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Preface

A paradigm shift is taking in raising standards on all aspects of tissue banking from
procurement to processing, from storage to clinical usage. A number of monographs
have appeared giving guidance on GMP and quality systems that should be adhered
to. There are also good guidelines on the significance of the new regulations that
have been enacted.

However there is a significant lack of information on the scientific basis and
rationale on why tissue banking practices have developed the way they have. Many
of them have developed without much validation and have been in use for many
years, copied from one tissue bank to another. There are some good articles on
some scientific aspects of tissue banking practices, but they are in relatively old and
in somewhat obscure journals. This book is intended to fill this gap by getting a
series of eminent experts to each write a chapter or two on up to date tissue banking
practices.

Moreover in the modern world of tissue banking, safety and quality of tissues
have taken an increasingly important role. In fact these activities form the basis of
many licensure activities that relate to tissue establishments. An attempt has been
made to cover these aspects as well.

Although the legislation covers all types of cells, including stem cells, they have
been deliberately omitted. The target audiences for stem cells are different and the
set up is also generally quite different unlike cord blood, which is very similar to
tissues and therefore included.

In order to limit the size of the book to a manageable level the authors have been
only asked to cover the basis of current practices, rather than future developments,
such as embryonic cell developments, tissue engineering and gene therapy, which
are more cellular therapies than tissue banking, per se. Courses conferring certifi-
cates and diplomas have just started to be provided by various professional bodies.
This is important because tissue banking is becoming a distinct modality for scien-
tists who want to work in the field. I believe such an audience would be very keen
to use this book. Also any scientist and medical person working in the field should
be interested in it. It will also be useful for many surgeons who use tissues in their
daily clinical practice.

I am very grateful to all the authors, who without exception willingly gave so
much time, effort and energy in writing their chapters. They are without exception,
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leaders in their field. They have all produced up to date and state of the art chapters.
They have done it in the style they felt was appropriate and no attempt was made to
modify this. The key objective was to collate all this information in one place. I have
learnt a lot whilst editing this work and I hope that the readers will be engrossed in
reading this book as much as I have.

Edinburgh, Scotland George Galea
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Chapter 1
Live Donors of Tissue

Ruth Warwick

The Process of Making a Living Donation

Donations by living donors include bone, cord blood, amniotic membrane, oph-
thalmic limbal stem cells and heart valves. The latter may include heart lung block
recipients who then donate their hearts. Allograft haemopoietic stem cell donors
of bone marrow and peripheral blood stem cells are also clearly living donors but
are not dealt with in this chapter because their donations are not banked but used
directly after donation. Living tissue and cell donors dealt with in this chapter, and
the circumstances of their procurement, are summarised in Table 1.1.

The process of living donation of tissues shares many characteristics with blood
donation, including a number of ethical issues relating to consent, ownership, a
duty of care to the donors by the tissue facility as well as selection and testing
of donors. However, there are also many differences and, whereas blood donors are
self-selected, living tissue donors make their donations in the context of an operative
procedure which they undergo for their own benefit.

For living bone donors the context is a hip joint replacement operation and
the potential donor is actively approached, either by the surgeon’s team or by an
employee of the tissue facility, to see if the individual is interested in donating their
femoral head removed as part of their therapeutic hip replacement operation.

For amnion donation the potential donor is an obstetric patient undergoing elec-
tive caesarean section for delivery of her infant. In the case of a cord blood donor
the potential donor is the maternal-infant pair donating cord blood after the deliv-
ery of the infant. In this case, who the actual donor is, is less clear than in femoral
head donation in that the mother may provide consent and her own medical and
behavioural history but this is only as a surrogate for her infant who, some may
argue, is the actual donor, a situation which is not yet tested in the courts.

R. Warwick (=)

Consultant Specialist for Tissue Services, NHSBT Tissue Services, Collindale Avenue,
London NW9 5BG, UK

e-mail: ruth.warwick @nhsbt.nhs.uk

G. Galea (ed.), Essentials of Tissue Banking, DOI 10.1007/978-90-481-9142-0_1, 3
© Springer Science+Business Media B.V. 2010
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8 R. Warwick

The result of donation of bone, amnion and cord blood in the situation where the
donor is also a patient undergoing a medical intervention for their own benefit means
that the donor is not a volunteer to quite the same extent as a donor of blood and
they may be concerned that the care they receive as a patient may be compromised
in some way if they decline to be a donor. Of course it is best practice to ensure that
there is no coercion in obtaining consent to donation and this is dealt with in detail
elsewhere in this book. However, it is relevant to the special aspects of tissue and
all donation from living patients that the perception of the donor of themselves as a
patient may influence the giving of consent and the medical history.

The interview with the living donor of tissues may be undertaken, not directly by
an employee of the tissue establishment, but by staff from the surgical or obstetric
department undertaking the procurement of the donation and such staff need to be
trained by the tissue establishment in all the relevant aspects of medical, behavioural
and travel history taking and the consent discussion. This applies to both the ini-
tial training of staff undertaking interviews and also applies to continuing training
and updating as processes and regulation changes. Audit, as a means to examine
whether standards are adhered to, may identify areas needing additional training.
New developments in the field may also result in the need for staff updates.

Circumstances of Living Donation: How Are Tissues from Live
Donors Obtained?

It is necessary to be able to identify the potential donor for each type of donation
and the circumstances around each type of donation are different.

Femoral Head Donation

In the case of femoral head donations, potential donors may be identified in the out-
patient department when they attend for surgical and medical assessment prior to
their surgery. For those hospitals which run preoperative assessment clinics, these
clinics may be an ideal time to approach potential donors when they are counselled
about their forthcoming operation. They can be asked whether they are interested in
donating the femoral head which otherwise would be discarded. At this time they
will not be receiving pre-operative medication or receiving post operative analge-
sia and therefore they should be able to make an informed decision, unclouded by
medication. They may be nervous that their decision may influence their surgical
procedure or its timing and staff must be sure not to inadvertently coerce patients to
donate.

There are a number of models for obtaining consent from femoral head donors.
They may be interviewed face to face by tissue establishment staff or by trained
hospital staff working according to specified procedures. Hospital staff may be
contracted to the tissue facility and trained to use formal questionnaires, agreed
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in advance and regularly updated using a document control system within a qual-
ity management system. They may be interviewed by telephone, by arrangement
and with their prior consent, using the same questionnaire where the interview is
documented using digital recording and where the telephone discussion becomes
part of their donor record. The advantages of the latter model are considerable:
the interview can be at a convenient time chosen by the donor in advance, the
recording can be audited and used as a training tool and not only is the consent
recorded but also the prior information provided to the donor. However such a
system does require resource and infrastructure to support it. All methodologies
which are employed must ensure confidentiality and the timing of the interview
must allow for donor competency issues, avoid the effects of drugs and anaesthetics
and language comprehension issues.

Patients need to be informed that, if they wish to make a bone donation, it
will involve them also giving permission to be tested for microbiology markers for
infection which, in the UK, includes hepatitis B and C, HIV, HTLV1, HTLVII and
syphilis and that where the results are pertinent to their health that they will be
informed of those results and be advised how they should be managed. There may
be additional discretionary microbiological tests such as for malaria or Chagas’ dis-
ease if the travel history indicates the need for this. Patients also need to be told
that, in those tissue banks where living tissue donors are recalled and retested for
the mandatory microbiological markers at 6 months post-donation, they would need
to provide another blood sample as well as one at the time of donation or very near
to their operation. Potential donors need to know that a comprehensive medical and
behavioural history is needed to assess the suitability of the individual as a donor.
The history taking is relatively time consuming and individuals should ideally be
informed that all the questions are asked of every potential donor. They also need to
be told that donations unsuitable for therapeutic use may still be suitable for research
and development. Therapeutic use is most commonly in revision of hip replacement
operations. Research may be in the public sector where the outcome of research
using donations of tissue may be published. Development work within the tissue
establishment can lead to improvements in processing or other aspects of tissue
bank procedures. Research may also be possible in the commercial domain, includ-
ing for drug discovery work, although this would not benefit the donor financially.
All these aspects may result in potential donors wishing to decline the invitation to
donate. For those donors who agree to allow donation then the first blood sample is
commonly taken at the time of anaesthesia prior to the hip replacement operation.
The second sample may be taken by the community doctor (primary care practi-
tioner) 6 months post donation, then posted back to the testing laboratory or tissue
facility. The European Commission (EC) Directive [1] allows Nucleic Acid Testing
(NAT) at donation as an alternative to recall and repeat testing of the donor. Patients
who make donations need to be informed that the process of donor selection and
testing mean that not all donations can be used therapeutically [2].

In the operation theatres a member of staff trained in the procurement of bone
will have responsibility for holding and maintaining a stock of sterile packaged pots,
supplied by the tissue facility, to be used to contain the donated femoral head after
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its removal by the surgeon. The surgeon will remove an analyte validated to repre-
sent the donation, commonly bone chips from the femoral head, and place these into
broth for aerobic and anaerobic bacteriology culture according to the requirements
of the individual bank. All the documentation, bone pots and associated bone chips
for culture and blood samples for microbiology testing will be labelled, according to
preset procedures, with donation barcodes or other means of identifying the donor
and samples to allow tracking from the donor with the associated samples and doc-
umentation and subsequently to recipients. Ideally the labelling will be compatible
with testing laboratory equipment so that manual transcription of information about
the donor is avoided and computer traceability is ensured. It is a requirement of the
EC Tissue and Cell Directives that a European Coding system is developed [3].

In the case of femoral head donation there is a need for extensive interaction
between tissue facility and outpatient and theatre orthopaedic staff with the need for
training and audit and updates to staff training.

The general principles described for femoral head banking also apply to other
living donations of tissue. Special considerations for other types of living donations
follow.

Amniotic Membrane Donation

In the case of amnion the information about potential donors may be obtained
through the obstetric lists of elective caesarean section deliveries. Elective proce-
dures carry the advantage over emergency caesarean section because there is time
to have a pre-consent discussion with the donor before commencement of labour and
for consent to be given or declined in advance. The discussion prior to consent is
similar in content to that described for bone donors with regard to selection by medi-
cal and behavioural history and for the need of microbiological testing, although the
information about use of the donation will clearly differ from that for bone donors.
Amniotic membrane is used in the UK mostly in ophthalmic surgery as a biological
dressing [4] but is sometimes used elsewhere as a skin substitute for burns. Again
there is a need for close co-operation between midwifery, obstetric out-patient and
in-patient delivery suite staff.

Limbal Stem Cell Donation

Limbal stem cells are needed for ophthalmic epithelial tissue repair. They are situ-
ated in the Palisades of Vogt, which is found in the limbal region around the cornea.
Limbal stem cells are capable of great proliferative potential and maintain normal
corneal function. Chemical and thermal burns, Stevens-Johnson syndrome, and ocu-
lar pemphigoid can cause limbal stem cell failure. This may result in the need for
limbal stem cell transplantation. If one eye is affected then the contralateral eye can
donate limbal stem cells. If both eyes are affected then a donation from a member
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of the recipient’s family, or from a deceased donor, may be used. Matched tissue
type cells are best, so autologous cells are ideal. However stem cell expansion and
innovative procurement of cells may be the way forward. Immunosuppression may
improve graft outcome. Limbal stem cells and amniotic membrane grafts can be
used together. This type of grafting is innovative so the good practice of evaluating
outcomes is clearly indicated.

Cord Blood Donation

Cord blood banking can be unrelated and altruistic, where the donation is provided
for anyone who needs the equivalent of a bone marrow transplant and who matches
the donor. Such types of cord blood transplant require international collaboration to
find matches.

