapy protected the central and
peripheral nervous system from secondary insults and improved long-term reha-
bilitation (20). Finally, a post-hoc analysis on healthcare resource utilization
illustrated the economic advantages of intensive insulin therapy, with substan-
tial cost savings compared with conventional insulin therapy (217).

After the first study in the Leuven surgical ICU, a second large randomized,
controlled trial on strict blood glucose control with intensive insulin therapy
was started in the Leuven medical ICU (22). The medical study was powered to
demonstrate or exclude an absolute reduction of 7% in the risk of death of long-
stay patients needing at least a third day of intensive care. The power calcula-
tion was based on the outcome results of the surgical study, that had indicated
that the impact of intensive insulin therapy was dependent on the duration of
its application and substantial benefit was present from three days of treatment
onwards (Fig. 1). Inclusion of 1200 patients was necessary in order to obtain
the required 700 long-stay patients, as expected long stay cannot be identified
upon admission. The same insulin-titration protocol was used as in the surgi-
cal study, resulting in mean morning blood glucose levels of 105 mg/dl in the
intensive insulin therapy group versus 160 mg/dl for the conventional glucose
management.

In-hospital mortality of the intention-to-treat population of 1200 patients
was reduced from 40.0% to 37.3% (ARR of 2.7%) (Fig. 1). Statistically, this
difference was not significant, which is not surprising as the study was not
powered for this endpoint, but after correction for well-known upon-admission
risk factors (malignancy, diabetes, kidney failure, upon-admission APACHE
II, TISS-28, CRP, creatinine, ALT) the difference did reach statistical signifi-
cance (odds ratio for intensive insulin 0.77, 95% confidence interval 0.60-0.99,
p = 0.04). In the target group of long-stay patients tight glycemic control with
insulin significantly reduced in-hospital mortality from 52.5% to 43.0% (ARR
0f 9.5%) (Fig. 1). Intensive insulin therapy significantly reduced morbidity in the
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intention-to-treat group of patients. New development of kidney injury occurred
less frequently, the therapy allowed earlier weaning from mechanical ventilation
and earlier discharge from the ICU and from the hospital. The positive effect on
morbidity was even more striking in the target group. These long-stay patients
were discharged from the hospital alive on average 10 days earlier than those
who received conventional insulin therapy and fewer of them developed hyper-
bilirubinemia. The incidence of critical illness polyneuropathy and/or myopathy
was also reduced (23). In contrast to the surgical patients, there was no differ-
ence in bacteremia or prolonged antibiotic therapy requirement for medical ICU
patients, but the number of patients with hyperinflammation was lower (22).

When the surgical and medical patient populations were mixed in a pooled
data set of the two Leuven studies hospital mortality was reduced from 23.6%
to 20.4% (ARR of 3.2%, p = 0.04) for all patients according to intention-to-treat
analysis and from 37.9% to 30.1% (ARR of 7.8%, p = 0.002) in the patients
who remained in the ICU for at least 3 days (24). New development of kid-
ney injury during ICU stay and critical illness polyneuropathy were reduced to
almost half.

OTHER STUDIES ON INTENSIVE INSULIN THERAPY
IN CRITICAL ILLNESS

The clinical benefits of intensive insulin therapy were largely confirmed in
an observational study that assessed the impact of implementing a tight glu-
cose management protocol in ‘real life’ intensive care for a heterogeneous
medical/surgical patient population (n = 1600) (25). Intravenous insulin was
administered only if glucose levels exceeded 200 mg/dl on 2 successive mea-
surements and aimed to lower glycemia below 140 mg/dl. Mean glucose levels
of 131 mg/dl were reached. Hence, blood glucose control was somewhat less
strict than in the Leuven studies. Comparison with historical controls as a ref-
erence, who had mean glucose levels of 152 mg/dl, showed that the implemen-
tation of the glucose control protocol resulted in a hospital mortality reduction
from 20.9% to 14.8% (ARR of 6.1%), decreased length of ICU stay, lower inci-
dence of newly developed renal failure, and reduced need for red blood cell
transfusion. No effect was seen on the occurrence of severe infections, but this
complication was not frequently present in the baseline period. An extended
study in the same hospital (n = 5365) demonstrated a mortality reduction from
19.5% to 14.8% (ARR 4.7%) (26). Implementation of the glucose management
protocol substantially saved money (27).

A small (n = 61) prospective, randomized, controlled study in a predomi-
nantly general surgical patient population, targeted glucose levels between 80
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and 120 mg/dl with intensive insulin therapy. This resulted in mean daily glucose
levels of 125 mg/dl versus 179 mg/dl in the standard glycemic control group and
lower incidence of total nosocomial infections (28).

Intravenous insulin infusion was used to eliminate hyperglycemia in an obser-
vational study of diabetic cardiac surgery patients. In-hospital mortality was sig-
nificantly lower, deep sternal wound infections developed less frequently, and
length of hospital stay was shortened (29).

In a surgical trauma, ICU mean blood glucose levels decreased from
141 mg/dl to 125 mg/dl after implementation of a glucose control protocol. This
coincided with fewer intraabdominal abscesses and fewer postinjury ventilator
days (30).

Patients with severe sepsis and septic shock were studied in a prospective,
randomized, multi-center trial volume substitution and insulin therapy in severe
sepsis (VISEP) (31). Two treatment strategies were assessed simultaneously:
type of fluid resuscitation and intensive insulin therapy. The insulin arm of the
study was stopped prematurely because the rate of hypoglycemia in the intensive
treatment group (12.1%) was considered unacceptably high. At this moment 488
patients were included and 90-day mortality was 29.5% in the intensive versus
32.8% in the conventional insulin treatment arm (ARR of 3.3%, not significant)
(32).

The prospective, randomized, controlled, multi-center GLUCONTROL trial
was designed to investigate whether tight glycemic control to 80-110 mg/dl with
insulin improves survival in a mixed population of critically ill patients (33).
However, the targeted glycemic control was not reached (unintended protocol
violation) and the risk of hypoglycemia was considered high. Therefore, the
steering and safety committee of this trial decided to stop enrollment of patients
after a first interim analysis (n = 855).

It is striking that the available randomized studies all found a uniform
3-4% reduction in the risk of death in the intention-to-treat patient popula-
tions (17,22,24,32). To assign this difference as statistically significant the study
needs to be adequately powered and anticipated baseline risk of death needs to
be taken into account. For instance, critically ill patients in medical ICUs often
have a higher baseline severity of illness and higher intrinsic risk of death than
surgical ICU patients. Hence, a higher number of medical ICU patients would
need to be included compared to surgical ICU patients to demonstrate a similar
absolute risk reduction. The relative reduction in the risk of death was higher in
the surgical than in the medical Leuven ICU study, but a similar (although not
statistically significant, as anticipated by powering for the target group of long-
stay patients) absolute mortality risk reduction was found. This consistency in
the absolute rather than relative risk reduction is in line with prevention of a
certain number of avoidable deaths with intensive insulin therapy by preventing
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additional pathology during intensive care, rather than that the therapy is curing
a disease.

The multi-center trial, called NICE-SUGAR (Normoglycemia in Intensive
Care Evaluation and Survival Using Glucose Algorithm Regulation) is currently
including patients from a mixed medical/surgical population (34). It is the only
clinical trial that is currently ongoing that is designed with sufficient statisti-
cal power (>5000 patients to be incluced) to assess the impact of strict blood
glucose control with intensive insulin therapy on survival.

WHAT SHOULD BE THE TARGET OF GLUCOSE CONTROL
WITH INTENSIVE INSULIN THERAPY?

In the clinical studies on intensive insulin therapy, it is impossible to com-
pletely distinguish the impact of insulin infusion from that of blood glucose
control as both are done concomitantly. Therefore, a four-arm design study was
set up in a rabbit model of prolonged critical illness (35). Two normoinsuline-
mic and two hyperinsulinemic groups were each controlled to either normal
or elevated glucose levels. The study revealed that glycemic control mediated
the survival benefit of intensive insulin therapy, independent of insulin. Indeed,
mortality was 41.4% in hyperglycemic versus 11.1% in normoglycemic rabbits,
whereas insulin levels did not contribute to the survival benefit.

The clinical data are in agreement with this experimental observation. In the
Leuven surgical study, the risk of death appeared to be linearly correlated with
the degree of hyperglycemia, with no clear cut-off level below which there was
no further benefit (36). Conventionally treated patients who developed severe
hyperglycemia (150-200 mg/dl) carried the highest risk of death, this risk was
intermediate for patients who received conventional insulin therapy and who
developed only moderate hyperglycemia (110-150 mg/dl), whereas the lowest
risk was present in the patients whose blood glucose levels were controlled to
strict normoglycemia below 110 mg/dl with intensive insulin therapy. This rela-
tion of risk of death with strata of glucose control was confirmed in the mixed
medical/surgical patient population, with most benefit gained when glycemia
was controlled below 110 mg/dl (24). Patients with diabetes appeared to behave
differently though, with an inverse pattern for the 3 strata of glucose control,
although no significant differences were noted among these 3 levels.

Glycemic control also accounted for most effects of intensive insulin ther-
apy on morbidity of critical illness (17,24,36). Tight glycemic control below
110 mg/dl appeared to be of crucial importance for the prevention of bacteremia,
anemia, and acute renal failure (24,36) and for reducing the risk of critical ill-
ness polyneuropathy, for which a positive linear correlation was observed with
glycemia (20).
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The superior clinical benefit with glucose control below 110 mg/dl under-
scores the importance of achieving the normoglycemic target range. Seventy
percent of the patients allocated to intensive insulin therapy in the Leuven
studies (17,22,24) actually achieved a mean daily blood glucose level below
110 mg/dl. At the time of interim analysis of the GLUCONTROL study, median
(interquartile range) levels of glucose were 147 (127-163) mg/dl in the con-
ventional and 118 (109-131) mg/dl in the intensive insulin group (Preiser JC,
data presented at the 19th European Symposium on Intensive Care Medicine,
Barcelona, Spain, September 2006). This means that tight glycemic control was
achieved in only approximately 25% of the patients on intensive insulin therapy.

FEAR FOR HYPOGLYCEMIA: DOES IT OUTWEIGH
THE CLINICAL BENEFITS OF INTENSIVE INSULIN THERAPY?

Severe (<30 mg/dl) or prolonged hypoglycemia can cause convulsions,
coma, and irreversible brain damage as well as cardiac arrhythmias. The risk
of hypoglycemia is a concern when intensive insulin therapy is administered to
critically ill patients, as early hypoglycemic symptoms are not easily recognized
in ICU patients (4). Indeed, the patients themselves may be unable to recognize
or communicate hypoglycemic symptoms, but also, clinical symptoms may be
masked by concomitant diseases and by inherent intensive care treatments such
as sedation, analgesia, and mechanical ventilation.

The risk of hypoglycemia (glucose < 40 mg/dl) increased with intensive
insulin therapy from 0.8 to 5.1% in the surgical (/7) and from 3.1 to 18.7%
in the medical ICU study (22). Patients with sepsis appeared to be particu-
larly susceptible, with an overall incidence of hypoglycemia of 11.4% (2.9% for
conventional and 19.6% for intensive insulin therapy) versus 3.9% for patients
without sepsis (1.2% for conventional and 6.8% for intensive insulin therapy)
(37). These brief hypoglycemic episodes did not cause early deaths. Only minor
immediate and transient morbidity was seen in a minority of patients and no
late neurological sequellae occurred among hospital survivors (24). Hence, the
biochemical hypoglycemia was not associated with obvious clinical problems.
However, it cannot be completely excluded that the occurrence of hypoglycemia
counteracted some of the survival benefit of intensive insulin therapy. Indeed,
the risk of hypoglycemia coincided with a higher risk of death (OR of 3.2
in the surgical (/7) and OR of 2.9 in the medical ICU study (22), when cor-
rected for randomization, APACHE 1II score, history of diabetes, history of
malignancy, and common diagnostic subgroups), equally in both conventional
and intensive insulin groups. It is interesting, however, that a higher mortality
was observed with spontaneous hypoglycemia than with hypoglycemic events
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during insulin infusion. In a recent nested-case control study, where case
and control subjects were matched for baseline risk factors and time in ICU
before development of hypoglycemia, no causal link was found between the
hypoglycemic event and death (38). These observations support the view that
hypoglycemia in ICU patients who receive intensive insulin therapy may merely
identify patients at high risk of dying rather than representing a risk on its own
(39). Moreover, higher severity of illness, with a higher incidence of liver and
kidney failure, makes patients more susceptible to the development of hypo-
glycemia. As most benefit was gained with the tightest blood glucose control,
the risk of hypoglycemia should be weighed against improved outcome. Never-
theless, the utmost care has to be taken to avoid hypoglycemia.