There are also directed cord blood banks for families at high risk of a fam-
ily member needing a cord blood or bone marrow transplant for an existing
child or other family member with a relevant disease treatable by the equivalent
of bone marrow transplant. This appears to be a very effective way of banking
cord blood [5] and the donor selection procedures used in this circumstance must
maximise safe donation, whilst recognising the advantages of a potential close
family match. Such family donations avoid the delay involved in waiting for a
matched sibling donor to grow large enough to donate bone marrow. Without pre-
implantation tissue type matching of donor and recipient there is a 1 in 4 chance
of an HLA match for individuals with the same two parents. For patients with a
genetic disease the donor may be affected by the same disorder as the intended
recipient.

The third type of cord blood bank are banks run by the commercial sector for
families wishing to bank cord blood for sole use by their own family members.
These types of cord blood unit are rarely used and are banked on the presumption
that cells within them will be able to be used for regenerative medicine purposes
in the future, especially for the treatment of degenerative diseases. Some banks
undertaking this type of banking run on a public/private partnership basis in order
to provide for the common good whilst respecting the wish of some families to
undertake privately banked cord blood storage.

Models for collection of unrelated cord blood vary, with some centres interview-
ing the mother using cord blood bank staff and others using midwifery staff. Some
collect the cord blood whilst the placenta is in-utero and others after delivery of the
placenta. Guidance from the Royal College of Obstetricians [6] recommends that
cord blood collection should not interfere with the normal delivery of the child and
care of the maternal infant pair.

All models require processes which include careful and thorough review of the
donor’s history; donor microbiological testing and aseptic retrieval of donated mate-
rial. These reviews of the donor are complicated because assessment of the mother
is only an indirect indicator of disease in the infant. Also, because the cord blood
may be stored for decades before it is selected for a recipient, there is the chance
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that new tests may be pertinent at the time when the cord blood is chosen for
transplantation and so it is important that there is storage of donors’ analytes for
future testing.

Donor interview, by a trained member of staff, must include, as with femoral head
donors, medical, behavioural and travel history, but for cord blood donors an ethnic
history is also useful. Donor selection will reduce the risk of transmission of either
genetic or infectious disease. Neonatal haemoglobinopathy screening is undertaken
by some cord blood banks, which target donors from susceptible ethnic minority
groups in order to identify haemoglobin abnormalities not recognisable at birth,
such as sickle-cell disease which could be transmitted to a recipient. Sickle cell trait
has been transmitted [7] without clinical consequence, but transmission of sickle
cell disease could result in the recipient developing severe disease. Cytogenetic
reports, when available, may identify genetic abnormalities in donor infants and
such services are sometimes provided by public authorities. Information through
health professionals including the primary care practitioner of the mother, as well as
mothers themselves, may be invited to facilitate reporting of medical complications
relating to infectious, genetic or malignant disease identified after donation.

Thorough cleansing of the umbilical cord prior to aseptic collection and use of
a dedicated clean collection room, plus closed system processing where possible,
or the use of controlled environment and laminar flow hoods will limit aerobic
and anaerobic bacterial contamination of the donated cord blood if closed system
processing is not used.

Donor Selection: Evidence Base and General Considerations

Transmissions of disease by organs, tissues and cells is well documented [8] and
includes examples of both infectious diseases and non-infectious disease transmis-
sion, the latter including malignancy, auto-immune or other disorders. Red cell
alloimmunisation is not strictly a disease transmission but can be a complication
of transplantation. Transmission of infections by tissue transplantation has been
reviewed in the United States [9] on the base of a denominator of one and a
half million tissue transplants each year. The review examined reports received
by the Food and Drugs Administration from 2001 to 2004 and concluded that
improvements in adverse reaction reporting will improve the ability of tissue estab-
lishments to undertake their activities and the safety of tissues for transplantation.
The EC Directive [10] requires that adverse events and reactions are reported to
the European Member States Competent Authorities and subsequent central col-
lation of this has been further developed by a European project called EUSTITE
(http://www.eustite.org/.) The probability of blood-borne virus in tissue donors in
the US has been documented [11] and although prevalence rates were lower than in
the general population, they were higher than among first time blood donors. Brant
found that the prevalence of infection low among English tissue donors, but the risk
was higher than that among new blood donors [12].

Safety measures include avoiding disease transmission to the tissue or cell
recipient by preventing contamination of the donation at procurement, processing
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or storage, by selection of the donor, by testing the donor for blood-borne infections
and processing the donation and, where possible, to de-contaminate or sterilise it.
This chapter mainly addresses aspects of donor selection.

The donor interview provides the first cut exclusion of potentially inappropri-
ate donors. There are differences between donations of viable cells and tissues, and
those that are non-viable and their potential for disease transmission. There are also
some recipient factors which can affect disease transmissibility. Immuno-competent
and non-immuno-competent recipients differ in their susceptibility to donor derived
disease. There are implications for other types of disease transmissions, such terato-
genicity via drugs taken by the donor, relevant to female recipients of child bearing
potential, and there is the need for matching of RhD red cell antigens when issu-
ing femoral head donations containing blood or marrow. This is also relevant for
cord blood recipients. Donors of cord blood may have a condition transferable by
transplantation to the recipient of the cord blood. The implications of new donor
selection criteria for tissue and cells already in inventory and selected according to
obsolete donor selection and testing needs to be included in tissue and cell facility
policies concerning review of stock inventory. Such policies can usefully include a
risk assessment based approach on how to handle changes in selection criteria and
the impact on donations already in inventory. This chapter uses examples of donor
selection criteria for living donors to examine the evidence base for tissue or cell
donor selection and highlights where the evidence behind such criteria could be
enhanced. Of course there are many exclusion criteria but just a few of these are
used as an example to illustrate the principles.

Exclusion of Living Donors of Bone

In the National Health Service Blood and Transplant (NHSBT), Tissue Services
(TS) operates a living donor and deceased donor tissue banking programme. The liv-
ing bone donor programme operates in collaboration with orthopaedic departments
to collect surgically removed femoral heads. Organisations vary in their criteria for
donor selection and an example of such criteria is that provided in the UK Blood
Services Tissue Donor Selection Guidelines (www.transfusionguidelines.org.uk)
and Guidelines for the UK Blood Transfusion Services [13]. The former gives exclu-
sion criteria, such as autoimmune and infectious disorders, high-risk behaviour and
malignant conditions. No age limit is applied for surgical donors of femoral heads
but known osteoporosis, or other conditions providing high risk for osteoporosis are
exclusions.

A survey [2] showed that the commonest exclusions from femoral donors are
reported to be pre-existing bone or joint conditions and malignancy. The reported
exclusions of donors of femoral heads for “malignancy” represent active malig-
nant disease and non-metastatic disease or individuals in remission for some years.
On the other hand some donors with no reported history of malignancy may have
occult malignant disease, sometimes detectable in donated bone. Cases of low grade
lymphoma were revealed in retrieved bone allografts [14] and evidence of malignant
lymphoma and low grade chondrosarcoma were found in femoral heads otherwise
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considered suitable for donation [15]. Whilst transmission of malignancy is well
documented for organs, the risk of transmission of malignant disease from tissues
is remote, with only two reported cases where transmission occurred from a his-
tiocytoma and a colonic carcinoma through direct tissue needle stick injury to the
surgeon from the patient [16, 17]. In each of these cases the tissue was not bone
and the tissue was not processed or frozen, unlike tissue used for bone banking and
intended for transplantation.

Development of additional deferral criteria, aimed at reducing the risk of trans-
mission of disease in general and, in the UK, of vCJD, will further reduce the donor
base. In the UK femoral heads found suitable for clinical use are either issued
as unprocessed fresh frozen donations containing blood and marrow, or they may
undergo gamma irradiation. If new methods of processing of individual single FHs,
including cell removal and sterilisation become available [18], it could be feasible to
reconsider existing exclusions relating to donor malignancy and some auto-immune
conditions. Frozen femoral heads have transmitted HTLV [19] showing that freez-
ing does not remove the risk of transmission for cell dependent viruses like HTLV.
However, freeze-thawing, hot hypotonic washing, ethanol and peroxide washing,
re-freezing, freeze drying and 25 kGy gamma irradiation and ethylene oxide treat-
ment are much less hospitable to cells and presumably therefore also other less
kind environments to tissues. Peracetic acid also renders cells and viruses non-
viable [20, 21]. Validation would be required to establish that such processing would
remove the chance of survival of malignant cells or their causative agents from being
transmissible to recipients of such processed bone.

The Commission Directive, 2006/23/EC requires that malignancy, with a few
exceptions, be considered a contraindication to donation. However, it can be argued
that donor acceptance and deferral criteria should be risk assessment based on evi-
dence of transmissibility. Processing of tissues validated to remove cells may be
a means to accepting donations from individuals with a history of malignancy or
auto-immune conditions not affecting the specific tissue to be retrieved. Donor and
recipient histo-incompatibility, plus recipient immune competence further reduce
the chance of survival of malignant clones in the recipient and, together with the
removal of oncogenic viruses, means that deferral for malignancy for bone donation
could be reviewed on the basis of these combined factors. A firm evidence base is
needed if standards for exclusion are to be effective in ensuring quality and safety
of donated tissue, whilst preventing arbitrary exclusion of some tissue donors.

Other Examples of Selection of Living Tissue Donors to Reduce
Risk of Disease Transmission

Blood and tissue donors are closely questioned about their behaviour to assess the
risk of carriage of blood or tissue borne viruses. Questions include whether an
individual has had exposure through medical intervention and lifestyles which are
associated with a higher incidence of certain infections than other sectors of the
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community. Lifestyle risks include tattooing, sexual practices and non-prescription
drug taking. There are many countries which require some type of registration of
tattoo parlours or acupuncture facilities and personnel and that makes it easier to
exclude potential donors who have had procedures in non-registered facilities where
the chance of re-use of needles or tattoo ink cannot be excluded. Another method
of dealing with such risk is to defer the donation for 12 months after the proce-
dure to ensure that donors are not in the serological window period of infection.
Alternatively deferral for 6 months may be employed if validated NAT is available
at donation and hepatitis B anti core testing is performed to exclude donors infected
with blood borne viruses in the serological window phase [13].

Obtaining behavioural history relating to tattoos and other procedures with sim-
ilar risks is easier in the context of a first hand history from the donor, such as a
femoral head donor, than in the context of a deceased donor where the history is
provided by the next of kin or other family member. If a country does not have
a licensing or registration system for tattoo facilities, investigation of facilities on
an ad-hoc basis may be too time consuming to allow the tissue facility to be sure
that the processes used were safe. When the European surveillance and vigilance
schemes [22] for the reporting of community infections are routinely providing data
then trends will be apparent and risks more easily identified so that the criteria for
selecting donors will be more effectively evidence based. Such schemes will be able
to identify risk areas and activities and differences between countries and within
them.

Donor selection however must always be balanced carefully to ensure that selec-
tion and deferrals are proportionate or the availability of tissues for allografting will
not be sufficient for patients’ needs. It is also clearly a surgeon’s responsibility, when
using tissue for allografting, to ensure that that use of tissues is appropriate and that
other approaches to treatment have been considered.

Males Who Have Had Sex with Males (MSM)

More traditional concerns relate to individuals in groups shown to have a high risk of
carrying blood-borne viruses, such as men who have ever had sex with men (known
as MSM). In some, but not all countries, MSM remain excluded for life from becom-
ing donors of blood or tissues. It has been suggested that this criterion is too strict
and that criteria for deferral should be consistent with rules for acceptance of other
potential donors at increased risk for sexual transmission of blood-bourne diseases.
The risks associated with MSM are much higher with regards to blood-borne viruses
like HIV than the general population [23]. Risks also vary geographically and there-
fore donor acceptance criteria may also need to vary between countries. The medical
and behavioural history is critical in assessing donor risk, whether it is for needle
stick injuries, or for MSM. This is all in the context of sensitive microbiology assays
using NAT for blood-borne viruses, an attitude to achieving zero risk and a limited
supply of allograft tissues.
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Selection of Cord Blood Donors

Microbiological Screening of the Mother and Cord

HIV and Hepatitis B and C

From 1988 to 1996 HIV infection rates rose six-fold in the heterosexual population
[24] leading to concerns that a maternal donor may be in the HIV seronegative
window period. In the first instance, the interview with the mother during con-
sent may identify behaviour known to increase the risk of HIV infection. HBV has
been transmitted by bone marrow transplantation [25]. Testing solely for HBsAg
leaves a small risk of HBV infectious donations because of the possibility of a
mother having antibody to HBV core (anti-HBc) as the only marker of potential
HBYV infectivity. However, the risk of such a mother being infectious to her child
at birth is low and the cord blood is unlikely to be infectious. HBsAg is usually
present in the patient’s circulation within 1 month of exposure to infection. In some
Asian and Afro-Caribbean populations, where HBV infection commonly acquired
in infancy, often from an infectious HBsAg positive mother who is also HBeAg
positive, chronic HBV infection is relatively common. Anti-HBc (together with
anti-HBs) may be present in 50-80% of potential donors from endemic areas. If
anti-HBc screening was used in the absence of anti-HBs testing, it would result in
the unnecessary loss of donations which are not actually infectious [26].

Hepatitis C has been transmitted by blood and frozen bone, and it is likely that it
could be transmitted by cord blood because there is between 6.2 and 10% transmis-
sion from mother to infant [27]. Additional testing, using high sensitivity techniques
at the time of selection of a cord blood unit for transplant, will also reduce microbio-
logical transmission risk if undertaken in addition to the mandatory microbiological
markers performed at the time of donation.

Donor recruitment requires that information be provided to mothers during the
antenatal period — leaflets, videos, posters and/or presentations at parent classes and
in the appropriate languages for the potential donors, particularly if the obstetric
unit where collection of cord blood is undertaken provides services to a multi-ethnic
population. At the initial donor interview, the mother provides written consent, med-
ical, behavioural, ethnic and travel history. Blood samples from the mother may be
taken at the time of interview or at the time of cord blood collection. Collection
either involves the placenta being passed to a member of staff, the umbilical cord
cleaned with venesection of the umbilical cord using a needle attached to a closed
collection bag or in some centres the cord blood may be collected whilst the pla-
centa is still in-utero. At the time of cord blood collection, samples from the cord
blood may be used for a variety of analyses; cell phenotyping, tissue typing and bac-
teriology screening. Analytes need to be archived for future testing. Samples from
the mother and cord blood plasma can facilitate mandatory microbiology screening
and for CMYV, whilst DNA and plasma can be archived for future testing at the time
of issue. Cord blood banks have varying procedures for banking collected units,
depending on the volume or cell count.
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Some agents may cause not only the pathognomic disease by which they are
primarily known, but also other symptom complexes where the association is less
well recognised. Iritis and arthralgia may be caused by HTLV but this association
with HTLV may not be widely appreciated [28-31]. Sarcoidosis may be associated
with human herpes virus 8§ (HHV-8) infection [32].

Regamey described the transmission of HHV-8 infection from renal transplant
donors to recipients [33]. However, [34] in the context of renal transplantation,
transplant physicians should seriously consider HHV-8 infection in the donor pop-
ulation prior to transplantation. If HHV-8 in the moderately immuno-suppressed
renal recipient population poses a significant problem, it is likely that in the more
profoundly immuno-suppressed bone marrow or cord blood stem cell recipient, the
problem may be greater. There are no screening programmes for HHV-8, and the
specificity of tests currently available is uncertain. False positive tests would result
in losses from the donor pool and health concerns for candidate donors. The associ-
ation of HHV-8, with subsequent development of Kaposi’s sarcoma, in profoundly
immuno-suppressed individuals warrants consideration [33].

Not all diseases are subject to vertical transmission during pregnancy or delivery
but vertical HIV transmission is well documented [35] and behavioural risk in the
mother may be significant in assessing the safety of her infant’s cord blood for trans-
plantation. It is less clear whether maternal malignant disease is a risk to the cord
blood recipient. There is a balance between ensuring safety, whilst ensuring suffi-
ciency of donation. Donor derived malignant disease transmission transplantation
has been reviewed recently [36].

Other Types of Potential Disease Transmission by Cord Blood

Trafficking of cells between the mother and the fetus occurs [37] and foetal
cells in the maternal circulation may be long lived. Male foetal cells persist in
maternal blood for decades after delivery [38]. Fetal DNA and cells have been
identified in skin lesions from women with systemic sclerosis [39]. This shows
the potential capacity of fetal cells to engraft against the maternal HLA barrier
[40]. Maternal lymphocytes may survive in the infant as up to 4% of the total
for up to 5 years following maternal in utero transfusions [41]. Some fetal cells
are destroyed in the maternal circulation [42] but there has been a case of ver-
tical transmission of lymphoma from mother to child, where both died of the
lymphoma [43].

If there is a strong family history of malignancy of early onset, there is the poten-
tial for transfer of the predisposition to the cord blood recipient. This makes the
family medical history taking very pertinent in making the decisions whether to
transplant from a potentially affected cord blood donor in the context of availability
of alternative donors. This is a decision for the transplant physician in collaboration
with the cord blood bank medical director. Such information is also pertinent in the
evaluation of second malignancies in the recipient transplant populations where sec-
ond malignancies are not uncommon [36]. Other genetic risk markers could become
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the subject of future screening programmes. DNA archives are commonly main-
tained by cord blood banks. For example, acute lymphoblastic leukaemia (ALL)
has been shown to be associated with an abnormal fusion protein that may be
present before birth and precede the development of disease by several years. There
has been a case of acute lymphoblastic leukaemia following cord blood transplan-
tation, where the donor was known to be healthy at 7 years of age [44]. There
have been 4 cases of donor cell derived acute myeloid leukaemia following unre-
lated cord blood transplantation where the donors were well 6-12 months after
birth [45]. These cases illustrate unique ethical issues in cord blood banks.

Genetic Disease

Sickle cell trait [7] is one of a number of genetic disorders which can poten-
tially be transmitted by cord blood transplantation. The potential exists for
haemoglobinopathies, thalassaemia, and immune deficiencies, Fanconi’s anaemia
and the metabolic diseases for transplant transmission.

Travel History

Ethnic minorities may come from areas where viral infections are endemic and rele-
vant to transplantation. Risk from semi-immune donors, born in a malarial endemic
area, following childhood residence in such an area, especially with return to those
areas in the previous 3 years may be relevant.

Bacterial Risk

Maternal puerperal pyrexia or prolonged rupture of the membranes may point to a
risk of bacterial infection, as might infants with possible congenital bacterial infec-
tion associated with amnionitis. Frankly bacteraemic cord blood donations would be
detected by positive cord blood cultures. Bacterial risks may be associated with the
mother, the child, the environment or the staff who undertake collection, processing,
cryopreservation or storage of the cord blood. To minimise bacteriological contam-
ination from maternal infection, the mothers of cord blood donors should ideally be
selected on the basis of having undergone a normal pregnancy, whether delivery is
vaginal or by caesarean section.
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Chapter 2
Deceased Donors of Tissue

Aurora Navarro

Introduction

Organ and tissue donation are activities that are carried out in many countries. There
are some common bases in both activities:

e Both activities are performed by a small number of professionals whose respon-
sibilities are to promote organ and tissue donation at the difficult time for the
families facing the death of a relative.

e Donation is an altruist act of the family and anonymity is maintained during the
whole process.

e Some organs and tissues may be obtained from living donors but in both cases
are not enough to meet demand. In some cases however such as a heart transplant
or a cornea is not possible to obtain the graft form a living donor.

On the other hand, big differences exist between organ and tissue donation and
transplantation.

e Primarily the purpose of the transplant; organs transplantation is a life saving pro-
cedure and tissue transplant is in the majority, life enhancing. This aspect is very
important in order to understand the emphasis that is focused for organ donation.
Figure 2.1 provides information on donation rates per million population from
various countries worldwide. This rate does not meet patient demands. Whilst
families understand the need for donation, relatives only accept organ donation,
in a more limited way.

e The characteristics of organ and tissue transplants also very different. Organs
are given to a patient whilst fresh whilst tissues may be stored for a prolonged
period of time and may also be heavily processed. Therefore for organ donation

A. Navarro ()
Banc de Sang i Teixits, pg Vall d’Hebron, 119-129 08035, Barcelona, Spain
e-mail: anavarro@bstcat.net

G. Galea (ed.), Essentials of Tissue Banking, DOI 10.1007/978-90-481-9142-0_2, 23
© Springer Science+Business Media B.V. 2010



24 A. Navarro

40
-
35 |- 4
m
—
30 PP s S
NNng
25 MM e -

20
15

10

EEssss—— 14.7
e 11.3
Poland /=3 11
— 5
= 8.7

| = EE¥]
.._: 13.3
Argentina [0 125

Norway [ 211
CzechRep [P 191
Finland [E) 17.6
Croatia [ 174

Slovenia [ 17

UK [ 155
Germany [ 149
latvia [ 148
Denmark [==——== 139
Colombia [=——o—= 123
Cyprus [ 115

New,, —/———3 10

o w
Italy — 214
Malta | 20
Uruguay 0 194
lceland [ 188
Ireland [ 16.5

S ® o < m o ] E = ] T H
s e85 E<E E a3 3 5 ]
a2 922 %S o 8 2 = £
w £ 3 o3 = =] e = = 2 o
5 & i £ 3 3 =
o -~ v
5 <

Fig. 2.1 Organ deceased donors 2009. Preliminary data from IRODaT — TPM. Donors with at
least one organ recovered and trasplanted. Numbers in pmp (per million population)

the graft and patient survival is often reported back to the donor family while in
tissue transplant only tissue outcome is described.

e The number of potential donors is also extremely different between organ and
tissue donors. Organ donors can only come from patients dying in the hospital
in specific circumstances (e.g. brain death, non heart beating programs etc) and
tissue donors has a larger potentiality because patients can die inside or outside
of the hospital in varied circumstances. As long as there is compliance with the
local legislations and scientific standards related to tissue donor selection tissue
can be procured. Figures 2.2, 2.3, 2.4, and 2.5 show the European data on tissue
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collections. They are tissue specific. Because data collection in this area of activ-
ity is new, the data is not complete and not all countries have yet reported their
activities in tissue banking. It is clear however that there is great variability in
tissue collection rates between countries and in the type of tissues procured.

e The time between donation and transplant is also enormously different between
organs and tissues. While organs are preserved for a very short time and trans-
planted in hours, tissues are processed and may be preserved for months, and
years. Sometimes the only limitation to preserve a tissue is the validation of the
packaging for a longer period of time.
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Tissue establishments, implement a variety of quality systems to underpin their
activities such as ISO systems, Good Manufacturing or Tissue Practices or excel-
lence systems such as EFQM. These quality systems implement directives, laws
and scientific standards to ensure the quality of the tissues and minimise the risk of
disease transmission through tissue transplantation.

Tissue banks are responsible for maintaining the traceability of the process from
donation until transplantation including the contact and solidarity with the family.

Tissue Donor Detection

There are a number of crucial aspects related to tissue donor detection that have to
take into account whenever a tissue program is organized:

— Source
The source of the tissue donors will point out where to look for donors.