The incidence of hypoglycemia was comparable for the Leuven studies (11%)
and GLUCONTROL (10%), but the achievement of tight glucose control was
dramatically different (17,22,24,33). Importantly, if optimal blood glucose con-
trol, that is, to normoglycemia, is not achieved and hypoglycemia is frequent,
the therapy is not likely to bring about benefit and thus only exposes patients to
risks. If hypoglycemia does develop, it should be corrected promptly but with
the caution not to overcorrect, as recent animal experiments suggest that neu-
ronal death can be triggered by glucose reperfusion and activation of neuronal
NADPH oxidase (40).

DO ALL PATIENTS BENEFIT FROM INTENSIVE
INSULIN THERAPY?

A novel intervention can only be advocated for patients who are likely to
benefit from the therapy. Therefore, the databases of the 2 Leuven studies
were pooled to look at large diagnostic subgroups of mixed medical/surgical
patients (1/7,22,24,37). Intensive insulin therapy reduced mortality and morbid-
ity of patients with cardiovascular, respiratory, gastrointestinal/hepatic disease
or surgery, of patients with active malignancy and of those with sepsis upon ICU
admission (24,37). All these subgroups had a quite comparable absolute reduc-
tion in the risk of death. Morbidity of patients with a prior history of diabetes
tended to be reduced with administration of intensive insulin therapy. However,
they showed no survival benefit and the risk of death in relation to strata of glu-
cose control was rather the inverse (although not significantly different) as for
the other groups (vide supra). Hence, while awaiting further studies, it may be
advisable to lower glucose levels less aggressively and set the treatment goal
for patients with diabetes to the glucose levels obtained prior to the acute insult.
Interestingly, patients with diabetes who were on insulin treatment prior to crit-
ical illness had a tendency for an increased risk of death (odds ratio 1.39, 95%
confidence interval 0.96-2.01, p =0.08), whereas those who had previously been
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treated with medication other than insulin had a lower risk of death (odds ratio
0.61, 95% confidence interval 0.40-0.93, p = 0.02), as revealed by multivariate
logistic regression analysis that corrected for other upon admission risk factors
such as severity of illness and cancer, and for intensive insulin therapy in ICU
(odds ratio 0.78, 95% confidence interval 0.63-0.96, p = 0.02). The exact reason
for this statistical association remains to be investigated.

In both Leuven studies, the survival benefit obtained with intensive insulin
therapy was more pronounced when the patients received this therapy for at
least a few days (17,22) and a striking parallelism was observed between both
studies for this time effect (Fig. 1). An apparent difference in both studies was
that in the medical study a higher, but not statistically significant, number of
intensive insulin-treated short-stay patients died (56/209) than in the conven-
tional group (42/224), which was of concern to the practicing clinician. It would
suggest possible harm by brief treatment, whereas it is virtually impossible to
predict which patient will require more than 3 days of intensive care. However,
selection bias likely explains this observation: a post hoc exploratory mortality
analysis revealed that for 36 short-stay patients intensive care had been limited
or withdrawn within 72 hours after ICU admission for reasons of futility, imbal-
anced among the conventional (n = 10) and intensive (n = 26) insulin therapy
groups. The apparent mortality difference disappeared after correction for the
well-known upon-admission risk factors that are the major reasons for therapy
restriction. Importantly, when the datasets from the surgical and the medical
study were pooled, statistical power was sufficient to show that brief insulin
treatment for less than 3 days did not cause harm (24).

COULD HIGH-DOSE INSULIN ADMINISTRATION HARM
THE CRITICALLY ILL PATIENT?

Not only hyperglycemia, but also the dose of insulin administered to the crit-
ically ill patients was associated with a high risk of death (17,24,36,41). This
further indicates that it was the blood glucose control and/or other metabolic
effects of insulin that accompany tight blood glucose control, and not the insulin
dose administered per se, that contributed to the improved survival with inten-
sive insulin therapy. The association between high insulin dose and mortality
can be explained by more severe insulin resistance in the sicker patients, who
have a high risk of death. Alternatively, it could point to a true deleterious
effect of hyperinsulinemia. In patients who received intensive insulin therapy
circulating levels of insulin were, however, only transiently higher in spite of
the large difference in insulin dose administered compared with conventionally
treated patients (42). More study is needed to address this important question, as
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potential harm to some patients cannot be definitively excluded with the avail-
able evidence.

PRACTICAL CONSIDERATIONS WHEN IMPLEMENTING
TIGHT GLYCEMIC CONTROL

Implementation of strict blood glucose control in the routine clinical setting
of certain ICUs may prove to be a challenge. A strong leader in the team has to
drive the change in practice. The best way to achieve blood glucose control dur-
ing intensive care is by continuous insulin infusion. The use of oral anti-diabetic
agents in patients with previously diagnosed diabetes should be discontinued.
Obviously, clear guidelines are needed as well as adequate education and train-
ing of the medical and nursing staff, the latter being the ones who should titrate
the insulin infusions. Inevitably, frequent blood glucose determinations are nec-
essary and will increase the working load for the nurses. In the research setting
of the two Leuven studies the nursing staff was unaltered compared to before
the onset of the study, with 1 nurse taking care of 2 patients (17,22).

Avoiding hypoglycemia is a special concern and specific preventive mesures
include the concomitant administration of insulin and carbohydrates and close
monitoring of blood glucose levels, also after stable glucose levels are obtained.
Obviously, the insulin dose should be adequately reduced during interruption of
enteral feeding. The development of an accurate and reliable continuous blood
glucose sensor, and preferably a closed-loop system for computer-assisted blood
glucose control, will likely help to avoid hypoglycemia and to reduce the nursing
workload. Hence, availability of such a device is likely to facilitate implementa-
tion of tight blood glucose control in ICU.

Evidently, one needs to be able to rely on the accuracy of the blood glucose
determinations. As routine central hospital laboratories deliver glucose values
too slowly for use in a glucose regulation protocol, bed-side point-of-care meth-
ods are used instead. Importantly, differences between systems and methods of
detection, the use of plasma versus whole blood and patient variables (extremes
of haematocrit, pH, oxygenation, medications, and temperature) can influence
the glucose readings and result in different absolute values (43,44). This might
have implications for comparing the appropriate glucose targets and algorithms
for glucose control in relation to the glycemic control of the Leuven studies.
Both Leuven studies used whole arterial blood and determined glucose with an
ABL blood gas analyzer (shown to be accurate, rapid, and user-friendly (45))
and by HemoCue. The absence of an arterial line may make tight blood glucose
control very difficult as capillary blood glucose values, obtained by finger stick
(46—48) or measurements in fluid obtained from subcutaneous sites (49,50) do
not appear to be reliable in the ICU setting.
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When all these considerations are taken into account and the conditions ful-
filled, successful implementation of strict blood glucose control with intensive
insulin therapy is feasible, as has already been shown (25).

HOW DOES INTENSIVE INSULIN THERAPY IMPROVE
OUTCOME FROM CRITICAL ILLNESS?

Development of Stress Hyperglycemia and Mechanism by Which
Intensive Insulin Therapy Achieves Blood Glucose Control

Glucose production by the liver is enhanced in critical illness by an upregu-
lation of both gluconeogenesis and glycogenolysis, despite high blood glucose
levels and augmented insulin secretion. The mechanism is not completely clear,
but increased levels of glucagon, cortisol, growth hormone, catecholamines, and
cytokines all play a role (5/-56). Several of their effects indeed counteract
the normal actions of insulin. Impaired glucose uptake also contributes to the
development of hyperglycemia. Critically ill patients are immobilized, which
means that the important excercise-stimulated glucose uptake in skeletal muscle
is likely abolished. Insulin-stimulated glucose uptake by glucose transporter-4
(GLUT-4) is compromized (57,58). Whole body glucose uptake is increased,
however, but mainly takes place in tissues that are not dependent on insulin for
glucose uptake, such as the nervous system and the blood cells (2,59). The com-
bined picture of higher levels of insulin, elevated hepatic glucose production,
and impaired peripheral glucose uptake reflects the development of peripheral
insulin resistance during critical illness.

Data from the studies performed by our group suggest that mainly stim-
ulation of glucose uptake by skeletal muscle explains how intensive insulin
therapy lowers circulating glucose levels in critically ill patients, rather than
an effect of insulin on hepatic glucose handling (60,617). This is illustrated by
improved responsiveness of the insulin-regulated genes GLUT-4 (controlling
insulin-stimulated glucose uptake) and hexokinase-II (rate-limiting enzyme in
intracellular insulin-stimulated glucose metabolism) in skeletal muscle, in con-
trast to the lack of an effect of intensive insulin therapy on insulin-regulated
genes in the liver, including glucokinase (rate-limiting enzyme for insulin-
mediated glucose uptake and glycogen synthesis in liver), phosphoenolpyruvate
carboxykinase (rate-limiting for gluconeogenesis), and insulin-like growth fac-
tor binding protein-1. These findings were corroborated by a recent study that
showed that the metabolic insulin signal was increased in post-mortem skeletal
muscle biopsies from patients who received intensive insulin therapy, as illus-
trated by an increase in the assocation between insulin-receptor-substrate-1 and
phosphoinositide-3-kinase and increased phosphorylation of Akt, whereas no
effect was seen in liver (42).
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Does Parenteral Nutrition Take Part in the Effect of Intensive
Insulin Therapy?

Criticism has been raised with regard to the feeding regimen that was
followed in the Leuven studies. Official guidelines were followed though
(17,22,62), with enteral feeding attempted as soon as possible after hemody-
namic stabilization of the patients, but early administration of parenteral feed-
ing to compensate for the deficit when the caloric target could not be reached.
It was suggested that the patients in this way were at risk of overfeeding and
that intensive insulin therapy would merely serve to offset risk associated with
‘excessive’ parenteral glucose. Analysis of the pooled dataset of the two Leu-
ven studies (24) argues against such criticism, by showing a mortality benefit
independent of strata of glucose control. Indeed, intensive insulin therapy low-
ered mortality both in the lowest and the highest tertile of parenteral glucose
load in the intention-to-treat population and in all tertiles of parenteral feeding
for patients treated in intensive care for at least 3 days. Moreover, the most pro-
nounced benefit was present for patients who received the smallest amount of
parenteral feeding. Although the Leuven feeding regimen is different from the
approach adopted in many centers, where parenteral nutrition is started only late
after admission to the ICU with prolonged failure of enteral nutrition, it looks
like the fear for complications of overfeeding may be exaggerated and needs to
be reassessed in the era of tight glycemic control (63).

Intensive Insulin Therapy Protects Against Glucose Toxicity
in Critical Illness

As indicated above, preventing hyperglycemia is crucial to obtain the clinical
benefits of intensive insulin therapy. It is striking that by avoiding even a
moderate degree of hyperglycemia only during the relatively short period
the patients needed intensive care, this strategy prevented the most feared
complications of critical illness. Downregulation of glucose transporters is the
normal response of cells to protect themselves from deleterious effects of mod-
erate hyperglycemia (64). In patients with diabetes, the time frame in which
chronic hyperglycemia causes severe complications is several orders of mag-
nitude longer than the time it took to prevent life-threatening complications
in critical illness. This indicates that hyperglycemia would be more acutely
toxic in critically ill patients than in healthy individuals or diabetic patients.
Upregulation of insulin-independent glucose uptake mediated by the facili-
tative glucose transporters GLUT-1, GLUT-2, or GLUT-3 may play a role.
Several factors induced in critical illness, including cytokines, angiotensin I,
endothelin-1, vascular endothelial growth factor, transforming growth factor-3?
but also the development of hypoxia have been shown to increase the expression
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and membrane localization of GLUT-1 and GLUT-3 in different cell types
(65-69), which may overrule the normal downregulatory protective response
against hyperglycemia. Furthermore, GLUT-2 and GLUT-3 allow glucose to
enter cells directly proportional to the extracellular glucose level over the range
of glycemia present in critical illness (70). Hence, cellular glucose overload may
develop in hepatocytes, endothelial, epithelial and immune cells, renal tubules,
the central and peripheral nervous system, pancreatic [3-cells, and gastrointesti-
nal mucosa. In contrast, cells and tissues that predominantly rely on insulin-
dependent glucose transport via GLUT-4, such as skeletal muscle, may be rel-
atively protected against hyperglycemia-induced cellular glucose overload and
toxicity.

Mitochondrial dysfunction and the associated bioenergetic failure have been
regarded as factors contributing to multiple organ failure, the most common
cause of death in sepsis and prolonged critical illness, and have indeed been
related to lethal outcome in patients and in a resuscitated long-term rat model
of sepsis (71,72). Intensive insulin therapy protected hepatocytic mitochon-
dria from severe ultrastructural and functional damage (73), whereas no effect
was seen in skeletal muscle. These data are consistent with the concept that
insulin therapy prevented hyperglycemia-induced mitochondrial damage to hep-
atocytes. Together with a similar protection of other cellular systems with pas-
sive glucose uptake this could theoretically explain some of the beneficial effects
of intensive insulin therapy in severe illness.

All major components of innate immunity are compromised by high glucose
levels (74), including polymorphonuclear neutrophil function and intracellular
bactericidal and opsonic activity (75—78). This may play a role in the increased
susceptibility of critically ill patients to develop severe infections (3,79). Impor-
tantly, intensive insulin therapy largely prevented severe nosocomial infections
and lethal sepsis in critically ill patients (/7,37). Glucose control with insulin
beneficially affected innate immunity in an animal model of prolonged crit-
ical illness, by preservation of phagocytosis and oxidative burst function of
monocytes (80).

Several decades ago, the infusion of glucose together with insulin and potas-
sium (GIK) emerged as a metabolic cocktail to reduce early mortality and mor-
bidity of patients with acute myocardial infarction and yielded promising results.
However, no clinical benefits were found in two recent large, randomized trials
on GIK therapy in patients with acute myocardial infarction (CREATE-ECLA)
and patients with diabetes and myocardial infarction (DIGAMI-2) (81,82). GIK
infusion for 24 hours after acute stroke also failed to reduce mortality (83,84).
Importantly, neither study performed or succeeded in tight blood glucose con-
trol, which may explain the disappointing results.
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Intensive Insulin Therapy also Exerts Non-glycemic Effects

The serum lipid profile of critically ill patients is severely disturbed: triglyc-
eride levels are elevated (due to an increase in very-low-density lipoprotein),
whereas levels of high-density lipoprotein (HDL)- and low-density lipoprotein
(LDL)-cholesterol are low (85-87). Intensive insulin therapy prevented the rise
in serum triglycerides during full nutritional support and substantially increased
circulating HDL and LDL and the level of cholesterol associated with these
lipoproteins (60). Serum triglycerides and free fatty acids were also decreased
when burned children were treated with insulin (88). Triglycerides have an
important role in energy provision, lipoproteins in transportation of lipid com-
ponents and endotoxin scavenging (89—91). Hence, a contribution of the (par-
tial) correction of the lipid profile to improved outcome may be expected. This
has indeed been confirmed in multivariate logistic regression analysis, where the
effect on dyslipidemia surprisingly even surpassed the effect of glycemic control
(60).

Insulin has well-recognized anabolic properties, including stimulation of mus-
cle protein synthesis and attenuation of protein breakdown (92—94). There-
fore, the administration of insulin has been put forward as an intervention to
attenuate the hypercatabolic state of prolonged critical illness (95,96). Such an
anabolic effect was not obvious from clinical observation in the surgical ICU trial
(17), but a higher protein content was measured in post-mortem skeletal mus-
cle biopsies of patients who received intensive insulin therapy (73) and in a rab-
bit model of prolonged critical illness weight loss was prevented (80). Altered
regulation at the level of the somatotropic axis appeared not to be involved (97).

Anti-inflammatory properties of insulin are illustrated by lowered serum
C-reactive protein (CRP) and mannose-binding lectin levels with intensive
insulin therapy (98). This effect was independent of infection prevention. In a
rabbit model a similar attenuation of the CRP response was seen (80). Insulin
therapy had no major effect on an extensive series of pro- and anti-inflammatory
cytokines in surgical critically ill patients (99). This is in contrast with a study
of burned children, where the administration of insulin resulted in lower lev-
els of pro-inflammatory cytokines and proteins and stimulation of the anti-
inflammatory cascade, but only late after the insult (88). Similar results were
obtained from studies on endotoxemic rats and pigs and thermally injured rats
(100-102). These anti-inflammatory effects of insulin therapy may have been
direct, but prevention of hyperglycemia may have been crucial as well.

It has also been shown that insulin is able to improve myocardial function and
protect the myocardium during acute myocardial infarction, open heart surgery,
endotoxic shock, and other critical conditions (/03,104). This may be due to
direct anti-apoptotic properties of insulin independent of glucose uptake and



270 Part II / Non-Endocrine Critical Illnesses

involving insulin signalling (/03,105,106), but avoiding hyperglycemia is cru-
cial as well (vide supra) (1/03). Intensive insulin therapy protected the endothe-
lium, which related to its prevention of organ failure and death (99). Lower
levels of adhesion molecules indicated that endothelial activation was reduced.
Inhibition of excessive iNOS-induced NO release is likely involved. Levels of
asymmetric dimethylarginine, an arginine derivative and endogenous inhibitor
of nitric oxide synthase activity, were also reduced (/07). This was associated
with a better outcome, most likely mediated by reducing the inhibition of the
constitutively expressed endothelial nitric oxide synthase (/08), contributing to
preservation of organ blood flow.

Finally, the cortisol response to critical illness was attenuated by intensive
insulin therapy, which statistically related to improved outcome (/09). Altered
cortisol-binding activity was not involved.

CONCLUSION

More and more evidence argues against the concept that the diabetes of injury
is an adaptive, beneficial response in the modern ICU era. Maintenance of nor-
moglycemia with intensive insulin therapy has been shown to improve survival
and reduce morbidity of critically ill patients. Demonstration of these clinical
benefits appears to depend on the quality of blood glucose control (target of sus-
tained normoglycemia has to be reached in a large enough fraction of patients,
with avoidance of overlapping glucose levels with the control group, and pre-
vention of excessive hypoglycemia) and the statistical power of the studies.
Higher reductions in the absolute risk of death and in morbidity are seen when
the therapy is continued for at least a few days. Substantial progress has been
made in the understanding of the mechanisms underlying the clinical benefits
of intensive insulin therapy. Much more is to be learnt about the exact pathways
involved, as well as the relative contribution of preventing glucose toxicity and
direct non-glycemic effects of insulin.
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INTRODUCTION

Disorders of sodium and water homeostasis are among the most commonly
encountered disturbances in the acute care setting, because many disease states
cause defects in the complex mechanisms that control the intake and output
of water and solute. Since body water is the primary determinant of extra-
cellular fluid osmolality, disorders of body water balance can be categorized
into hypoosmolar and hyperosmolar disorders, depending upon the presence
of an excess or a deficiency of body water relative to body solute. The main
constituent of plasma osmolality is sodium; consequently, hypoosmolar and
hyperosmolar disease states are generally characterized by hyponatremia and
hypernatremia, respectively. Both of these disturbances, as well as their overly
rapid correction, can cause considerable morbidity and mortality (/—4). After a
brief review of normal water metabolism, this article focuses on the diagnosis
and treatment of hyponatremia and hypernatremia in the acute care setting.
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OVERVIEW OF NORMAL WATER METABOLISM

Whereas sodium metabolism is predominately regulated by the renin-
angiotensin-aldosterone system (RAAS), water metabolism is controlled
primarily by arginine vasopressin (AVP). AVP is a nine-amino acid peptide
produced by cell bodies of magnocellular neurons located in the hypothala-
mic supraoptic and paraventricular nuclei and secreted into the bloodstream
from axon terminals located in the posterior pituitary. The primary inputs to
these hypothalamic neurons are via hypothalamic osmoreceptors and brainstem
cardiovascular centers (5). Osmoreceptors located in the anterior hypothalamus
stimulate AVP secretion in response to increased plasma osmolality and inhibit
AVP secretion when plasma hypoosmolality is detected. Baroreceptors located
in the carotid arteries and aortic arch also stimulate AVP secretion in response
to decreases in mean arterial pressure or blood volume. AVP controls water per-
meability at the level of the nephron by binding to AVP V, receptors, causing
aquaporin-2 (AQP2) water channel insertion into the luminal surface of collect-
ing duct cells, thereby stimulating free water reabsorption and hence antidiuresis
(6). Chronically, AVP also increases the synthesis of AQP2 in principal cells of
the collecting duct, resulting in enhanced water permeability and maximal antid-
iuresis (7).

Many different neurotransmitters and hormones can stimulate AVP release,
including acetylcholine, histamine, dopamine, prostaglandins, bradykinin, neu-
ropeptide Y and angiotensin II. Many others inhibit AVP release, including nitric
oxide, atrial natriuretic peptide, and opioids (8—10). Norepinephrine not only
stimulates AVP release via al-adrenoreceptors but also inhibits AVP release
via a2-adrenoreceptors and (3-adrenoreceptors (/1,12). Since AVP secretion is
influenced by so many different factors, any one of which may predominate in
a given clinical circumstance, dysregulated AVP secretion is often the cause of
impaired water homeostasis in acute illness.

HYPONATREMIA

Hyponatremia is a common electrolyte abnormality that varies greatly in its
clinical presentation. It has been estimated that approximately 1% of hypona-
tremic patients have acute symptomatic hyponatremia, 4% have acute asymp-
tomatic hyponatremia, 15-20% have chronic symptomatic hyponatremia, and
75-80% have chronic asymptomatic hyponatremia (/3). The incidence of
hyponatremia (serum [Na®] <134 mmol/L) in an intensive care unit was
prospectively found to be approximately 30% (/4). The in-hospital mortality
for critical care patients with hyponatremia approaches 40%, and hyponatremia
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has been shown to be an independent predictor of mortality in the intensive
care unit (15).

Hyponatremia is generally categorized based on serum tonicity as isotonic,
hypotonic, or hypertonic. Although most instances of hyponatremia in acute
illness are associated with hypotonicity, isotonic and hypertonic hyponatremia
are also well-documented and are briefly discussed first.

Isotonic Hyponatremia

Isotonic hyponatremia is usually synonymous with so-called pseudo-
hyponatremia, and must be distinguished from true hypoosmolality. Plasma
osmolality may be measured directly in the laboratory by osmometry, or cal-
culated based on the following formula:

Posm (mOsm/kg H,0) = 2 x serum [Na*](mmol/L)
+ glucose (mg/dL)/18 + BUN(mg/dL)/2.8

Normal serum is typically comprised of 93% water and 7% non-aqueous fac-
tors, including lipids and proteins (16). Although the non-aqueous components
do not affect serum tonicity, in states of marked hyperproteinemia or hyper-
lipidemia (typically elevated chylomicrons or triglycerides), the non-aqueous
proportion of serum is relatively increased with respect to the aqueous portion,
thereby artifactually decreasing the concentration of Na™/L of serum although
the concentration of Na*/L of serum water is unchanged. Because isotonic
hyponatremia does not cause movement of water between the intracellular fluid
(ICF) and extracellular fluid (ECF) compartments, it is not a meaningful cause
of disturbed body fluid homeostasis in the acute care setting, but it must be dis-
tinguished from more pathological disorders.

Hypertonic Hyponatremia

Hypertonic hyponatremia has also been termed translocational hypona-
tremia, since the presence of osmotically active particles in the plasma induces
an osmotic movement of water from the ICF to the ECF, and thereby decreases
serum [Na™] even though serum osmolality remains elevated. Solutes such as
glucose, mannitol, sorbitol, or radiocontrast agents all exert this effect. The
generally accepted calculation to correct serum [Na™] for hyperglycemia is a
decrease in serum [Na™] of 1.6 mmol/L for every 100 mg/dL increase in glu-
cose concentration. However, some investigators have found a serum [Na™] cor-
rection factor of 2.4 mmol/L to be more accurate, especially at higher plasma
glucose concentrations (e.g., > 400 mg/dL) (17).
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Hypotonic Hyponatremia

Of most relevance in the acute care setting is hypotonic hyponatremia, a
condition indicative of an excess of water relative to solute in the ECF. Hypo-
tonic hyponatremia can occur either as a result of solute depletion, a primary
decrease in total body solute (often with secondary water retention), or solute
dilution, a primary increase in total body water (often with secondary solute
depletion) (Table 1) (2,79). Hypotonic or hypoosmolar hyponatremia is gen-
erally subdivided according to the clinical ECF volume status. A recent retro-
spective analysis found the relative distributions of hypotonic hyponatremia in
the intensive care setting to be 24% hypervolemic, 26% hypovolemic, and 50%
euvolemic (15).