A hospital tissue donor program will be placed inside the hospital and health care
professionals will be part of the process. Usually transplant programs inside the
hospital involve health care professional’s participation in notifying any potential
tissue donor at the moment of death. This program usually starts by obtaining
the tissues from all the organ donors and afterwards focuses its efforts to detect
potential tissue only donors. Usually this is focussed in areas where deaths occur,
usually intensive care units, emergency departments and internal medicine wards.
Hospitals’ tissue donors are detected soon after death so blood procurement for
serologies and tissue recovery is done in a short period of time; usually less than
12 h after death. Also the family interview is usually performed face to face
because the relatives are usually still in the hospital when the process starts.
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Other strategies include the detection of donors in the anatomo-pathology
department. This is based on two important facts: autopsies are performed on a
daily basis in most of the hospitals and therefore is a useful source of poten-
tial donors. Moreover the pathologist responsible of the autopsy has medical
knowledge that will be most welcome during tissue donor selection and physi-
cal assessment. The pathologist is in a position to advice the retrieval team and
even could participate in tissue recovery.

Finally tissue donors can be detected in the last step after a death occurs, in
the funeral home. This system of detecting tissue donors is the most problematic
because by the time the potential tissue donor is detected, in many occasions it
is too late to start the process of tissue donor selection and retrieval. Also talking
to the relatives will be done usually by phone and in some cultures non direct
contact between transplant coordinator and the relatives of the potential donors
has a higher number of family refusals to tissue donation even it has been proven
its efficacy and efficiency in some programs, mostly corneas [1-3].

— Human resources

Whenever a tissue program starts, it is important to appoint a person respon-
sible for detecting, selecting and following through the whole process of tissue
donation. Sometimes different people are involved, administrative, family work-
ers, nurses, doctors. The most important fact is to obtain tissue and organ donors
by best utilising their specialization. It is certainly not ideal to perform these activ-
ities with personnel whose main remit is in other hospital activities but who are
also expected to get involved in tissue donation programmes. Focussing on the
professionalism of transplant coordinators and making them the central point has
made this activity more efficient not only by increasing the number of tissues
retrieved but also by the standard of care to other health care professionals and
donor families.

— Structure/dependency/budget

All the activities developed in the health system need to be clearly structured.
Establishing this activity as a core function in a hospital ensures that it is supported
by specifically appointed personnel ensures that it is supported by a ring fenced
budget.

— Cultural/society

The culture and the society where we want to implement a program on tissue

donation are significant in order to establish the strategies.

A good example of developing a program in one specific country and society is
the well known Spanish Model for organ and tissue donation. The Spanish model
is not the result of one single act but multiple actions that were established at the
beginning of the nineties.

The specific law on brain death diagnosis definition, based on sound ethics and
creating a hospital coordinator for organ and tissue donors, who is responsible of
detecting and managing donors have been crucial. The direction of this professional
is directly from the medical Director of the Hospital. Usually these professionals are
intensive care doctors that have partial or complete time dedicated to this activity.
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Usually in medium and small hospitals, transplant coordinators have a part time
dedication for developing their activities for donation. Other figures depending on
the administration are the regional and national transplant coordinators who chair
committees to review and analyze organ donation practices.

In order to organize and give national support to the whole process the National
Organization for Transplantation (ONT) was established to support the whole sys-
tem. Since the ONT was established it has been structured by supporting the
payment of the centres that generate organs for transplant, a continuous education
of the different professionals involved and the support of the mass media which has
been cooperating with the National organization with sufficient and correct infor-
mation to the population from the beginning. Figure 2.6 illustrate the impact of a
strategic coordinated plan on the number of family donor interviews and the rate of
refusals.

Other systems for developing organ and tissue donation include creating organ
procurement organizations (OPO) like in the US where the organizations are placed
outside of the hospital and when a death occurs or is imminent there is a require-
ment to refer the patient to the regional OPO or tissue bank. This referral system
is required by federal regulations. The advantage of this system is that the activity
is well organized and structured and can meet all the demands. Handling referrals
of deceased patients are performed by tissue banking specialist who investigated
perform proper risk assessment to screen for tissue donor suitability.
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— Legal

Laws, specific tissue regulations and European Directives control tissue donation
activities from donation until transplantation. Most of these rules establish anony-
mous, voluntary and unpaid tissue collection contributing to high safety standards
and for the protection of human health. Regulation on tissue donation also includes
in every country the mechanism to obtain consent for donation through presumed
or explicit consent. Presumed consent, mostly accepted in European countries, is
based on ‘opting out’ system offering the possibility to become or not a donor
through available registries where individuals can register their desire not to be a
donor. In ‘opting in’ systems individuals have the opportunity to register their intent
or consent to donate and in the absence, the default is donation.

Explicit consent or informed consent, mostly in US, UK, Canada and Australia
requires the explicit authorization of a donor to donate his/her organs and tissues
using donor cards or donor registries that will give his/her intent or consent to
donate.

Tissue Donor Selection and Evaluation

As mentioned before, tissue transplantation is of benefit for the recipient but most
of the times are not a life saving process. For this reason, the criteria to select a
potential tissue donor are more systematic and comprehensive for tissue donors than
for organ donors.

This situation is likely to be maintained in the future because organ waiting list
for transplantation increases all around the world and some of these patients in wait-
ing list will die while waiting. Tissue waiting lists are less critical because there is
the possibility of tissue substitutes in some cases and no mortality in almost all
the cases will occur because of a tissue shortage, with the possible exception of
skin grafts in severely burnt patients. For example if a cancellous bone is not avail-
able, autologous allograft from the iliac crest wedge can be a substitute together
with synthetic options. Human heart valves are the first option in some young
patients suffering endocarditis, congenital disease but also mechanical valves or
could substitute the lack of tissue.

Potential tissue donors are much higher in number than organ donors. Tissue
establishments have the advantage that the evaluation of the tissue donor is done
during hours, days or even months before clearing the tissue for clinical use. This
has positioned tissue establishments in the availability of having clear and specific
criteria to determine tissue donor suitability usually before tissue retrieval or in some
cases after tissue processing.

Tissue selection criteria have to be followed and established together between the
transplant coordinator office working for detecting and selecting the donors together
with the tissue establishment that will receive, process and clear the tissues. This
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agreement should be established from the beginning in order to be efficient during
the whole process.

To detect tissue donors is a great effort for the professionals involved because
families are shocked facing a very difficult situation and transplant coordinators
should focus their efforts to obtaining tissues from tissue donors that the tissue
establishment will finally accept.

Nowadays there are a variety of different tissue selection criteria- documents
generated in individual countries, European directives and standards from different
scientific organizations. All of them establish the basis to select a good quality tissue
which at the same time that minimizes the risk of disease transmission.

These documents have different approaches to donor selection depending on
their legal standing. Scientific organizations standards are recommendations and
guidelines very useful for practitioners in tissue banking field. Laws, Directives
and states regulations are legally binding and have to be enforced by the tissue
establishment in the influence area.

Whilst historically, countries have established their own requirements for tissue
donor selection, retrieval and banking in their territory, The European Parliament
and the Council of the European Union have produced directives ensuring that the
tissue banking activities are performed to harmonised minimum standards. Today
these activities in Europe are covered by the requirements laid out in European
Directive 2004/23/EC, of the European Parliament and the Council setting standards
of quality and safety for the donation, procurement, testing, processing, preserva-
tion, storage and distribution of human tissues and cells and more recently [4].

In order to implement the mother Directive, Directives 2006/17/EC regard-
ing certain technical requirements for the donation, procurement and testing of
human tissues and cells and 2006/86/EC was published. Finally 2006/86/EC imple-
ments certain technical requirements concerning traceability, notification of serious
adverse reactions and events, and certain technical requirements for the cod-
ing, processing, preservation, storage and distribution of human tissues and cells
[5, 6].

These documents, are legally binding and are intended to apply to all the pro-
cesses that take place in a tissue establishment, consisting of donor selection,
procurement, processing, storage and distribution of tissues and cells for human
application. In this chapter we will focus on all the aspects related to complete donor
selection criteria in order to have a safe tissue to be transplanted.

In order to perform complete tissue donor selection criteria all these activities
must be conducted:

— Review donor’s medical history

General donor exclusion criteria
Tissue absolute contraindications

— Family consent details and donor’s social history
— Donor’s physical examination

— Blood sample collection

— Biopsy/autopsy results
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Review Donor’s Medical History

A global acceptance of the potential tissue donor has to be done before facing the
decision of the specific target tissues to be retrieved.

The global analysis is not only a checking list of the medical history of the donors
compared to the exclusion criteria list. Donors often have a multiplicity of diseases
that have to be interpreted by an expert.

Different data has to be obtained to have a complete medical history: hospital
medical chart, family doctor report and recent analysis. For this reason it is recom-
mended that an expert on tissue donor selection takes the final decision, usually the
Medical Director of the tissue establishment.

Whenever a decision is being taken it has to be done under objective data
of the information and a risk analysis of the decision should be done. The risk
assessment should be is evaluated on the potential severity of risk of harming
the recipient through a tissue transplant and the relative prevalence of such an
occurrence.

General Donor Exclusion Criteria

— Malignancies are excluded except in situ cancer of the cervix and basal cell carci-
noma and some primary brain tumours which are accepted for tissue donation.
For cornea donation also solid tumours are accepted if there is no metastasis
to the anterior chamber of the eye or the primary tumour has tropism for pro-
ducing so. Also retinoblastoma and haematology cancer should exclude cornea
donation.

This criterion is in most of the countries’ guidelines and actually the EU
Directive excludes cancer for the rest of tissues in Directives 2006/17/EC.
Nowadays some tissue establishments are considering accepting tissue donors
with cured cancers. In the AATB standards for tissue banking [7] there is a sec-
tion which gives guidance that “donors with current or prior malignancy shall be
evaluated by the Medical Director or licensed physician designee for suitability
in accordance with the tissue bank’s SOPs. The evaluation shall include the type
of malignancy, clinical course, and the treatment prior to acceptance of a donor.
The evaluation and reasons for acceptance shall be documented in the donor’s
record”. These criteria adopted by the American standards could not be adopted
by any European countries covered by the EU Directive.

The following brain tumors that are accepted for tissue donation are:

Meningioma
Pineocytoma
Craniopharingioma
Adenoma
Teratoma
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— Unknown cause of death or diseases of unknown aetiology will exclude tissue
donation. Usually if the cause of death is unknown an autopsy will be performed.
In these cases if the cause of death is very likely to be found, tissue retrieval can
be performed waiting for the final result of the autopsy. In other complicated cases
where is not clear that the result will be resolved the medical director can decide
not to proceed tissue retrieval

— Uncontrolled infection such as septicaemia, systemic mycosis and viral diseases
will exclude tissue donation. The analysis of an uncontrolled infection has to
be done in conjunction with the treating doctor in order to analyse the risk
of retrieving an infected tissue. Even though cultures of the tissues are taken
during retrieval and through processing, it is recommended not to retrieve tis-
sues from uncontrolled infected donors if no validated inactivation process is
performed. Some tissue banks complement the information of potential infec-
tion with blood cultures of the donors, although the utility of this is still
debatable [8—12]. When there is a suspicion, history, risk factor or evidence
of the presence of HIV, HCV or HTLVI-II the donor should be excluded.
HTLVU/II geographical area distribution is Japan, northern part of South America,
Caribbean, southeast USA, some areas of Central Africa, Middle East and India.
Mainly in USA and Europe patients with HTLVI/II are drug addicts and their
partners.

— Neurodegenerative diseases of unknown aetiology such as lateral Amniotrofic
Sclerosis, Parkinson’s disease and Multiple Sclerosis will exclude tissue donation.
Neurodegenerative disease have unknown physiopathology in most cases and usu-
ally are related to genetic components, ambient factors or even infectious origin
such as viruses.

— Family history of CJD and vCJD, dementia of unknown causes, and previous
treatment of growth hormone and infertility before 1985 as well as the receipt
of a dura mater, cornea or sclera should exclude the donor from tissue donation
because of the risk of prion transmission.

— Autoimmune diseases. If the diseases involves different systems which may affect
the quality of the tissue, the tissue should not be donated. It is also important to
note that if the patient is under immunosuppressant treatment the results of the
serologies for the mandatory markers may be invalid.