HYPOVOLEMIC HYPOOSMOLAR HYPONATREMIA

Simultaneous water and sodium loss results in ECF volume depletion, with
secondary AVP secretion and decreased free water excretion. Retention of water
from ingested or infused fluids can then lead to the development of hypona-
tremia. Primary solute depletion can occur via renal or extrarenal sodium losses,
each of which can have multiple etiologies.

Extrarenal solute losses. Vomiting, diarrhea, hemorrhage, excessive sweat-
ing, and dehydration all cause extrarenal losses of sodium and potassium, and
the fluid loss that accompanies the solute losses is a potent stimulant to AVP
secretion. Hyponatremia in hypovolemic shock secondary to volume loss (from
hemorrhage or gastrointestinal free water losses), or distributive shock (sec-
ondary to sepsis where there is a relative hypovolemia from vasodilatation),
is characterized by a urine sodium concentration (Un,) generally less than
20 mmol/L, reflecting appropriate nephron function to maximize sodium reab-
sorption and hence conserve body solute and ECF volume.

Renal solute losses. Diuretics, mineralcorticoid deficiency, and nephropathies
are all important etiologies of renal sodium loss that can lead to the develop-
ment of hypovolemic hyponatremia. In patients on diuretics, hypokalemia from
kaliuresis can worsen hyponatremia by causing a net movement of sodium intra-
cellularly. Thiazides are more commonly associated with severe hyponatremia
than are loop diuretics such as furosemide (/8). Renal solute loss is charac-
terized by high urine sodium excretion, typically Uy, greater than 20 mmol/L,
despite degrees of volume depletion that would normally activate mechanisms
causing renal sodium conservation.

Patients with mineralcorticoid deficiency from primary adrenal insufficiency,
or Addison’s disease, can present in the acute care setting with either new-onset
adrenal insufficiency or following a period of inadequate steroid replacement,
and are typically profoundly volume depleted. Aldosterone secreted from the
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Table 1
Pathogenesis Of Hypoosmolar Disorders

SOLUTE DEPLETION (PRIMARY DECREASES IN TOTAL BODY
SOLUTE + SECONDARY WATER RETENTION)*:

1. RENAL SOLUTE LOSS
Diuretic use
Solute diuresis (glucose, mannitol)
Salt wasting nephropathy
Mineralocorticoid deficiency

2. NON-RENAL SOLUTE LOSS
Gastrointestinal (diarrhea, vomiting, pancreatitis, bowel obstruction)
Cutaneous (sweating, burns)
Blood loss

SOLUTE DILUTION (PRIMARY INCREASES IN TOTAL BODY
WATER SECONDARY SOLUTE DEPLETION)*:

1. IMPAIRED RENAL FREE WATER EXCRETION

A. INCREASED PROXIMAL NEPHRON REABSORPTION
Congestive heart failure
Cirrhosis
Nephrotic syndrome
Hypothyroidism

B. IMPAIRED DISTAL NEPHRON DILUTION
Syndrome of Inappropriate antidiuretic hormone secretion (STADH)
Glucocorticoid deficiency

2. EXCESS WATER INTAKE
Primary polydipsia

* Virtually all disorders of solute depletion are accompanied by some degree of secondary
retention of water by the kidneys in response to the resulting intravascular hypovolemia; this
mechanism can lead to hypoosmolality even when the solute depletion occurs via hypotonic or
isotonic body fluid losses. Disorders of water retention can cause hypoosmolality in the absence
of any solute losses, but often some secondary solute losses occur in response to the resulting
intravascular hypervolemia and this can then further aggravate the dilutional hypoosmolality.

adrenal zona glomerulosa acts at the distal collecting duct to stimulate sodium
reabsorption and hydrogen ion and potassium secretion. Conversely, aldosterone
deficiency leads to excessive urinary sodium loss, intravascular volume deple-
tion, and decreased glomerular filtration rate (GFR) which, in turn, stimulates
baroreceptor-mediated AVP secretion and reduced water clearance with sec-
ondary water retention and hyponatremia (/9).
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A unique form of hyponatremia due to primary renal sodium losses some-
times seen in critically ill patients with neurological lesions is cerebral salt wast-
ing. This syndrome occurs following head injury or neurosurgical procedures.
The initiating event is loss of sodium in the urine, which results in a decrease
in intravascular volume leading to secondary water retention and hyponatremia
because of a hypovolemic stimulus to AVP secretion. Superficially, cerebral salt
wasting resembles syndrome of inappropriate antidiuretic hormone secretion
(SIADH): both are hyponatremic disorders often seen after head injury with
relatively high urine sodium excretion rates and urine osmolality along with
plasma AVP levels that are inappropriately high in relation to serum osmolality.
However, in patients who have cerebral salt wasting the increase in AVP is sec-
ondary to volume depletion, whereas a high AVP level is the primary etiologic
event in patients with SIADH, who are euvolemic or have a modest increase in
plasma volume from water retention. The relative distribution of cerebral salt
wasting and SIADH among hyponatremic neurosurgery patients is unknown,
and the etiology of cerebral salt wasting has not been definitively established.
Abnormal sympathetic outflow to the kidney with a pressure natriuresis as well
as abnormal secretion of atrial or brain natriuretic peptide (ANP, BNP) have
been proposed as potential causes (20,21). Differentiation of cerebral salt wast-
ing from SIADH hinges upon establishing that a period of urinary sodium loss
and volume depletion preceded development of hyponatremia. Because infu-
sion of isotonic saline into a euvolemic patient with STADH results in a rapid
excretion of the salt and fluid load to maintain balance, a high urine sodium con-
centration and urine flow rate alone do not establish that cerebral salt wasting
is present. The patient’s vital signs, weight, and input/output records should be
reviewed carefully to determine what the patient’s volume status and net fluid
balance were just before and during the development of hyponatremia, and cur-
rent physical findings and hemodynamic measures should also be taken into
account (22).

In the acute care setting, depletional hyponatremia from decreased sodium
ingestion rather than increased sodium loss can occur in patients on chronic
enteral feedings, because many tube feed preparations are relatively low in
sodium content (23). Elderly patients are at greater risk for hypovolemic
hyponatremia from a variety of causes than are younger individuals (24).

EUVOLEMIC HYPOOSMOLAR HYPONATREMIA

Virtually any disease state causing hypoosmolality can present with what
appears to be a normal hydration status based on the usual methods of ECF
volume assessment. Clinical evaluation of volume status is not very sensitive,
whereas laboratory measures such as normal or low blood urea nitrogen (BUN)
and uric acid concentrations and an elevated Uy, are useful correlates of normal
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ECF volume (2,25). Many different disease states can present with euvolemic
hyponatremia, and the largest subgroup of patients has presented with hypoos-
molar hyponatremia across multiple studies over many years (/,15,26).
Syndrome of inappropriate antidiuretic hormone secretion (SIADH). STADH
is the most common cause of euvolemic hyponatremia in acute illness. It is
essential to recognize that hypoosmolality does not always imply that AVP
secretion is inappropriate, especially in the hypovolemic patient. Diagnostic cri-
teria for SIADH remain as defined in 1967 by Bartter and Schwartz (Table 2)
(27). First, ECF hypoosmolality must be present and hyponatremia secondary
to pseudohyponatremia or hyperglycemia must be excluded. Second, urinary
osmolality must be greater than maximally dilute urine (i.e., >100 mOsm/kg
H,0). However, urine osmolality must only be inappropriate at some plasma
osmolality (i.e., <275 mOsm/kg H,0), and not for all levels of plasma osmo-
lality, as found in the reset osmostat variant of SIADH (28). Third, clinical euv-
olemia must be present, since hypo- and hypervolemic states imply other causes
of hyponatremia as described elsewhere in this article. A patient with SIADH
may develop hyper- or hypovolemia for other reasons, but a diagnosis of SIADH

Table 2
Criteria for the Diagnosis of SIADH

ESSENTIAL:

1. Decreased effective osmolality of the extracellular fluid (Posy < 275 mOsm/kg
H,0).

2. Inappropriate urinary concentration (Uygy >100 mOsm/kg H,O with normal
renal function) at some level of hypoosmolality.

3. Clinical euvolemia, as defined by the absence of signs of hypovolemia
(orthostasis, tachycardia, decreased skin turgor, dry mucous membranes) or
hypervolemia (subcutaneous edema, ascites).

4. Elevated urinary sodium excretion while on a normal salt and water intake.

5. Absence of other potential causes of euvolemic hypoosmolality:
hypothyroidism, hypocortisolism (Addison’s disease or pituitary ACTH
insufficiency) and diuretic use.

SUPPLEMENTAL:

6. Abnormal water load test (inability to excrete at least 80% of a 20 ml/kg water
load in 4 hours and/or failure to dilute Uy, to < 100 mOsm/kg H,O).

7. Plasma AVP level inappropriately elevated relative to plasma osmolality.

8. No significant correction of plasma [Na*] with volume expansion but
improvement after fluid restriction.
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cannot be made until euvolemia is restored. An increased Uy, (> 30 mmol/L)
(25) is the fourth essential criterion, but patients with STADH can have low Uy,
if hypovolemia or solute depletion is present. Although increased natriuresis is
primarily a manifestation of free water retention (29), there may also be co-
existing true sodium depletion secondarily (30). Finally, SIADH is a diagnosis
of exclusion, and can only be made in the setting of normal renal, thyroid, and
adrenal function. Because up to 20% of patients who meet the above criteria for
SIADH do not appear to have elevated AVP levels (3/), some have proposed
renaming this entity the syndrome of inappropriate antidiuresis (SIAD) (32).

It is always important to diagnose the underlying etiology of SIADH, as
successful long-term correction of hyponatremia will also require treating the
underlying disorder. The most common causes of SIADH in the acute care set-
ting can be divided into five main categories: pulmonary disease, central nervous
system disease, drug induced, tumors, and other etiologies (Table 3). Pulmonary
infections common in the acute care setting such as viral, bacterial and tuber-
culous pneumonia, aspergillosis, and empyema can all cause hyponatremia, as
can non-infectious pulmonary diseases such as asthma, atelectasis, pneumotho-
rax, and acute respiratory failure. Some bacterial infections seem to be associ-
ated with a higher incidence of hyponatremia, particularly legionella pneumonia
(33,34). Both animal and human studies have demonstrated that hypoxia impairs
free water diuresis via increased AVP secretion in the absence of decreased car-
diac output, mean arterial pressure, or GFR (35). Evidence suggests that hyper-
capnia also impairs free water excretion independent of the effect from hypoxia.
In one prospective study of ventilated patients in the ICU, plasma AVP levels
were significantly elevated in hypercapneic patients (PaCO, >45 mmHg) com-
pared to the nonhypercapneic state (36).

Glucocorticoid deficiency. Secondary adrenal insufficiency, or hypopitu-
itarism, can also lead to hyponatremia but via a different mechanism than
primary adrenal insufficiency. Secondary adrenal insufficiency causes a solute
dilution via an increase in total body water rather than the solute depletion that
characterizes primary adrenal insufficiency. The glucocorticoid deficiency that
defines secondary adrenal insufficiency causes impaired free water clearance
through both AVP-dependent and AVP-independent means (37). Because the
main regulator of aldosterone secretion is the RAAS and not ACTH secretion
by the pituitary, hyponatremia is not a result of renal salt wasting from mineralo-
corticoid deficiency in secondary adrenal insufficiency, or relative adrenal insuf-
ficiency in septic shock. Nevertheless, glucocorticoid deficiency can result in a
clinical picture almost identical to SIADH, because there is loss of hypoosmolar
inhibition of osmoreceptor-mediated AVP release resulting in persistent nonos-
motic AVP secretion (38). This effect is further exacerbated in acute glucocor-
ticoid deficiency by concomitant nausea, hypotension, and decreased GFR that
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Table 3
Common Etiologies of SIADH

TUMORS

Pulmonary/mediastinal (bronchogenic carcinoma; mesothelioma; thymoma)
Non-chest (duodenal carcinoma; pancreatic carcinoma; ureteral/prostate
carcinoma; uterine carcinoma; nasopharyngeal carcinoma; leukemia)

CENTRAL NERVOUS SYSTEM DISORDERS

Mass lesions (tumors; brain abscesses; subdural hematoma)

Inflammatory diseases (encephalitis; meningitis; systemic lupus; acute
intermittent porphyria, multiple sclerosis)

Degenerative/demyelinative diseases (Guillan-Barré; spinal cord lesions)

Miscellaneous (subarachnoid hemorrhage; head trauma; acute psychosis;
delirium tremens; pituitary stalk section; transphenoidal adenomectomy;
hydrocephalus)

DRUG INDUCED

Stimulated AVP release (nicotine; phenothiazines; tricyclics)

Direct renal effects and/or potentiation of AVP antidiuretic effects
(desmopressin; oxytocin; prostaglandin synthesis inhibitors)

Mixed or uncertain actions (angiotensin converting enzyme inhibitors;
carbamazepine and oxcarbazepine; chlorpropamide; clofibrate; clozapine;
cyclophosphamide; 3,4 methylenedioxymethamphetamine [ ‘Ecstasy’];
omeprazole; serotonin reuptake inhibitors; vincristine)

PULMONARY DISEASES

Infections (tuberculosis; acute bacterial and viral pneumonia; aspergillosis;
empyema)

Mechanical/ventilatory (acute respiratory failure; COPD; positive pressure
ventilation)

OTHER

Acquired immunodeficiency syndrome and AIDS-related complex

Prolonged strenuous exercise (marathon; triathalon; ultramarathon; hot-weather

hiking)
Senile atrophy
Idiopathic
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all further decrease free water clearance (39) and is particularly more marked
in elderly patients (40). With chronic glucocorticoid deficiency, impaired free
water excretion also results from AVP-independent decreased cardiac output and
renal perfusion, thereby reducing volume delivery to the distal diluting tubules
of the nephron (41).