— Xenotransplant (tissues containing living animal cells) recipients should not
donate tissues

Tissue Absolute Contraindication and Age Criteria

Once the donor has been evaluated overall a close tissue specific selection criteria
has to be performed.

Tissue banks establish age criteria to collect viable tissues with a high rate of
probability for being transplanted. For this reason age criteria are not standardized
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among different tissue banks because it depends of the need and waiting list of
tissues and the characteristics of the target potential tissue donor.

In order to represent some data for specific tissue exclusion criteria see Table 2.1.
This is by no means exhaustive but the following is illustrative of the types of
conditions that need to be assessed.

Heart Valves

Pulmonary Valve: <65 years old
Aortic Valve: <50 years old.
Mitral valve: <50 years old

Heart Valve donor should meet the following criteria:

— No history of bacterial endocarditis, coronary artery bypass grafting, rheumatic
fever, semilunar valvular disease or cardiomyopathy of unknown aetiology or
viral.

— Evaluation of risk of Chagas’ disease

— Evaluate every case of previous cardiac surgery, closed chest massage, penetrating
cardiac injury

— Marfan Syndrome

— Evaluate history of mitral valve diseases, including valve prolepses

Vascular

Arteries: <50 years
Veins: <60 years

Vascular donors should not be accepted if:

Arteries: history of arteriosclerosis or trauma in site. If more than three medi-
cal antecedents related to arteriosclerosis (high blood pressure, diabetes, smokers,
obesity and dislipemia) are found, arteries should be contraindicated.

There should not be history of vein stripping, varicose veins or legs ulcers.

Skin
Skin <75 years old

Physical assessment shall include documentation of findings that may affect the
quality or quantity of skin to be retrieved.
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Musculoskeletal

Cancellous bone: no age limit
Osteoarticular allografts and tendons: <55 years old

The following medical criteria should be contraindication:

— History of sarcoidosis, systemic lupus erytrematosus, rheumatoid arthritis or any
clinical metabolic bone diseases.

— Chronic steroid treatment is linked to a higher risk of osteoporosis.

— Diagnosed osteoporosis

— Toxicity from some substances such as cyanide, lead or mercury.

— Irradiation should be considered

Eye Tissues

Corneas: no age limit, though most tissue establishments establish age criteria
to maintain an effective viable rate for transplantation.
Sclera: <60 years old.

The following findings should contraindicate corneal tissue donation:

Antecedents of keratitis, anterior chamber melanoma

Anterior segment pathologies: corneal scars, dystrophies, keratoconus, ectasias
and leucomas.

Retinoblastoma, anterior chamber melanoma and any tumour that can have
metastasis in the eye.

Family Consent Details and Donor’s Social History

Consent has to be performed by the legally appropriate next of kin. Information
about tissue donation should be comprehensive. The interview with the relatives
shall take place in surroundings where the relative is free to ask questions about
the donation process and the transplant coordinator is responsible for giving precise
information in accordance with the country’s or state’s law.

After obtaining consent, the family interview is the starting place for information
related to the potential donor in the following items: verifying the medical history of
the donor, confirming the source of different findings, evaluate the behavioural risk
factors, assess the sexual risk and information about travelling. Also it is necessary
to inform the family about the need to state that blood samples from the donor will
be tested for certain transmissible diseases.
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To perform all these investigation sometimes is necessary to find out the best
interlocutor that sometimes is not the same person who’s giving consent.

A questionnaire to ask the relative is recommended in order to look for this infor-
mation and it is suggested to be presented once the family has already accepted that
donation will go ahead. In this situation the family understands easily that all the
questions that will come forward will secure the final transplant of the tissues.

The different questions in the questionnaire should cover all the circumstances
considered to provide a high incidence of risk for disease transmission. Not all
the criteria for preventing transmission of relevant communicable disease agents
through transplantation of tissues and cells are the same in different countries and
therefore the standards will differ depending on the local epidemiologies.

These criteria should be based on the experience of the target society. Some
behaviour/history exclusion criteria will exclude donors permanently, or for at least
5 years and others for a minimum of 12 months.

Exclude if in the previous 5 years/ever

— men who had sex with another men.
— Persons who has injected drugs
— Persons who have had sex in exchange for money or drugs

In the preceding 12 months:

— Person who have had sex with any person from the 3 items described above

— Persons who have been exposed to known or suspected HIV, HBV, HCV infected
blood through percutaneous inoculation or through contact with an open wound

— Children born to mothers known to be HIV infected or risk for HIV infection, who
are 18 months of age or less and/or breast feeding in the preceding 12 months.

— Person who have lived with another person having viral hepatitis

— Persons who had or have been treated for syphilis or gonorrhea

— Persons who undergone tattooing, acupuncture, ear or body piercing done with
shared instruments

— Current inmates of correctional systems and individuals who have been incarcer-
ated for more than 72 h.

The time limit to accept potential donors under any of the listed categories is
under constant debate. With the introduction of highly sensitive molecular testing,
window periods have shrunk to a period of days. The question is often asked - why
should potential donors be deferred for such long periods, therefore? The reasons
are complex but include the possible transmission of viruses that may be transmitted
that are currently not tested for

Finally questions about travelling or exposure to areas for specific infections such
as West Nile Virus, malaria and Chagas’ disease should be requested. Specific test
for these diseases should be performed if the donor was in these areas for a period
of time.
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Donor’s Physical Examination

This is another step to evaluate the medical and social history or even find out
information not reported previously.

Tissue donor physical exam shall always be performed by a professional whose
responsibility is to detect through this evaluation any evidence of risk behaviour or
any sign of infection or viral disease. Some of the findings listed below, if found,
makes it necessary to ask the family about the time and circumstances of the sign
(e.g. piercing, tattoo). If there are other critical signs found, the donor shall be
rejected.

The physical examination is a systematic activity that has to be performed in any
circumstance and always in the same way; from head to toe or the opposite way but
always in a systematic way and knowing exactly what you are looking for. There
are 6 signs that should always be specifically looked for, as a minimum.

Sign 1. Physical evidence for risk of sexual transmitted diseases: syphilis,
ulcers, herpes simples, chancroid, and peri-anal lesions.

Sign 2. Physical evidence of non-medical percutaneous drug abuse, acupunc-
ture or tattoos including the presence of ear or body piercing.

Sign 3. Significant enlarged lymph nodes

Sign 4. Oral thrush, blue spots or purple ones characteristics of Kaposi’s
sarcoma.

Sign 5. Generalized rash that could point to sepsis or unexplained jaundice.

Sign 6. Necrotic lesions after vaccination

Donor’s physical examination shall be recorded in the donor’s history and
corroborated by the retrieval team.

Blood Sample Collection

Collecting samples from deceased donors who are not organ donors raise some
difficulties in relation to the quality of the blood procured.

The quality of the blood to carry out serologies is directly related to two aspects:
the time of blood collection and plasma dilution.

The collection of blood samples shall be before death or as soon as possible after
death — always under 24 h after asystole. Taking samples after 24 h of death will
produce a higher number of false positive and samples collected as soon as possible
after death will produce a least number of false positive results [13—15].

If the donor has received massive blood transfusions or colloids in the previous
48 h or more than 2,000 mls of crystalloids in the previous hours or any combination
of both, prior to asystole, the results of the serolgies can show false negative results
because of the plasma dilution. In these cases it is necessary to find a sample prior
to the administration of blood or fluids.
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If there is no blood sample available it is necessary to apply an algorithm to
show if the donor’s plasma is diluted more than 50%. See the algorithm algorithm
below.

48 hours previous blood collection

A. Total Blood transfusion=........................ml
B. Total Colloid transfusions=.....................ml

1 hour previous blood collection

C. Total Cristalloid=................................ml
Donor data

PV: Plasmatic volume=weight/0,025. .. ....... ml

BV: Blood volume= weight/0,015............... ml

If B + C are bigger than PV or A+B+C are bigger than BV contraindicate the
sample

The serology test must be performed in an accredited laboratory and using vali-
dated kits. There are some validated kits for hepatitis B surface antigen for samples
from cadaveric donors.

After testing, a sample is necessary to archive the serum. This archive is required
to ensure a retrospective testing at any time if there is any suspicion of disease
transmission through tissue transplantation or because a new disease is necessary to
be tested in all the stored tissues. The storage of the samples has to last for at least
ten years after the last tissue is transplanted.

The serologies required for tissues coming from cadaveric donors usually
include:

hepatitis B surface antigen (HBsAg)

antibody to hepatitis B core antigen (anti-HBc)

antibodies to hepatitis C virus (anti-HCV)

antibodies to human immunodeficiency virus type 1 and 2 (anti-HIV-1 and anti-
HIV-2)

syphilis

e antibodies to human T-lymphotropic virus type I and II (anti HTLV-I and anti
HTLV-1I

In order to diminish the window period NAT testing is recommended for HIV
and HCV.

If any of the tests above are positive, the tissues should be discarded excepting
anti-HBc and syphilis where, additional tests can be performed.

AATB standards do not accept anti-HBc positive and recommend to discard all
the tissues with anti-HBc positive result appears.
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In other standards and regulations, algorithms are established. When anti HB-c
is positive, additional test must be performed such as anti-HBs Antibodies and NAT
testing. In the case of a positive syphilis result, an appropriate algorithm will exclude
an active infection for Treponema Pallidum.

Biopsy/Autopsy Results

Postmortem evaluation and report (when available) need to be included with the tis-
sue donor’s documents complementing the information gathered during the whole
donation process. When a simultaneous organ retrieval occurs a systematic inspec-
tion is done during organ retrieval but when it is an only a tissue retrieval it is
recommended that an autopsy is carried out to identify any latent pathologies.

Conclusion

Obtaining tissues from cadaveric donors is a complex process involving many
healthcare professionals. The success of such a programme depends on a number
of factors but is crucially dependent on an overarching national strategy. Numerous
tissues can be obtained from these donors and systems are in place to ensure their
quality and safety. All these activities are now supported by quality systems and
regulations.
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Chapter 3
Banking of Cord Blood

Eliane Gluckman

Introduction

Hematopoietic stem cell transplantation (HSCT) can be curative in a large variety
of selected malignant and non malignant diseases. Umbilical cord blood transplan-
tation (UCBT) has extended the availability of allogeneic hematopoietic stem cell
transplantation (HSCT) to patients who would not otherwise be eligible for this
curative approach. The first successful UCBT from an HLA-identical sibling in a
child with severe Fanconi’s anemia was reported by Gluckman et al. in 1989 [1].
This first success opened the way to a new field in the domain of allogeneic HSCT
as it showed that: (1) a single umbilical cord blood contained enough hematopoietic
stem cells to reconstitute definitely the host lympho-hematopoietic compartment;
(2) an umbilical cord blood unit could be collected at birth without any harm to
the new-born infant, and (3) umbilical cord blood hematopoietic stem cells could
be cryopreserved and transplanted in a myeloablated host after thawing without
losing their repopulating capacity. Since, our knowledge on the biological charac-
teristics of umbilical cord blood cells has increased, emphasizing the advantages of
using umbilical cord blood stem cells for transplant. Simultaneously, umbilical cord
blood banks (CBB) have been established for related or unrelated UCBT with more
than 500,000 units available and more than 20,000 umbilical cord blood transplants
performed in children and in adults with malignant and non malignant diseases.
Umbilical cord blood has many theoretical advantages due to the immaturity of
newborn cells. Hematopoietic progenitors from umbilical cord blood are enriched
in primitive stem cells, which are able to produce in vivo long-term repopulat-
ing stem cells [2]. Compared to adult cells, umbilical cord blood hematopoietic
stem cells grow larger colonies, have different growth factor requirements, and are
able to expand upon long term culture in vitro; The properties of umbilical cord
blood cells should compensate the relatively low number of cells contained in a sin-
gle umbilical cord blood and, through rapid expansion, reconstitute myeloablated
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patients. Despite the capacity for cord blood cell expansion, clinical results showed
that hematopoietic recovery was delayed after cord blood transplants; engraftment
was associated with the number of nucleated and CD34+ cells infused and the num-
ber of HLA differences [2]. However, a recent study showed a higher frequency of
early and committed hematopoietic progenitors in long term hematopoietic recon-
stitution in children receiving a cord blood compared to a bone marrow allogeneic
transplant [3].