Hypothyroidism. Hyponatremia can develop in hypothyroidism and in partic-
ular myxedematous states, although the mechanism by which hypothyroidism
induces hyponatremia is not entirely understood. Patients with primary hypothy-
roidism have impaired free water excretion, which can be reversed by thy-
roid hormone replacement. It is well known that hypothyroidism is associated
with low cardiac output, bradycardia, decreased in cardiac contractility, and
reduced ventricular filling (42—44). Low cardiac output stimulates baroreceptor-
mediated activation of AVP secretion. It has been postulated that AVP secretion
is inappropriately high in severe hypothyroidism therefore causing free water
retention (45), but recent studies have demonstrated that hyponatremia is more
likely to be mediated by AVP-independent mechanisms. In a series of patients
with untreated myxedema due to primary hypothyroidism, all of whom under-
went hypertonic saline infusion and a subpopulation who subsequently under-
went free-water loading, there was a significantly lower basal plasma AVP level
in the study group (0.5 &£ 0.1 pmol/L) when compared to normal controls (2.5
£ 0.5 pmol/L). In addition, the subsequent rise in plasma AVP levels following
hypertonic saline infusion was not exaggerated in any patients and was reported
to be normal or even below normal in all patients. Plasma AVP was appropri-
ately suppressed in those hyponatremic myxedema patients who demonstrated
a degree of impaired urinary dilution during free water loading, providing con-
vincing evidence that decreased free water excretion in myxedema is not due to
inappropriate plasma AVP elevation (46).

Severe hypothyroidism is also associated with decreased renal function and
impaired GFR. A study of patients with severe iatrogenic hypothyroidism demon-
strated that approximately 90% of individuals had a significantly greater creati-
nine value in the hypothyroid as compared to the prior euthyroid state. Moreover,
once thyroid hormone replacement was given and thyroid function normalized,
creatinine values returned to their baseline euthyroid levels prior to the iatrogeni-
cally induced hypothyroid state (47). Based on this combined evidence, the major
cause of impaired water excretion in hypothyroidism appears to be an alteration
in renal perfusion and GFR secondary to systemic effects of thyroid hormone
deficiency on cardiac output and peripheral vascular resistance (48—50).

HYPERVOLEMIC HYPOOSMOLAR HYPONATREMIA

In hypervolemic hyponatremia, there is an excess in both total body water and
total body sodium, resulting in clinically evident edema and/or ascites. However,
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in many cases the increase in total body water is out of proportion to that of
total body sodium, causing hyponatremia. Congestive heart failure, cirrhosis,
and nephrotic syndrome all share this common pathophysiology, although the
specific mechanisms vary among these disease states.

Congestive heart failure. Although clearly a condition of total body ECF
overload, the decreased cardiac output in congestive heart failure causes a
perceived intra-arteriolar volume depletion, best described as a decrease in the
effective arterial blood volume at the level of the carotid artery and renal afferent
arteriole baroreceptors (57,52). Decreased renal perfusion activates both the
RAAS and the sympathetic nervous system, resulting in increased sodium
reabsorption and secondary passive free water reabsorption (53). Decreased
renal perfusion and subsequent increased baroreceptor firing also activates
non-osmotic AVP secretion, resulting in increased free water reabsorption. The
goal of these physiological mechanisms is to restore normal renal perfusion
in a perceived state of intra-arteriolar volume depletion, but the net effect is to
further exacerbate hypervolemia and progressive hyponatremia in the patient
with heart failure.

In a study of over 200 patients with severe heart failure, those who were
also hyponatremic were found to have a shorter median survival (164 versus
373 days). These patients were found to have elevated plasma renin activity,
and there was a significant mortality benefit to treating this subgroup of patients
with angotensin-converting enzyme inhibitors (54). In addition, hyponatremia
during the early-phase of acute myocardial infarction has been found to predict
long-term mortality independently of left ventricular ejection fraction and other
accepted predictors of cardiac outcome (55).

Cirrhosis. Once ascites develops as a sequelae of chronic liver disease,
approximately 30% of patients will manifest hyponatremia (serum [Na™]
<130 mmol/L) (56). Similar to the findings in congestive heart failure, there
is impaired free water excretion in cirrhosis owing to the non-osmotic release of
AVP (57), but, in contrast to congestive heart failure, cirrhosis is characterized
by a high cardiac output. Gastrointestinal endotoxin, which is less efficiently
cleared due to portal-systemic shunting, stimulates nitric oxide production, and
vasodilatation (58). Arterial dilatation, particularly in the splanchnic vascula-
ture, leads to arterial underfilling and the non-osmotic secretion of AVP (51,52).
Following disease progression with splanchnic vasodilatation, decreased mean
arterial pressure, and reduced renal perfusion can lead to the hepatorenal syn-
drome (59). The increase in AVP secretion and water retention is proportional
to the severity of cirrhosis, such that the extent of hyponatremia reflects hepatic
disease progression with serum [Na™] <125 mmol/L often indicative of end-
stage disease (60). In addition, diuretics commonly used to treat ascites often
worsens hyponatremia by decreasing intravascular volume and renal perfusion,
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thereby increasing AVP levels and further compromising the kidney’s ability to
excrete free water (61).

Advanced renal failure. Patients with mild-to-moderate renal dysfunction are
generally able to excrete sufficient free water to maintain a normal serum [Na*t],
whereas patients with end stage renal disease have impaired urinary dilution
and free water excretion such that the minimum urine osmolality increases
to 200-250 mOsm/kg H,O, even though AVP secretion is appropriately sup-
pressed. As a result, patients with advanced renal disease typically manifest
hyponatremia as a result of water retention.

Treatment of Hyponatremia

The symptom severity of hyponatremia depends in large part upon the rapid-
ity of the decrease in serum [Na™]. Most patients are not symptomatic until
serum [Na't] decreases to <125 mmol/L (62). Symptoms are predominantly
neurologic in nature, including nausea, vomiting, headache, fatigue, irritability,
and disorientation. Severe hyponatremia can progress to seizures, brain stem
herniation, and death. Initial evaluation of patients in the acute care setting with
hyponatremia includes a thorough history and physical exam, and careful eval-
uation of ECF volume status with assessment of orthostatic blood pressure and
pulse. Initial laboratory evaluation should include serum electrolytes, glucose,
evaluation of renal function with BUN and creatinine, serum osmolality, and
urine osmolality and sodium. Treatment of hyponatremia must strike a balance
between the risks of the hyponatremia itself and the risks of correction. The mag-
nitude of these risks depends on the degree of brain volume regulation that has
transpired as a result of intracranial fluid and solute shifts (63). The treatment
of some hyponatremia-associated disease states involves treating the underly-
ing etiology such as steroids for adrenal insufficiency and thyroid hormone for
hypothyroidism. However, in most cases the appropriate correction of serum
[Na™] relies on the identification of the underlying ECF volume status, the
acuity with which the hyponatremia developed, and the severity of neurologi-
cal symptoms present (Fig. 1) (2).

»
»

Fig. 1. Algorithm for evaluation and therapy of hypoosmolar patients. The dark grey arrow
in the center emphasizes that the presence of central nervous system dysfunction due to
hyponatremia should always be assessed immediately, so that appropriate therapy can be
started as soon as possible in symptomatic patients even while the outlined diagnostic evalua-
tion is proceeding. Abbreviations: AVPR = arginine vasopressin receptor; D/C = discontinue;
ECF = extracellular fluid volume; Py, = plasma osmolality; RX = treatment; SIADH =
syndrome of inappropriate antidiuretic hormone secretion; 1° = primary; 2° = secondary;
numbers referring to osmolality are in mOsm/kg H,O, numbers referring to serum Na™ con-
centration are in mmol/L.
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Severe acute symptomatic hyponatremia. Acute hyponatremia (defined as
<48 hours duration) with very low sodium values (<110-115 mmol/L) with
seizures or coma is a medical emergency. The risk for neurological complica-
tions is high, because cerebral edema can evolve very quickly as a result of
osmotic movement of water into the brain. In patients with severe acute hypona-
tremia, hypertonic (3%) NaCl should be infused at a rate to increase serum
[Na™] approximately 1-2 mmol/L/h until a less hyponatremic serum [Na™] (i.e.,
125-130 mmol/L) has been achieved. As a general rule, the infusion of 3%
saline at a rate of 1 ml/kg body mass/hr raises serum sodium by approximately
1 mEg/hr. In comatose or seizing patients, a faster rate of sodium correction of
3-5 mmol/L/h for a short period of time may be warranted to avoid imminent
brainstem herniation (64). However, it is recommended that the total increase
in serum [Na™] over 24 hours is maintained at <10 mmol/L in 24 hours or
<18 mmol/L in 48 hours as there is no evidence that a serum [Na™] increase of
greater magnitude improves outcomes (65).

In hypovolemic states, including the majority of patients with U,
<30 mmol/L, fluid resuscitation with isotonic NaCl, with or without potassium,
is appropriate with a goal serum [Na™] increase of 0.5 mmol/L/h. Accumulated
evidence in experimental humans and animals confirms that a slower rate of
serum [Na™] correction minimizes the risk of central pontine myelinolysis (66).
The serum [Na™] should be measured every 2—4 hours during acute corrections
of hyponatremia to ensure that the sodium correction is proceeding at the desired
rate. Young pre-menopausal women appear to be at greater risk for neurological
sequelae from hyponatremia with 75% of cases of brain damage occurring in
this subpopulation in some studies (67).

Treatment of hyponatremia in hypervolemic states includes free water restric-
tion, diuresis with loop diuretics, and ACE inhibitors. Current clinical trials
are underway investigating the use of AVP V; receptor antagonists for the
treatment of euvolemic and hypervolemic hyponatremia, as will be described
below.

Severe chronic symptomatic hyponatremia. In SIADH, fluid restriction is the
mainstay of serum [Na™] correction, with the goal of maintaining fluid intake
500 mL/d below urine output. However, this degree of fluid restriction is diffi-
cult to maintain in an intensive care setting where obligate fluid intakes for vari-
ous therapies and parenteral nutrition often exceed this level. Furthermore, fluid
restriction is not recommended to correct serum [Na™] in hyponatremic patients
with subarachnoid hemorrhage, because this patient subgroup has an increased
risk of cerebral infarction that has been shown to be worsened by fluid restric-
tion and lowered blood pressure (68). Other therapies for chronic hyponatremia
include demeclocycline (600-1200 mg/d), furosemide (20-40 mg/d), sodium
tablets (3—18 g/d), and urea (30 g/d). Although these therapies are effective in
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some cases, in general they are suboptimal, and some patients, especially those
with edema-forming states such as CHF and cirrhosis, are unable to tolerate the
solute loads associated with these treatments.