The second advantage of UCBT relates to the immaturity of the immune sys-
tem at birth. This property should decrease the lymphocytes alloreactive potential
and, consequently, reduce the incidence and severity of graft versus host disease
(GVHD) after an HLA matched or mismatched transplant. Cord blood lymphocytes
are naive and immature, most functions are inducible through in-vitro or in-vivo
activation; early NK and T cell cytotoxicity is impaired but secondary activation
can occur. Therefore, one can speculate that, despite the reduction of GVHD, an
anti leukemic effect — called graft versus leukemia (GVL) — can still be observed.
As acute GVHD is an early event after allogeneic bone marrow transplant (BMT)
and is in part triggered by cytokine release, it is reasonable to postulate that UCBT
induces less frequent and less severe acute and chronic GVHD than adult HSCT
which contain a higher number of activated T cells [4]. These properties should lead
to less stringent criteria for HLA donor-recipient selection.

In comparison with other sources of allogeneic HSCT, UCB offers substantial
logistic and clinical advantages such as (1) significantly faster availability of banked
cryopreserved UCB units, with patients receiving UCB transplantation in a median

Table 3.1 Searching and identifying an alternative stem cell donor. Main criteria to be considered

UBMT UCBT Haplo-HSCT
Information on A + B + 16-56 ~80 100
DRBI typing (%)
Median search time (months) 3-6 <1 Immediate
Donors identified but not 20-30 ~1 None
available (%)
Rare haplotypes represented 2-10 20 Not applicable
(%)
Main limiting factor to graft HLA identity Cell dose Poor mobilization
acquisition
Ease of rearranging date of Difficult Easy Easy
cell infusion
Potential for immunotherapy Yes No Yes (limited)
Potential for viral Yes Yes Yes
transmission to recipient
Potential for congenital No Yes No
disease transmission
Risk for the donor Low No Low
Main problems to be GVHD Engraftment Immune deficiency

overcome relapse
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of 25-36 days earlier than those receiving BM [2] (2) extension of the donor pool
due to tolerance of 1-2 HLA mismatches out of 6 (higher HLA mismatched is asso-
ciated with lower probability of engraftment) (3) lower incidence and severity of
acute graft-versus-host disease (GVHD); (4) lower risk of transmitting infections
by latent viruses, such as cytomegalovirus (CMV) and Epstein-Barr virus (EBV);
(5) lack of donor attrition; (6) lack of risk to the donor and finally (7) higher fre-
quency of rare haplotypes compared to bone marrow registries, since it is easier to
target ethnic minorities [5, 6]. The disadvantages of UCBT are (1) the low number
of hematopoietic progenitor cells and HSCs in UCB compared with BM or mobi-
lized peripheral blood stem cells (PBSC) that translates in increased risk of graft
failure and delayed hematopoietic engraftment and (2) the impossibility of using
donor lymphocyte transfusion for immunotherapy. The main differences between
the advantages and disadvantages of using bone marrow and cord blood are listed
in Table 3.1.

Cord Blood Collection and Banking

Cord Blood Banks Development

The progress in the field of umbilical cord blood transplantation is parallel with the
huge interest in establishing and developing cord blood banks worldwide. Today,
more than 500,000 cord blood grafts are available in more than 100 cord blood
banks. These banks play an important role in the process of cord blood trans-
plantation. The Netcord group was created in 1998 to establish good practices in
umbilical cord blood storage, facilitate donor search, improve the quality of the
grafts, standardize excellence criteria on an international scale and importantly
establish procedures for bank accreditation in collaboration with FACT (Foundation
on Accreditation in Cell Therapy) [7-9]. The inventory of Netcord, the cooperative
network of large experienced UCB banks, currently has more than 200,000 cryopre-
served UCB units ready for clinical use for unrelated recipients and more than 8,624
grafts shipped (Table 3.2). Recently, the National Marrow Donor Program (NMDP)
has established a similar cord blood bank network in the USA with the financial
support of the American Congress. Collaborations between Netcord-Eurocord and
NMDP have been established with the goal to provide the most appropriate and high
quality cord blood unit for a specific patient.

Other types of cord blood banks have been established such as sibling donor
cord blood banking or autologous (or commercial family CB banking) where there
is no existing family indication for HSCT. There are 2 types of CBB, public and
private according to their economic interest and financial support and 3 types of
CBB according to the type of donation and use, unrelated, sibling donor or autolo-
gous CBB. Unrelated donor transplantation programs employ public banks as their
source of donor cord blood units (CBU). These CBUs are donated on a volun-
teer basis by women delivering healthy babies at term. Private Banks, which are
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Table 3.2 Netcord inventory
NETCORD Inventory and Use September 2008 @_

_@ Released for
CB Bank Invento Transplant Children | Aduilts

NETCORD/FACT accredited
Sydney + Melbourne 16044 ATE 239 237
Bar 1 = 5831 A35 1886 240
Disseldorf 14344 540 264 251
Durham 19056 898
Franos 6585 213 283 630
H el si nki 2930 19 10 9
[Houston 5555 EI 40 FE)
Liege 1994 11 AT &7
London 907 226| 125 101
Milan F134 270 194 176
MNew York A3I3IVS 2730 1724 1006
Pawvia 2200 89 38 53
Sum 138965 6893| 3147 2813
1
not NETCORD/FACT accredited
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EBrisbane 3715 26 ¥ 19
Firenze 1085 63 21 22
Gauting 2374 A48 18 28
Leiden 3642 80 35 45
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Louvain 1862 89| 33 56
Brussels 1213 286 2 17
MAlapga 11829 92 32 80
Mannheim 1661 29 17 12
Mexico City 1237 101 &8 33
Padowva 1379 AT 18 29
Pescara 375 3 2 o
Prague 2947 gl 10 Az
Roma Lazic 1225 42 26 22
Santiago de Compostela AD9T 49 27 2
Seoul 576 23 L] 13
Tel Hashomer 146 18 10
"I‘okw 5324 833 228 807
Sum 61527 1731 658 1062
TOTAL 200492 8624 | 3805 3875

Official NETCORD Colfaborators: thermogenesisf" = Hiosalfe AIR 7.

H.Gresrmany, NETCORD VImal O foe, Deess ¢ kot

for-profit entities, store “directed donations” collected by obstetricians from babies
born into families who intend to use the cord blood for the baby from whom it
came (autologous donation) or for another family member in need of future trans-
plantation therapy. Sibling donor cord blood banks (SDCBB) programs have been
established in a public or private model for families in whom there is an indica-
tion of hematopoietic stem cell transplant. The differences between these 3 types of
banks are shown in Table 3.3.

Unrelated Cord Blood Banks

The number of unrelated cord blood banks and, in consequence, the number of avail-
able cord blood units for unrelated use is increasing worldwide. We estimate that
more than 500,000 cord blood units are available for transplantation in more than
100 cord blood banks in many countries (www.bmdw.org, assessed on November
2008). Summary of cord blood banks activity is shown in www.wmda.org and
summarized in Figs. 3.1 and 3.2. The price of a cord blood unit varies between
15,000 and 35,000 Euros. Currently, there is an increasing number of international
exchange cord blood units. For example in France, from January to October 1st
2008, out of an inventory of 6,586 units collected in 3 cord blood banks, 290 units
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Table 3.3 Comparison of various banks models

45

Autologous Unrelated Sibling
Operating model:
Financial status For-profit Non-profit Non-profit
Donation Business transaction ~ Voluntary act Motivated act
Donor’s status Payer Neutral Non-fiduciary benefit
Product ownership Contingent upon Public Family
payment?
Operating location Remote sites Few specified sites Remote sites
Potential size/market ~ Very large Large Small
Safety and QA:
Suitability All who can pay Medical and lab Few absolute deferrals
deferrals
ID testing Unpublished Full blood donor Donor re-tested =NAT
+NAT?
Genetic disease testing Unpublished Yes, expanded testing  Established, often
under consideration specific to family’s
mutation
Deliberate maneuvers  No No Not excluded
to facilitate CB
collection volume
Donor-recipient Defining property Under debate Intrinsic
linkage
Trained collectors No Yes Limited training at the
time of collection
Quality assurance Unpublished Established Under development
using blood center
model
Disposition of units:
Likelihood of complete 100% Low ~25%
histocompatibility
Likelihood of use for ~ Low to nil Moderate Relatively high
transplant
Research potential Low to nil High Moderate to high
Crossed-over for No n/a Under discussion

public use

4 Nested Antigen Testing

were released 115 for French patients and 59 for foreigners. During the same period
175 (65%) were provided by foreign banks (Source Agence de la Biomédecine).
National regulatory agencies and transplant centers are aware of the need of
international standards for cord blood collection, processing, testing, banking, selec-
tion and release. In 2006, the Netcord-FACT published the third edition of the
International standards for cord blood. Founded in 1998, Netcord is the interna-
tional cord blood banking arm of Eurocord. The mission of Netcord is to promote
high quality cord blood banking and clinical use of umbilical cord blood for allo-
geneic stem cell transplantation. Approximately 20 CBB, mostly all European CBB
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are Netcord members accounting for almost 50% of worldwide available units. To
be an active Netcord member, among other criteria, a Netcord-FACT accreditation
is required. Some of Netcord CBB has been already accredited and others are going
through the process. The major objective of these standards is to promote qual-
ity medical and laboratory practices throughout all phases of cord blood banking
with the goal to achieve consistent production of high quality placental and umbil-
ical cord blood units for transplantation. These standards cover (1) collection of
cord blood cells, regardless of the methodology or site of collection [10, 117]; (2)
screening, testing, and eligibility determination of the maternal and infant donor
according to Applicable law; (3) all phases of processing and storage, including
quarantine, testing, and characterization of the unit; (4) making the CB unit avail-
able for transplantation, either directly or through listing with a search registry;
(5) the search process for selection of specific cord blood units; and (6) all trans-
port or shipment of cord blood units, whether fresh or cryopreserved [12, 13]. To
be compliant with Standards CBB must use validated methods, supplies, reagents,
and equipment; maintain a comprehensive; properly documented Quality manage-
ment Program; and track the clinical outcomes of patients who receive cord blood
units from that bank. The accreditation process includes submission of written
documents and on site inspection of collection, processing, and storage facilities.
Netcord-FACT accredited CBB are reinspected routinely every 3 years.

All the practical aspects of cord blood banking, such as maternal informed
consent, collection techniques, labelling and identification, infectious disease
and genetic disease testing, HLA typing, methodology of cell processing, cry-
opreservation, transportation and release have been extensively published . All
these aspects are detailed in the last version of the Netcord-FACT Standards
(www.factwebsite.org).

As the number of cord blood units is increasing it appears that it is necessary
to improve the quality of the units for cost efficient management of the banks. The
optimal number of cord blood units is not really known but should approach 9 for
100,000 inhabitants. Most banks prefer to collect only the largest units of more than
70 mL in order to obtain at least 3 x 107 nucleated cells/kg. The effect of increas-
ing the inventory from 50,000 to 300,000 for finding a matched cord blood with a
minimum cell dose of 2.3 x 107 per kg results of an increment of chance to find
a donor of 19% for children and 10% for adults [14—16]. This is because children
have a lower weight increasing their chance to have a donor with the appropriate
number of cells.

Sibling Donor Cord Blood Banks

Sibling donor cord blood banks (SDCBB) programs have been established for fam-
ilies in whom there is an indication of hematopoietic stem cell transplant. This,
because there is a 25% probability that a new sibling will be human leukocyte anti-
gen (HLA)-identical to the existing full sibling, a family and their child’s physician
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often agree that it is prudent to collect and cryopreserve the new sibling’s CB in
the event that a clinical indication for CB transplantation develops in the affected
child. Currently most of the cord blood units coming from a sibling cord blood
donor is collected and frozen in hospitals where the family recipient is being treated.
In order to unify and harmonise collection and cord blood unit processing follow-
ing regulatory procedures sibling donor cord blood banks have been established.
Because these relatively few families give birth at a variety of smaller hospitals,
it is a considerable logistical challenge to provide access to specialized high qual-
ity SDCB banking services for them. An example of this type of national banking
program is the SDCBB at Children’s Hospital Oakland in USA [17, 18]. Many of
the operational procedures and medical policies have been developed for national
comprehensive SDCB banking program.

The scope of need for SDCB banking services, though far smaller than unrelated
donor CB programs, is considerable. Approximately 5,000 children in the US age
0-14 are newly diagnosed each year with a malignant process and approxi-
mately 40% of these represent hematopoietic malignancies [19, 20]. Enrolment
in Oakland’s SDCB program is consistent with this epidemiology; nearly half the
enrolments are by families caring for a child with a hematopoietic malignancy.
Related cord blood banking is particularly cost effective in families when a child has
a congenital disease such as thalassemia or sickle cell disease were the success rate
of HLA identical sibling cord blood transplant is 90%. The SDCB has now collected
2,531 cord blood units from siblings of patients with Sickle cell disease (28%), tha-
lassemia (5%), other hereditary disorders (15%) and malignant diseases (51%). One
hundred and seven patients have been transplanted for thalassemia (24%), Sickle
cell disease (21%), malignant disease (33%) and other hereditary disease (22%)
representing 4% of the units stored.

Autologous Cord Blood Banks

Public banks collect UCB intended for recipients suffering from hematological
diseases (related or unrelated allogeneic transplants), and private banks store new-
born blood in order to keep it for that same individual’s possible future use (auto
transplants). Most commercial banks list many conditions that might be treated in
the future by as yet undeveloped stem cell therapies for regenerative medicine. In
November 2008, there were more than 100 private banks worldwide accounting
for approximately some 1 million units listed on the Parent’s guide to cord blood
website. www.parentsguidecordblood.org

The growth of public banks is constrained by the public funding on which it
depends. In economic terms, the stock of private banks represents the demand of
parents who are willing to pay for a service, whereas the public bank stock repre-
sents a supply of care services available to its national citizens. Since 75% of the
umbilical cords stored worldwide are held by private banks, the imbalance between
supply and demand could lead public banks to become dependent on the grafts kept
by private banks. While private banks are prohibited in some European countries,
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such as France and Italy, they are developing quickly in Belgium, Great Britain
and Germany. They are growing at a blinding pace in Asia, Australia and the United
States. Since 2000, the three main American private banks have increased their graft
stock by roughly 40% each year.

Many ethical issues have been raised about the scientific value of commercial
CBB for autologous use and their competition with the public CBB [19-21]. In
spite of the huge number of private units frozen for autologous use, one case of
autologous use has been recently reported in a child with acute leukemia [22]. In
its 2004 report on the ethics of cord blood banking, the European Union Group
on the Ethics of Science and technology raised serious concerns on the promotion
to expectant parents of the future benefits of autologous cord blood banking as a
biological insurance to treat a large variety of diseases for which, at present, there is
no medical evidence for the validity of the treatment.

The world marrow donor association (WMDA) and other international organi-
zations have expressed their concern about the generalization of autologous cord
blood banking and issued the following recommendations: (1) Public donation of
cord blood is encouraged, (2) The probability of using one’s cord blood is very
small and difficult to quantify — as low as 0.04-0.0005% in the first 20 years of
life. The lifetime probability of undergoing an autologous HSCT in the US is about
1/400 if the indications do not change much during the next 70 years, (3) There is
a concern about the content and viability of cryopreserved cord blood stem cells
which could be used for regenerative medicine, (4) There are no data demonstrating
the superiority of autologous cord blood cells to adult cells. There was no appar-
ent difference between mesenchymal cells isolated from cord blood or adult bone
marrow.

Considering the rapid development of family banks and the intensive research
on the use of stem cells for regenerative medicine, Netcord-Eurocord recommends
that rules should be established concerning the quality of the unit which should be
submitted to the same standards as public unrelated banks which means that the
units stored have to be analyzed for serology, number of cells and HLA type, the
information to the parents which has to be true and evidence-based without any
misunderstanding. Several models of public private banks are under discussion in
order to satisfy this increasing demand.

Netcord Organization: Standards and Guidelines

Netcord has developed a detailed set of standards for umbilical cord blood bank-
ing which have been submitted to the Foundation for Accreditation of Hemopoietic
Cell Therapy (FACT) (USA) for accreditation. These include respective national
and international regulatory aspects. Furthermore, a joint system employing most
recent Internet technology has been implemented to facilitate rapid allocation of
umbilical cord blood units according to histocompatibility and number of nucleated
cells within an average time of 48 h. www.netcord.org
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Description of Existing Guidelines

The third edition, 2006 of Netcord-FACT International Standards for Cord Blood
Collection, Processing, Testing, Banking, Selection and Release is a collaborative
effort between Netcord and Foundation for the Accreditation of Cellular Therapy.
It is accompanied by a guidance manual directly accessible on the FACT website
(2008) [7, 8]. These standards are developed by consensus, based on the best avail-
able evidence-based science to the greatest extent possible. They aim to promote
quality medical and laboratory practices throughout all phases of cord blood bank-
ing to achieve consistent production of high quality umbilical cord blood units for
transplantation.

It is divided in sections: A Cord blood bank (CBB) quality management, B CBB
operational standards, C cord blood donor management and collections standards,
D Cord blood processing standards, E cord blood selection and release standards.

The CBB consists of an integrated team, under a single CBB Director, responsi-
ble for the collection, processing, testing banking, selection, release of cord blood
units. Following the Netcord-FACT standards; the CBB, each collection facility and
each processing facility shall operate in compliance with applicable law, local, and
national licensing and registration requirements.

Practical Aspects of Cord Blood Banking

Informed Consent

Cord and placental blood are discarded products that can be used without permis-
sion; however, informed consent must be obtained for doing tests on the mother and
cord blood. Information on cord blood donation for allogeneic use must be given
to the mother long before delivery, and the informed consent process is engaged in
advance. This careful collection of medical history allows the opportunity of exclud-
ing donors who have a high risk of transmitting infectious or genetic diseases. The
families are informed on genetic and infectious tests performed. Donation is free
and anonymous without the possibility to retrieve the cells for autologous use.

Collection Techniques

Two techniques are used to collect cord blood: one is collection of the cord blood
in the delivery room while the placenta is still in utero and the other is collection
of the cord blood in an adjacent room after the delivery. In the first instance, the
collection can be done in the delivery room by an obstetrician or a midwife. The
advantage of this procedure is that the volume of cells collected is usually higher
if the cord is clamped early and the collection is begun immediately; however, this
can disrupt the normal process of delivery and is not always feasible. The collection
of cord blood after delivery is easier and can be performed by designated personnel;
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however, fewer cells may be collected and there may be an increase in the risk of
bacterial contamination or clotting.

Infectious Disease Testing

Syphilis and viral tests [including those for human immunodeficiency virus (HIV),
hepatitis B (HBV) and C (HCV), and cytomegalovirus (CMV)] are performed on
mother’s blood. In some countries, the mother is tested for human T-cell lym-
photropic virus, type I (HTLV-I), and toxoplasmosis also. Most often, virology tests
are not performed immediately on the cord blood; rather, a separate frozen aliquot
is kept so that these tests can be performed before a transplant procedure. In some
banks cord blood is quarantined until a confirmatory test is performed on the mother
3—6 months after delivery. This should decrease considerably the risk of virus trans-
mission. These risk estimates may be higher in cord blood donors because, unlike
regular whole blood donors, cord blood donors are recruited only once. Bacterial
infection is also a major issue, but it seems that the incidence of bacterial contamina-
tion diminishes with the expertise of the staff in charge of the collection. In all cases,
a bacterial culture for anaerobic and aerobic bacteria must be performed and results
sent to the transplant physician when the cord blood is delivered for transplantation.

Genetic Disease Testing

The decision to perform tests for genetic diseases should be directed by the family
medical background of the family, and the follow-up of the donor. Tests on cord
blood are expensive and there is no real consensus on the type and number of tests
that should be performed. Also, there are some concerns about notifying the family
of the test results some healthy donors might be upset by a diagnosis of genetic
disorder without any clinical consequence.

HLA Typing

HLA typing is performed on an aliquot of cord blood. Usually, HLA-A and -B
antigens are identified by low resolution allele typing, and HLA-DRBI1 is identified
by DNA amplification methods. More banks now perform complete molecular high
resolution typing for HLA-C, -DQB1, -DPB1, some HLA-A and -B antigens, and
other markers. Some banks type the mother for HLA routinely in order to have
information on the haplotypes and to control the accuracy of cord blood typing.
When donor recipient pairs have been selected most centers perform high resolution
typing in both donor and recipient.

Cell Processing

Most banks perform volume reduction before freezing. Many banks freeze cells in
a programmable cell freezer. The cord blood is mixed with 10% dimethyl sulfoxide
(DMSO) and hydroxyethyl starch (HES) sedimentation for volume reduction and
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removal of red cells. The thawing technique is well established and aims at removing
red cells and DMSO.

Evaluation of the stem progenitor cell content is very important. Several clin-
ical studies have shown that the number of nucleated cells infused correlates
with engraftment. There also has been correlation between placental weight, time
of clamping, speed of processing, volume collected, and progenitor cell content.
Quantification of the cellular content of cord blood is not always easy. Most studies
refer to nucleated or mononuclear cells infused per kilogram of body weight before
and after thawing of cells. Enumeration of CD34* cells by flow cytometric anal-
ysis is performed routinely by most laboratories, but these results are not always
reproducible. Others count the number of granulocyte-macrophage colony-forming
units (CFU-GM) in clonogenic assays. There is a lot of variation of these measures
among laboratories, which explains why quantification has been a problem. In most
studies there is a correlation between the number of nucleated cells, the number of
CD34* cells and CFU-GM and engraftment. The recommended dose is >3 x 107
nucleated cells/kg and >2 x 10° CD34 cells/kg infused.

Cryopreservation and Storage

Cryopreservation of unrelated CB units shall be initiated within 48 h of collec-
tion, CB unit processing shall be limited to simple dilution and/or volume reduction
by depletion of erythrocytes and/or plasma. Any other manipulation shall only be
performed using reagents and/or devices approved for that manipulation by the
appropriate governmental agency. At a minimum, the following reference samples
shall be collected from the unrelated allogeneic, directed allogeneic, or autologous
CB unit prior to cryopreservation:

A minimum of two reference aliquots with a minimum volume of 100 pL each
sealed and integrally attached to the freezing bag. The contents of each aliquot shall
be representative of the CB unit. When a CB unit is initially requested, one segment
shall be used for confirmatory typing and should be used for cell viability and/or
potency analysis. Cellular aliquots intended for viability or potency analysis shall
be stored at —150°C or colder. When cellular aliquots are stored in liquid nitrogen
vapour phase at —150°C or colder, the freezers shall be qualified to show that all cel-
lular aliquots are maintained at appropriate temperatures. Cellular aliquots used for
purposes other than viability analysis shall be stored at —=70°C or colder. Additional
cellular aliquots of at least two vials or additional contiguous segments with 1-2 x
10% nucleated cells per vial or segment.