AVP receptor antagonists are a novel therapeutic class known as the ‘vap-
tans’ (for vasopressin antagonists). These agents have been shown to be effec-
tive at preventing AVP-induced AQP2 membrane insertion in the renal col-
lecting duct, causing the excretion of electrolyte-free water, termed aquare-
sis (65,69). There are currently four non-peptide agents in various stages of
clinical trials, and in December, 2005 the US Food and Drug Administration
approved the use of intravenous conivaptan, a combined V1aR and V2R antag-
onist, for the treatment of euvolemic hyponatremia in hospitalized patients; this
approval was subsequently extended to hypervolemic hyponatremia. A recent
double-blind, multicenter, placebo-controlled study with euvolemic or hyper-
volemic hyponatremia (serum [Na®] 115 to < 130 mEqg/L) randomized 84
patients to receive placebo or intravenous conivaptan administered as a 30-
minute 20 mg bolus followed by 40 mg/d or 80 mg/d continuous infusion for
4 days. Conivaptan (both 40 mg/d and 80 mg/d) was significantly more effec-
tive than placebo in raising serum [Na™] (measured as the change in serum
[Na*] area under the curve from baseline to end of the treatment period) dur-
ing the first 2 days of treatment (p<<0.001) and during the entire 4 day treat-
ment (p<0.002). In addition, significantly more patients who received conivap-
tan demonstrated either a > 6 mEq/L increase in serum [Na®] over baseline
or a normal serum [Na®] >135 mEq/L as compared to placebo (70). Conivap-
tan is a sensitive substrate and potent inhibitor of cytochrome P-450 3A4, and
although oral conivaptan was demonstrated to raise serum sodium effectively in
a placebo-controlled, randomized, double-blind study (71), the FDA restricted
its use to intravenous administration in order to minimize the risk of adverse
drug interactions. Conivaptan is dosed as a 20 mg IV loading dose over 30 min-
utes followed by 20 mg as a continuous infusion over 24 hours for maximum
of 4 days. The dose may be titrated to 40 mg/d continuous infusion if serum
[Na'] does not increase at the desired rate. Following initial administration
of conivaptan, serum [Na™] must be monitored closely during the acute phase
of correction of hyponatremia (i.e., every 4-6 hrs) to prevent too rapid over-
correction. Evidence suggests that conivaptan may induce desirable changes
in hemodynamics and urine output in patients with advanced (NYHA class 11
and IV) heart failure without adverse effects on blood pressure and heart rate
(72). Conivaptan is contraindicated in hypovolemic hyponatremia and hepatic
cirrhosis, and infusion site reaction is the most commonly reported adverse
event (65,70).

Three oral agents with selective V2R antagonist activity currently in
late development are lixivaptan, satavaptan, and tolvaptan. Studies have
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demonstrated that these agents increase serum [Na™] by increasing aquaresis
at a dose-dependent rate in both euvolemic and hypervolemic hyponatremia
(73,74). The Study of Ascending Levels of Tolvaptan in Hyponatremia (SALT-1
and SALT-2) trials were multicenter, international, randomized, double-blind,
placebo-controlled studies that investigated the efficacy of tolvaptan in 448
adults with chronic hypervolemic or euvolemic hyponatremia of diverse ori-
gin including CHF, cirrhosis, and SIADH. Fluid restriction was permitted at
the physician’s discretion but was not mandated and patients were randomized
to receive placebo or tolvaptan 15 mg titrated to 30 mg or 60 mg if needed.
Results demonstrated the following: (1) serum [Na*] increased more on tolvap-
tan than placebo during 4 days (P<0.001) and 30 days (P<0.001) of therapy,
(2) patients on tolvaptan showed significant improvements in mentation, and
(3) during the week after discontinuation of tolvaptan, hyponatremia recurred.
Side effects associated with tolvaptan included increased thirst, dry mouth, and
increased urination (75). In another prospective, multicenter, randomized trial,
tolvaptan was compared to fluid restriction in raising serum [Na*] in hospital-
ized patients with serum [Na®] <135 mmol/L during 27 days of treatment and
65 days of follow-up. Whereas fluid restriction and placebo raised serum [Na*]
by 1.0 +/—4/7 mmol/L, tolvaptan increased serum [Na*] by 5.7 +/— 3.2 mmol/L
(p=0.0065), and there was no difference in adverse events between the two
groups (76). The Efficacy of Vasopressin Antagonism in Heart Failure Out-
come Study with Tolvaptan (EVEREST) investigators conducted two short-term
randomized, double-blind, placebo-controlled studies in 4,133 patients hospital-
ized with heart failure in North American, South American, and European sites.
Patients with heart failure were randomized to receive either tolvaptan 30 mg/d
or placebo for 60 days along with standard therapy. Tolvaptan had no effect on
long term mortality or heart function related morbidity during the mean follow
up of 9.9 months (77). In a second study by the EVEREST investigators, those
patients receiving tolvaptan 30 mg/d along with standard therapy for heart fail-
ure including diuretics demonstrated some improvement in the signs and symp-
toms of heart failure including improvement in dyspnea and decrease in body
weight at day 1 as compared to placebo (78).

In patients with SIADH, the oral agent satavaptan has been investigated in
a two-part study for both efficacy and safety during 1 and 12 month periods.
Mean baseline serum [Na™] levels were 125-127 mmol/L, and 79% of those
on 25 mg daily and 83% of those on 50 mg daily were found to increase their
serum [Na™] levels by at least 5 mmol/L as compared to only 13% of those
on placebo. In the subsequent open-label long-term phase of the study, serum
[Na™] was maintained in 12 of 18 patients over 6 months and 10 of 18 patients
over 12 months, and although some patients experienced increased thirst and
orthostatic hypotension, no serious adverse events related to satavaptan were
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noted during this period (79). Lixivaptan has been primarily studied in cirrhotic
patients and has been demonstrated to increase serum [Na'] level compared to
placebo in a placebo-controlled, randomized, multicenter 7-day study in hospi-
talized patients with stable hyponatremia (< 130 mEq/L for 3 days). Patients
were administered lixivaptan 25, 125, or 250 mg twice daily or placebo, and lix-
ivaptan showed dose related increases in serum [Na™] and free water clearance.
However, 50% of patients on 250 mg twice daily had to have medication with-
held on multiple occasions due to excessive thirst and dehydration reflected by
substantial rises in serum [Na™] (80). Another study with lixivaptan 100 mg or
200 mg daily in hyponatremic patients (baseline serum [Na™] 127-128 mEq/L)
with cirrhosis demonstrated that 27% of those receiving 100 mg/d and 50%
of those receiving 200 mg/d achieved normal serum [Na*] compared to 0%
of those receiving placebo (87). These agents are generally well-tolerated and
show great promise for the treatment of both euvolemic and hypervolemic
hyponatremia (65).

HYPERNATREMIA

Similar to hyponatremia, hypernatremia can be induced by a number of ill-
nesses in the acute care setting. The underlying etiology of hypernatremia can
be frequently ascertained after a thorough history. Hypernatremia is generally
categorized according to the causal factors involved: hypervolemic, hypodipsic,
and increased free water losses (Table 4).

Hypervolemic Hypernatremia

Hypervolemic hypernatremia can result from the infusion of hypertonic flu-
ids (i.e., NaHCOs or total parenteral nutrition) or from enteral feedings with
inadequate free water administration.

Hypodipsic Hypernatremia

Decreased water intake, or hypodipsia, probably represents the leading cause
of hyperosmolality encountered in acute care settings. One prospective cohort
study of found that 86% of patients who developed hypernatremia (serum [Na*]
>150 mEq/L) while hospitalized did not have access to water, 74% had daily
enteral water intake of less than 1 L, and 94% were administered less than
1 L of intravenous free water daily (82). Hypodipsic hypernatremia is partic-
ularly prevalent among patients who have altered mental status who do not
respond appropriately to physiologic stimuli that signal increased thirst and
among the elderly (83). One small series investigating age-related thirst changes
found elderly individuals to have a lower thirst sensitivity to hypertonicity as
manifest by both decreased thirst and decreased water consumption of elderly
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Table 4

Pathogenesis of Hyperosmolar Disorders

WATER DEPLETION (DECREASES IN TOTAL BODY WATER
IN EXCESS OF BODY SOLUTE):

1. INSUFFICIENT WATER INTAKE
Unavailability of water

Hypodipsia (osmoreceptor dysfunction, age)
Neurological deficits (cognitive dysfunction, motor impairments)

2. HYPOTONIC FLUID LOSS*

A. RENAL: DIABETES INSIPIDUS
Insufficient AVP secretion (central DI, osmoreceptor dysfunction)
Insufficient AVP effect (nephrogenic DI)

B. RENAL: OTHER FLUID LOSS
Osmotic diuresis (hyperglycemia, mannitol)
Diuretic drugs (furosemide, ethacrynic acid, thiazides)
Post-obstructive diuresis
Diuretic phase of acute tubular necrosis

C. NON-RENAL FLUID LOSS
Gastrointestinal (vomiting, diarrhea, nasogastric suction)
Cutaneous (sweating, burns)
Pulmonary (hyperventilation)
Peritoneal dialysis

SOLUTE EXCESS (INCREASES IN TOTAL BODY SOLUTE
IN EXCESS OF BODY WATER):
1. SODIUM
Excess Na™ administration (NaCl, NaHCO3)
Sea water drowning
2. OTHER SOLUTES
Hyperalimentation (intravenous, parenteral)

* Most hypotonic fluid losses will not produce hyperosmolality unless insufficient free water
is ingested or infused to replace the ongoing losses, so these disorders also usually involve some
component of insufficient water intake.

(age 65-78 years) compared to young (20-32 years) individuals despite similar
serum [Na'] increases. The investigators also concluded that there may be an
increased thirst threshold in elderly individuals such that thirst is stimulated at
higher levels of tonicity than in younger individuals (84).
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Hypernatremia from Increased Water Losses

A variety of diseases can cause increased free water losses in the acute care
setting, including gastrointestinal water losses, intrinsic renal disease, hyper-
calcemia, hypokalemia, and solute diuresis, which is most commonly a result
of hyperglycemia and glucosuria. Although these etiologies represent the most
frequent causes of hypernatremia in the acute care setting, they must be differen-
tiated from diabetes insipidus, which represents the quintessential clinical cause
of hypernatremia. Generally, a urine osmolality <800 mOsm/kg H,O in the set-
ting of elevated serum osmolality is indicative of a renal concentrating defect.
In the absence of glucosuria or other causes of osmotic diuresis, this generally
reflects the presence of diabetes insipidus (2). However, diabetes insipidus must
be distinguished from other causes of polyuria, which is generally defined as
a urine output of approximately >3 L/d. The most common cause of polyuria
not related to diabetes insipidus is primary polydipsia. Individuals with primary
polydipsia, also known as psychogenic polydipsia, retain normal pituitary func-
tion and hence AVP secretion, normal nephrogenic response to AVP, and nor-
mal renal concentrating ability, although there may be a decreased renal con-
centrating gradient induced by excessive water intake. Plasma AVP levels will
likely be suppressed, but may increase following water deprivation (Table 5).
Primary polydipsia is associated with psychiatric disorders and medications that
cause dry mouth such as phenothiazines. Rarely, infiltrative diseases affecting
the hypothalamic thirst center such as sarcoidosis may be the underlying eti-
ology of primary polydipsia (85). Depending on the amount of water ingested,
serum osmolality may be low, which is helpful in distinguishing primary poly-
dipsia from diabetes insipidus. Diabetes insipidus is generally subdivided into
central diabetes insipidus, nephrogenic diabetes insipidus, and gestational dia-
betes insipidus.

CENTRAL DIABETES INSIPIDUS

Central diabetes insipidus is caused by a deficiency of AVP secretion from
the posterior pituitary, but does not fully manifest itself until >85% of mag-
nocellular neurons are damaged (86). Central diabetes insipidus is quite rare,
with a prevalence of 1:25,000. The majority of cases (40-50%) are secondary
to a hypothalamic lesion such as a tumor or infiltrative diseases such as sar-
coidosis and histiocytosis. Approximately 20-30% of central diabetes insipidus
is categorized as idiopathic, but most of these patients likely have underlying
autoimmune disorder. Lymphocytic infundibuloneurohypophysitis is the fore-
most cause of spontaneous diabetes insipidus without prior head trauma or neu-
rosurgery, accounting for as many as 50% of cases (87,88). A small fraction of
cases (5%) are genetic, often with a delayed-onset. Sellar lesions and pituitary
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Table 5
‘Water Deprivation Test

PROCEDURE

1. Initiation of the deprivation period depends on the severity of the DI; in routine
cases the patient should be made NPO after dinner, while in cases with more
severe polyuria and polydipsia this may be too long a period without fluids and
the water deprivation should be begun early in the morning of the test
(e.g., 6 AM).

2. Stop the test when body weight decreases by 3%, the patient develops
orthostatic blood pressure changes, the urine osmolality reaches a plateau (i.e.,
less than 10% change over 3 consecutive measurements), or the serum sodium
is > 145 mmol/L.

3. Obtain a plasma AVP level at the end of the test when the plasma osmolality is
elevated, preferably above 300 mOsm/kg H,O.

4. If the serum sodium concentration is <146 mmol/L or the plasma osmolality is
<300 mOsm/kg H,O, then consider infusion of hypertonic saline (3% NaCl at
arate of 0.1 ml/kg/min for 1-2 h) to reach these endpoints.

5. Administer AVP (5 U) or desmopressin (1 wg) sc and continue following urine
osmolality and volume for an additional 2 hours.

INTERPRETATION

1. An unequivocal urine concentration after AVP/desmopressin (>50% increase)
indicates neurogenic DI and an unequivocal absence of urine concentration
(<10%) strongly suggests nephrogenic DI (NDI) or primary polydipsia (PP).

2. Differentiating between NDI and PP as well as for cases in which the increase
in urine osmolality after AVP administration is more equivocal (e.g., 10-50%)
is best done using the plasma AVP levels obtained at the end of the
dehydration period and/or hypertonic saline infusion and the relation between
plasma AVP levels and urine osmolality under basal conditions.

adenomas are not a common cause of diabetes insipidus, because, over time,
the secretion of AVP from magnocellular neurons can shift to regions higher in
the hypothalamus. Because these lesions are typically slow-growing, if a sel-
lar lesion is detected within the context of new-onset diabetes insipidus, this
suggests the presence of a rapidly enlarging sellar mass such as metastatic dis-
ease. The presence of the posterior pituitary bright spot on sagittal views of pre-
contrast magnetic resonance imaging can be useful in determining the presence
of central diabetes insipidus, but with two caveats: (1) there is an age-associated
loss of the posterior pituitary bright spot, and (2) the posterior pituitary bright
spot may still be apparent in a patient with central diabetes insipidus secondary
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to the persistence of oxytocin also stored in the posterior pituitary (5). It is
important to note that individuals with diabetes insipidus with an intact thirst
mechanism, access to water, and an appropriate level of alertness may not be
hypernatremic because they may be able to consume enough fluid to keep up
with free water losses. However, if a central lesion impairs the thirst mecha-
nism, if fluids are not accessible, or if the mental state is impaired, severe hyper-
natremia may result.

Post-operative diabetes insipidus occurs in up to 18-31% of patients fol-
lowing trans-sphenoidal surgery (89,90). In the majority of patients with this
complication, diabetes insipidus is transient with only 2-10% experiencing
prolonged polyuria (89,90). The classic post-operative triple phase response
consists of diabetes insipidus followed by the syndrome of inappropriate antid-
iuresis and then subsequent diabetes insipidus. The first phase of diabetes
insipidus occurs after damage to the pituitary stalk disrupts the axonal connec-
tions between magnocellular cell bodies in the hypothalamus and nerve termi-
nals in the posterior pituitary, therefore preventing AVP release. After several
days, the second phase of inappropriate antidiuresis develops and is caused by
leakage of AVP into the bloodstream from the damaged and degenerating nerve
terminals in the posterior pituitary. After AVP stores are exhausted, the third
phase of diabetes insipidus follows if 15% or fewer functional AVP-secreting
hypothalamic neuronal cell bodies remain (91).

NEPHROGENIC DIABETES INSIPIDUS

Nephrogenic diabetes insipidus is caused by end-organ resistance of the kid-
ney to the antidiuretic effects of AVP. Whereas familial or hereditary nephro-
genic diabetes insipidus is secondary to X-linked inherited mutations of the
AVP V; receptor or autosomal recessive mutations of the AQP2 water channel,
acquired nephrogenic diabetes insipidus can be caused by hypercalcemia (serum
[Ca™] >13), hypokalemia (serum [K*] <2.5), or medications such as lithium
and demeclocycline. A recent review of 155 published studies of nephrogenic
diabetes insipidus found the most reported risk factors to be medications includ-
ing lithium, antibiotics, antifungal agents, antineoplastic agents, and antiviral
agents followed by metabolic disturbances. The authors concluded that while
most reported cases of reversible nephrogenic diabetes insipidus were due to
medications, long-term lithium administration seemed to result in irreversible
nephrogenic diabetes insipidus (92). A plasma AVP level is useful to distin-
guish central diabetes insipidus from nephrogenic diabetes insipidus; however,
to differentiate definitively nephrogenic diabetes insipidus from central diabetes
insipidus, and from normal individuals with primary polydipsia as described
above, a water deprivation test is often necessary (Table 5).
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GESTATIONAL DIABETES INSIPIDUS

During pregnancy, the threshold for thirst and for release of AVP is decreased
compared to the non-pregnant state. Although subclinical forms of diabetes
insipidus unrecognized pre-partum may be unmasked during pregnancy, ges-
tational diabetes insipidus most commonly presents in the 3rd trimester and
is mediated by trophoblast derived vasopressinase, a cystine aminopepti-
dase which degrades both AVP and oxytocin. Normal vasopressinase activity
increases by 1000-fold between 4 and 38 weeks of gestation and decreases
by approximately 25% per day following delivery of the placenta such that
there is virtually no vasopressinase activity 12 days post-partum (93,94). Ges-
tational diabetes inisipidus results when the degradation of vasopressinase itself
is reduced such that vasopressinase activity is prolonged and AVP degradation
is increased. Vasopressinase activity seems to be proportional to the weight of
the placenta, and vasopressinase catabolism may be hepatically mediated since
vasopressinase activity increases in the setting of hepatic dysfunction such as
fatty liver of pregnancy, hepatitis, and pre-eclampsia (93). Gestational diabetes
insipidus may be treated with desmopressin, since unlike AVP this agent is not
degraded by vasopressinase, and there are no known fetal adverse reactions.
Gestational diabetes insipidus is typically transient and carries only a small
risk of recurrence in subsequent pregnancies. Gestational diabetes insipdus, the
onset of which is during pregnancy as discussed above, must be distinguished
from diabetes insipidus occurring shortly after delivery caused by Sheehan syn-
drome (95).

Treatment of Hypernatremia

Treatment goals of hypernatremia include correcting the established water
deficit and reducing the ongoing excessive urinary water losses. Patients in the
intensive care setting are typically unable to drink in response to thirst, and
progressive hypertonicity from untreated diabetes insipidus can be associated
with grave consequences unless appropriately treated. The following formula
may be used to estimate the pre-existing water deficit (96):

Water deficit = 0.6 x premorbid weight x [1—140/(serum [Na®] mmol/L)]

This formula assumes that total body water is 60% of body weight, that no
body solute is lost as hypertonicity developed, and that the premorbid serum
[Na™] is 140 mmol/L, but the formula does not take into account ongoing water
losses. Serum [Na™] should be lowered to approximately 330 mOsm/kg H,O
within the first 24 hours of correction in order to reduce the risk of exposure to
the CNS of ongoing hypertonicity.
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The treatment of central diabetes insipidus with desmopressin is an effec-
tive means of improving polyuria and hypernatremia with an initial dose in
the acute setting of 1 to 2 micrograms (intravenous, intramuscular, or subcu-
taneous). If hypernatremia is present, free water should also be given in an
effort to correct serum sodium, with 5% dextrose in water as the preferred intra-
venous replacement fluid. desmopressin is preferred over AVP as the former has
a longer duration of action, avoids the vasopressor effects of AVP at Vi, recep-
tors, and is available in both intranasal and oral preparations. The dose equiva-
lency of desmopressin is 1 mcg intravenous, intramuscular, or subcutaneous =
10 mcg intranasal = 100 mcg oral. Although some cases of nephrogenic diabetes
insipidus respond to large doses of desmopressin, traditionally nephrogenic dia-
betes insipidus is treated with sodium restriction and thiazide diuretics (any drug
in this class may be used with equal potential for benefit), which block sodium
absorption and act to decrease renal diluting capacity and free water clear-
ance. Amiloride may be used to prevent or treat mild to moderate, potentially
reversible lithium-induced nephrogenic diabetes insipidus. Lithium gains entry
into collecting duct cells via luminal membrane sodium channels prior to induc-
ing AVP resistance. Because amiloride closes these particular sodium channels,
it can decrease entry and intracellular accumulation of lithium thereby improv-
ing renal concentrating ability (97,98). Prostaglandins increase renal blood flow
and decrease medullary solute concentration, resulting in a small decrease in the
interstitial gradient for water reabsorption. Therefore, prostaglandin synthase
inhibitors such as indomethacin promote water reabsorption and impair urinary
dilution, thereby reducing free water clearance, and urine output. These agents
may be helpful as adjunctive therapy in the treatment of nephrogenic diabetes
insipidus.

SUMMARY

Disorders of sodium and water metabolism are commonly encountered in the
intensive care setting. This is predominantly due to the large number of varied
disease states that can disrupt the balanced mechanisms that control the intake
and output of water and solute. Disorders of body water homeostasis can be
divided into hypoosmolar disorders, in which there is an excess of body water
relative to body solute, and hyperosmolar disorders, in which there is a deficit of
body water relative to body solute. Prompt identification and appropriate inter-
vention of these disturbances are important to prevent the increase morbidity
and mortality that accompanies disorders of body fluid homeostasis in patients
in the acute care setting.
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Gallium nitrate, and acute hypercalcemia,
77
Gestational trophoblastic tumors, 15-16
GH/IGF-I/IGFBP axis in critical illness
GH and ternary complex, relationship,
188-190
GH secretion, 187-188
somatotropic axis, 183-187, 190
GH secretagogues, 191
growth hormone, 190
IGF-I, 192-193
intensive insulin therapy, 192
nutrition, 193-194
thyroid hormone and sex steroid
substitution, 191
GH-releasing hormone (GHRH), 184

Ghrelin, 185
GH secretagogues (GHS), 185
somatotropic axis, 191
Glucocorticoids, 38, 47, 48, 76-77, 224
acute adrenal crisis, 45-47
in management of hypercalcemia, 76
treatment of acute hypercalcemia,
76-77
Glucocorticoid therapy, 38
acute adrenal crisis
patients on long term, 52-53
Gonadal and lactotropic axes
in acute illness, 173
in prolonged illness, 173-174
Granulomatous diseases, 76
Graves’ disease, 3, 4-5
classic triad of, 5
conditions associated with, 7
extra-thyroidal manifestations of, 5
eye disease, 5
manifestations of, 6
mechanism, 5
skin disease, 5
symptoms, 5
Growth hormone (GH), 168, 184
acute vs. prolonged phase of critical
illness compared to healthy
subjects, 184
nocturnal serum concentration profiles
of, 185
secretion during critical illness,
187-188
somatotropic axis, 190
and ternary complex, 188—190

H

Hashimoto’s disease, 33

Hematological malignancies, 76

Hemodynamic effects, vasopressin in
septic shock, 241-242

HPT axis, see Hypothalamic pituitary
adrenal (HPA) axis
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Human chorionic gonadotropin (HCG),
15
Humoral hypercalcemia of malignancy
(HHM), 67
Hydatidiform moles, 15
Hypercalcemia, 65, 71
acute, treatment, 74
bisphosphonates, 74—76
bone resorption, 74
calcitonin, 76
etiology, 78
gallium nitrate, 77
glucocorticoids, 76-77
plicamycin (mithramycin), 77
rehydration, 74
renal calcium excretion, 78
classification of, 71
clinical manifestations of, 73
and excessive bone resorption, 69
goals in management of, 74
hyperparathyroidism, 78—79
of malignancy, 78
symptoms and clinical spectrum,
73-74
Hyperfunctioning solitary nodule, see
Solitary toxic adenoma
Hyperglycemic crises, 120-123
DKA and HHS, pathogenesis, 123,
129-132
complications, 141
diabetic ketoacidosis, 124—-127
diagnosis, 129-132
differential diagnosis, 132—-134
hyperglycemic hyperosmolar state,
127-128
prevention, 141-142
prospectives and future studies,
142-143
resolution of DKA and HHS,
140-141
treatment, 134—-140
goals for resolving, 140-141
precipitating causes, 123

Hyperglycemic hyperosmolar state
(HHS), 119
ADA guidelines, 140
admission biochemical data in
patients, 127
adult patients with, management, 135
diagnostic criteria and typical total
body deficits of water and
electrolytes,
122
flow sheet for organizing care and
documenting treatment, 134
hyperglycemic crises, diagnosis and
treatment, 142
pathogenesis of, 127
fluid and electrolyte abnormalities,
127-128
vs. HHS, 127
pathogenesis of stress, infection and/or
insufficient insulin, 128
pH levels, 131
resolution of, 140-141
Hyperkalaemia, 53
Hypernatremia, 295
hypervolemic, 295
hypodipsic, 295-296
treatment of, 300-301
water losses, from increased, 297
central diabetes insipidus, 297-299
gestational diabetes insipidus, 300
nephrogenic diabetes insipidus, 299
Hyperparathyroidism, 78-79
calcimimetics, 79
surgery, 78-79
Hyperthyroidism, 3
manifestations of, 67
symptoms and signs, 67
see also Graves’ disease
Hypertonic hyponatremia, 281
Hypervolemic hypoosmolar hypona-
tremia, 288-290
advanced renal failure, 290
cirrhosis, 289-290
congestive heart failure, 289
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Hypocalcemia, 71
acute calcium disorders, 70
classification of, 72
clinical manifestations of, 73
symptoms and clinical spectrum,
73-74
treatment of, 79-80
Hypoglycemia
auto-immune causes
anti-insulin antibody, 156
anti-insulin receptor antibody, 156
classification, 152—-153
definition, 151
determining cause, 157159
biochemical evaluation, 157
C-peptide levels, 158
diagnosis of insulinoma, 157-158
insulin-like growth factor II levels,
158-159
documenting fasting hypoglycemia,
156-157
fasting hypoglycemia in adults,
aetiology of
cancer, 155-156
drugs, 153-154
organ failure, 154155
hypoglycemia, brain, and
counterregulation, 150
incidence, 265
pathophysiology, 149-150
risk factors, 151-152
risks, 264
symptoms, 151
therapeutic principles, 159
Hypoglycemia unawareness, 150
Hypoglycemic syndromes, categories,
152-153
fasting hypoglycemia (post-
absorptive), 152
reactive hypoglycemia (postprandial),
152
Hyponatremia, 280-281
euvolemic hypoosmolar,
284-288

glucocorticoid deficiency, 286
hypothyroidism, 288
SIADH, 285
hypertonic, 281
hypervolemic hypoosmolar, 288-290
advanced renal failure, 290
cirrhosis, 289-290
congestive heart failure, 289
hypotonic, 282
hypovolemic hypoosmolar, 282—-283
extrarenal solute losses, 282
renal solute losses, 282
isotonic, 281
treatment of, 290-295
severe acute symptomatic hypona-
tremia, 292
severe chronic symptomatic
hyponatremia, 292
Hypoosmolar disorders, pathogenesis of,
283, 296
algorithm for evaluation and therapy
of, 290
hyponatremia, 279
Hypoparathyroidism, 70
Hypothalamic hormones, 183
controlling GH secretion, 184
Hypothalamic pituitary adrenal (HPA)
axis, 217
Hypothermia, 37
Hypothyroid heart disease, 33
‘Hypothyroid sick,” 36
Hypotonic hyponatremia, 282
Hypovolemia, 46
Hypovolemic hypoosmolar hyponatremia,
282-283
extrarenal solute losses, 282
renal solute losses, 282

I
IGF-1, somatotropic axis, 192-193
Immunonutrition, 193
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Impaired HPA axis, 219, 222-223
Inflammation of HPA axis, critical illness
associated, 221
Insulin
anabolic properties, 271
anti-apoptotic properties, 271-272
anti-inflammatory properties, 271
Insulin-like growth factor binding
protein (IGFBP) family, 186
Insulinoma
diagnosis of, 157-158
and fasting hypoglycemia, 155
Insulin tolerance test (ITT), 55
Intensive insulin therapy
benefits of, 261
impact of, 259
non-glycemic effects, 271
parenteral nutrition part in effect of,
269
protection against glucose toxicity,
269-270
reduced mortality and morbidity,
259-260, 265
somatotropic axis, 192
target of normoglycemia in critical
illness, 258-261
Iodine-containing medications, 12
Iodine-induced hyperthyroidism, see
Iodine-induced thyrotoxicosis,
jod-basedow effect
Iodine-induced thyrotoxicosis
amiodarone-induced thyrotoxicosis,
12-15
jod-basedow effect, 11
Iodothyronine deiodinases
deiodinases, types of, 202
Islet hyperplasia, 153
and fasting hypoglycemia, 156
Isotonic hyponatremia, 281

J
Jod-Basedow effect, 11

L

Labetolol, 104

Leukocytosis, 131

Liver failure, and hypoglycemia, 154

Long term hormone replacement, acute

adrenal crisis, 56-57

Low T3 syndrome, 171, 202, 208-209

treating, 208

M
Malignancy-associated hypercalcemia,
66-68
MCTS, 207
Methimazole, 21
Metyrosine, 106
Monocarboxylate transporter 8 (MCTS,
SLC16A2), 205
Myxedema coma, 29
clinical presentation
cardiovascular manifestations, 33
gastrointestinal manifestations, 34
manifestations of coincident
infectious disease, 35
neuropsychiatric manifestations, 33
physical examination and labora-
tory findings, 32-33
precipitating factors, 30-32
renal and electrolyte manifestations,
34-35
respiratory manifestations, 34
diagnosis, 35-36
epidemiology, 30
exacerbating and precipitating factors,
31
medical history, 31-32
treatment, 36
glucocorticoid therapy, 38
hyponatremia, 37-38
hypotension, 37
hypothermia, 37
surgery, 38-39
thyroid hormone therapy, 3941
ventilatory support, 36
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N
Nesidioblastosis, 153
Neural tube closure, 85
Neuroendocrine response to critical
illness, dynamic, 167
adrenal axis, 174
in acute illness, 174-175
in prolonged illness, 175
gonadal and lactotropic axes, 173
in acute illness, 173
in prolonged illness, 173-174
somatotropic axis, 168—-169
in acute illness, 169
in prolonged illness, 169—170
therapeutic interventions, 170,
172-173, 174
thyroid axis, 170
in acute illness, 171
in prolonged critical illness,
171-172
Neurofibromin, 93-94
Neurohypophysis, 184
NICE-SUGAR, 263
Non islet cell tumors, and hypoglycemia,
154-155
‘Non thyroidal illness,” see Euthyroid sick
syndrome
Norepinephrine, 232, 234, 280
effect of, 235-236
Nuclear thyroid hormone receptors (TR)
isoforms, 205

(0]

OATPIC1, 207

Ophthalmopathy, see Graves’ disease, eye
disease

Orbitopathy, 7

Osteoprotegerin (OPG), 66

P

Painless/silent thyroiditis, 10

Paraganglioma, 90
aetiology, 90-91

catecholamine in disease, 94
diagnosis for symptoms associated
with, 96
disease syndromes associated, 92
epidemiology, 91
pathogenesis, 91-94
mechanism for, 93
Pathologic hypoglycemia, 151
Peptide hormones (anterior pituitary),
183
Phaeochromocytoma, 90
adrenomedullin as potent vasodilator,
94
aetiology, 90-91
catecholamine in disease, 94
CT scan of adrenal, 98
diagnosis for symptoms associated
with, 96
differential diagnosis, 99
disease syndromes associated, 92
epidemiology, 91
MRI scan of left-sided adrenal, 98
pathogenesis, 91-94
mechanism for, 93
vasoactive peptides and hormones
secreted by, 90
Phenoxybenzamine, 104
Phentolamine, 107
Plasma chromogranin A, 101
Plicamycin (mithramycin), 77
treatment of acute hypercalcemia,
77
Plummer’s disease, see Solitary toxic
adenoma
Polyuria, 297
Posterior reversible encephalopathy
syndrome (PRES), 98
Post-necrotic pituitary atrophy, 32
Postpartum thyroiditis, 10-11
Primary and tertiary hyperparathyroidism,
68
Prolactin, 173
Propylthiouracil, 21
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Pseudohyponatremia, see Hyponatremia,
isotonic

Psychogenic polydipsia, 297

Pulmonary disease, 287

R
Radioactive iodine ablation, 2324
calculating dose to administer, 24
failure of therapy, 24
side effects and complications, 24
Renal calcium excretion
dialysis, 78
furosemide, 78
treatment of acute hypercalcemia, 78
Renal failure, and hypoglycemia,
154-155
Renin-angiotensin-aldosterone (RAA), 46
Resistance to thyroid hormone (RTH), 17
subcategories, 17

S
Sheehan syndrome, see Post-necrotic
pituitary atrophy
Short corticotrophin test, 223
Short synathen test (SST), 55
Solitary toxic adenoma, 9
Somatostatin, 185
Somatotropic axis, 168—169, 183-187
in acute illness, 169
clinical interventions during critical
illness, 190
GH secretagogues, 191
growth hormone, 190
IGF-1, 192-193
intensive insulin therapy, 192
nutrition, 193-194
thyroid hormone and sex steroid
substitution, 191
in prolonged illness, 169-170
schematic overview of, 184
‘Stress diabetes’/‘diabetes of injury,” 258
Struma ovarii, 18
Subacute lymphocytic thyroiditis, 10-11

Subacute thyroiditis, 9-10
Subclinical hyperthyroidism, 19
Sulfation, 206
Sulfonylurea, and hypoglycemia, 153
Surgery, patients undergoing, for acute
adrenal crisis, 58
Sympathetic nervous system, phaeochro-
mocytoma and diseases
of
adrenoceptors, 88—89
catecholamine synthesis and
metabolism, 86—88
investigations
biochemical and other parameters,
99-101
functional imaging, 102-103
radiological imaging, 101
venous sampling, 103
management
BP control/ adrenergic blockade,
104-106
other treatment, 107-108
prognosis, 108-109
surgery, 107
phaeochromocytoma and paragan-
glioma, 90
aetiology, 90-91
catecholamine in disease, 94
differential diagnosis, 99
epidemiology, 91
pathogenesis, 91-94
presentation, 95-99
sympathoadrenal system, development
of, 85-86
fight or flight, 89—90
Sympathoadrenal system
development of, 85-86
origins of, 85
roles, 89
Syndrome of inappropriate antidiuresis
(SIAD), see Syndrome of
inappropriate antidiuretic
hormone secretion (SIADH)
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Syndrome of inappropriate antidiuretic
hormone secretion (STADH),
284,285
common etiologies of, 287
criteria for diagnosis of, 285
euvolemic hypoosmolar hyponatremia,
285

T
Thiazides, 282
Thionamides, 21
see also Anti-thyroid drugs
Thyroid axis, 170
in acute illness, 171
in prolonged critical illness, 171-172
Thyroid axis during course of criti-
cal illness, changes within,
201-202
neuroendocrine changes, 206207
central hyperthyroidism, 207
cytokines, role of, 207
feedback by neuronal afferents, 208
thyroid hormone transporters and
receptors, role of, 207-208
peripheral changes, 202
degradation of thyroid hormones,
206
increased D2 activity, 203-204, 204
increased D3 activity, 204
reduced D1 activity, 203
thyroid hormone binding and
transport, 204-205
thyroid hormone deiodination,
202-203
tissue levels of thyroid hormone
and interaction with receptors,
205-206
treating low T3 syndrome, 208-209
benefits of TRH infusion and
in combination with GH
secretagogues in prolonged
critical illness, 209
Thyroidectomy, 19

Thyroid hormones, 201
binding, 204
and sex steroid substitution
somatotropic axis, 191
transport, 204-205
Thyroid-stimulating hormone (TSH), 4,
201
Thyroid storm, 20-21
Thyrotoxicosis, 3—4
causes of, 4
clinical manifestations, 5
epidemiology, 4-5
extra-thyroidal manifestations, 7
pathogenesis, 5
treatment, 8
endogenous, causes, 3—4
factitia, 18
ectopic thyroid tissue, 18-19
other forms of, 19-21
solitary toxic adenoma (Plummer’s
disease), 9
gestational trophoblastic tumors,
15-16
hypersecretion of TSH, 1617
iodine-induced thyrotoxicosis,
11-15
thyroiditis, 9-11
sources of, 3
surgery, 24-25
toxic multinodular goiter, 8
treatment of
anti-thyroid drugs, 21-23
radioactive iodine ablation, 23-24
Thyrotoxicosis factitia, 18
Thyrotropin-releasing hormone (TRH),
201
Tissue resistance to corticosteroids,
critical illness
glucocorticoid with septic shock, 222
Torsades de pointes, 33
Toxic multinodular goiter, 8
treatment with radioiodine, 8
Translocational hyponatremia, see
Hyponatremia, hypertonic
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v Vasopressin, 240
V1 agonists, 244 effect on renal function, 247
effects of Venous sampling, 103
on regional circulations, 246248 Von Basedow’s disease, see Graves’
disease

on renal, 246
on splanchnic circulation, 244-245
in septic shock, 242-244 W
Vanillymandelic acid (VMA), 87 ‘Wasting syndrome,” 170, 187
Vaptans, 293 Waterhouse-Friderichsen syndrome, 50
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