The following reference samples shall be collected from the infant donor’s
mother within 7 days before or after the time of CB collection: From the birth
mother, serum and/or plasma from non-heparinized samples of at least two vials
with a minimum of 1.8 mL each. The serum or plasma should be stored at —70°C or
colder. CB units shall be cryopreserved using controlled rate freezing. If an equiv-
alent procedure is used, it shall be validated to maintain equivalent recovery and
viability of nucleated cells.
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Cryopreservation Standard Operating Procedures shall specify that the following
information is recorded for each unit: Total nucleated cell concentration within a
defined range, the cryoprotectant, its final concentration, and the duration of cell
exposure prior to freezing.

Each CB unit shall be maintained in quarantine storage until the CBB Director or
designee has approved the release of the CB unit from quarantine status based upon
review of maternal communicable disease risk history, other medical history, mater-
nal test results, and CB unit sterility test results as required under Applicable Law.
Records shall indicate when a CB unit was released from quarantine into permanent
storage.

Unrelated allogeneic CB units shall be quarantined if the unit or maternal
samples have positive or indeterminate screening test results for communicable
disease.

The following tests shall be performed on a sample from each CB unit: From
the final CB unit at the end of processing prior to cryopreservation: Total nucleated
cell count, Nucleated red blood cell count, Total number of CD34 cells. Viability
and/or potency from the final CB unit are measured by TNC, CD34 cells, and/or
CFU. Microbial cultures of the CB unit or product obtained after processing prior
to cryopreservation using a system permissive for the growth of aerobic and anaer-
obic bacteria and fungi, ABO group and Rh type, Human leukocyte antigen (HLA)
type, HLA-A, B, and DRB-1 loci shall be determined. HLA-C and DQB should
be determined. HLA Class I and Class II typing shall be performed by DNA-based
methods. For unrelated allogeneic CB units, this typing shall be performed before
listing the CB unit for search. As a minimum, DNA high resolution molecular typ-
ing shall be used for Class II DRB-1 typing before release of the CB unit to the
Clinical Program.

Before release the following tests will be performed: Hemoglobinopathy screen-
ing, CFU total cell number from the final CB.

Before cryopreservation, a blood count with differential should be performed
on all CB units and parameters for neutrophils, lymphocytes, and platelets shall
be defined. Prior to release for transplantation, each CB unit should be tested for
evidence of infection by at least the following communicable disease agents using
licensed tests are available according to Applicable Law: Human immunodeficiency
virus, type 1, Human immunodeficiency virus, type 2, Hepatitis B virus, Hepatitis
C virus, Human T cell lymphotropic virus, type I, Human T cell lymphotropic
virus, type II. Treponema pallidum (syphilis) and any additional agents required
by Applicable Law at the time of release of the CB unit.

Ethical and Legal Aspects

Cord blood can be collected for infusion into an unrelated or a related recipient and,
more hypothetically, for autologous use. For unrelated transplantation, the mother
must be aware that the donation is anonymous and free, and that there will be no
guarantee that it will be possible to retrieve the cord blood if it is needed later for
family or autologous use.
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Clinical Experience with Related and Unrelated Umbilical Cord
Blood Transplantation

The CBB are obliged to maintain sufficient critical outcome data to ensure that the
procedures in use in the CBB consistently provide a safe and effective product.
While it is understood that a CBB is not in control of a Clinical Program’s respon-
siveness in providing outcome data, the CBB should make it clear in an agreement
with the Clinical Program that it is required to obtain this information for analy-
sis of quality, safety, and efficacy and demonstrate diligence in obtaining a high
percentage of at least Day 100 and 1-year outcome data. In order to obtain vali-
dated data most banks send their data to registries: Eurocord for Europe and NMDP
for the USA. Common questionnaires are used each bank, they notify the registry
at time an unit is released, and the registry contacts the transplant center and col-
lect the clinical data which are sent back to the bank. In addition some registries
e.g. Eurocord perform analysis on indications, criteria of donor choice, comparison
with other sources of hematopoietic stem cells. These data have been critical in the
development of the direction in which cord blood transplantation have developed.

A survey of the International Bone Marrow Transplant registry (CIBMTR) esti-
mates that after 1998, 20% of stem cell transplants performed in young patients
(<20 years old) are cord blood transplants (IBMTR Newsletter). In Japan, nowa-
days approximately 50% of HSCT from unrelated donors are being performed with
cord blood cells.

Eurocord www.eurocord.org is an international registry which operates on behalf
of the European Blood and Marrow Transplant group (EBMT), which includes
European and non European centers (more than 180 transplants centers in 35 coun-
tries), all performing either related or unrelated cord blood transplants. It works in
close collaboration with EBMT and Netcord banks (www.netcord.org) to collect
clinical data and follow patients transplanted in or outside Europe with Netcord
units. Once a year, the Eurocord and EBMT data bases are carefully checked to
detect overlaps and discrepancies between data reported, and to verify the compli-
ance of the transplant centers. This ensures that all consecutive transplants at the
EBMT centers are registered in the Eurocord data base. Regarding non-EBMT cen-
ters, they are asked to report their cord blood transplants if the cord blood units
came from Netcord banks. Data concerning patient and disease characteristics and
transplant outcomes are collected by standardized questionnaires. Submitted data
are reviewed by two physicians and computerized error checks are performed to
ensure data quality. Eurocord participates to the Fact Netcord accreditation by giv-
ing regularly outcome data to the banks in order to fulfil requirements on the quality
of the transplant. An agreement has been signed with NMDP (National Marrow
Donor Program) and CIBMTR (Center for International Bone Marrow Transplant
Research) to share data outcome in Europe and USA. Once a year, Eurocord data
base and EBMT data base are carefully checked to detect overlaps, and discrepan-
cies between data reported and to verify the compliance of the transplant centers.
This ensures that all consecutive transplants for the EBMT centers are registered
in Eurocord data base. Regarding the non-EBMT centers, they are asked to report
their cord blood transplants if cord blood units came from Netcord banks. Data
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concerning patient and disease characteristics and transplant outcomes are collected
by standardized questionnaires. Submitted data are reviewed by two physicians and
computerized error checks are performed to ensure data quality.

Thanks to this collaboration, from 1988 to October 2008, 4,875 cord blood
transplantations have been reported to the Eurocord registry from 233 European
transplant centers and 197 transplant centers from other countries. Five hundred and
two transplants have been reported using related donors (majority of HLA identical
sibling donors) mainly for children with malignant and non malignant disorders and
4,373 have been performed in the unrelated transplant setting for children (2,901)
and adults (1,882). During the last 3 years, the number of unrelated UCBT reported
to Eurocord has increased to more than 300 transplants/year and since 2004 the
number of adults transplanted with cord blood has overcome the number of UCBT
performed in children (Eurocord registry unpublished data).

In order to promote information Eurocord has recently launched a new European
program entitled: an On-line CME programme in cord blood technology and
transplantation for providing a learning tool on the scientific, technical, clinical, reg-
ulatory aspects of cord blood, easily accessible at a time and language convenient
for users www.eurocord-ed.org.

Clinical Results of Cord Blood Transplantation from Eurocord
Registry

Cord blood transplantation has been used to treat a variety of genetic, hematologic,
immunologic, metabolic and oncologic disorders.

Influence of Cell Dose and HLA on Transplantation Outcome

One of the major advantages of using cord blood instead of bone marrow is the
diminution of alloreactivity of cord blood lymphocytes resulting in the diminution of
acute and chronic GVH after related or unrelated transplant. Optimizing cord blood
donor selection might further improve results of unrelated cord blood transplant.
In order to study the association of nucleated cell dose (NC) and number of HLA
disparities with outcomes after UCBT, Eurocord registry collected and analyzed 550
UCBT recipients for hematological malignancies. Multivariate analysis of factors
associated with outcome in malignant diseases is shown in Table 3.4.
The current recommendations are currently to choose:

e Cord blood units with <2 HLA disparities and >3 x 107 nucleated cells/kg or
>2 x 10° CD34+ cells/kg

e In non malignant disease where the risk of rejection is higher the dose should be
increased and one must avoid units with less than 3.5 x 107 NC/kg and 2 or more
HLA incompatibility. If there is no single unit with these characteristics look for
two units with a combined total dose of >3 x 107 NC/kg and if possible not more
than 1 HLA difference between the 2 units and the patient.



56 E. Gluckman

Table 3.4 Factors associated with favourable outcomes in patients with malignant diseases
(multivariate analysis)

Neutrophil engraftment Platelet engraftment

e HLA 6/6 or 5/6 e HLA 6/6 or 5/6

e Early and intermediate disease e Early and intermediate disease

o Cells infused >2 x 107 per kg e Cells infused >2 x 107 per kg

e Patients negative CMV serology

Transplant related mortality Relapse

e HLA 6/6 or 5/6 e HLA 4/6 or 3/6

e Early and intermediate disease e Early or intermediate disease

e Cells infused >2 x 107 per kg
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Fig. 3.3 Role of HLA and cell dose on transplant related mortality after unrelated cord blood
transplant for malignant disease

These data strongly suggest that UCB is an acceptable alternative to matched
unrelated BM in children, and support the start of a simultaneous search for BM
and UCB unrelated donors. The final selection of unrelated donor BM versus UCB
should be based on the urgency of the transplant, and the characteristics of the
BM and UCB unrelated donor such as cell dose and HLA compatibility. For those
children requiring an urgent transplant, generally less than 3 months, UCB seems
advantageous. Moreover, with the aim to find more closely matched CB grafts, cord
blood banks should increase their inventories.

The results of 4 comparative studies and the meta-analysis, gathered together
showed that (1) UCBT is feasible in adults when a cord blood unit contains a
higher number of cells and should be considered an option as an allogeneic stem
cell source for patients lacking a HLA matched bone marrow donor. (2) Despite
increased HLA disparity, UCB from unrelated donors offers sufficiently promising
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results to matched UBM in adults with hematological malignancies leading to the
conclusion, as in children, that the donor search process for BM and UCB from
unrelated donors should be started simultaneously especially in patients with acute
leukemia where the time factor is crucial.

Conclusion

Umbilical cord blood has emerged as an appealing alternative source of hematopoi-
etic stem cells for transplantation. Although many issues remain uncertain and
greater experience will be required to determine clearly the relative merits of UCBT
compared with BMT, all available data suggest that unrelated donor UCBT should
be considered an acceptable option in children and adults with hematologic malig-
nancies or non malignant disorder for whom an HLA-matched BM unrelated donor
is not readily available. The choice of the stem cell graft will depend on the urgency
of the transplant, the cell dose and number of HLA disparities. Hopefully, the
increase number of high quality cord blood units, current research approaches and
the greater experience of transplant centers on UCBT will improve outcomes and
will provide successful therapy to a larger number of patients in need.
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Chapter 4
Banking of Corneas

W. John Armitage

Cornea is one of the oldest transplants of an anatomically and physiologically intact,
viable tissue with the first successful full-thickness corneal allograft being attributed
to Eduard Zirm in 1905 [1]. The patient was a farm labourer who had suffered bilat-
eral lime burns, a condition that even today has a poor prognosis, which makes
Zirm’s success all the more remarkable. At that time, it was not only thought that tis-
sue taken from a deceased donor would be harmful to the recipient but there was no
satisfactory means of tissue preservation. The corneal graft was therefore taken from
achild’s eye that had just been enucleated following an injury and used immediately.
By contrast, corneas are now stored routinely in eye banks for up to 4 weeks and dis-
tributed nationally and internationally for elective transplant surgery. Approximately
35,000 corneal transplants are carried out in the USA annually with perhaps a further
20,000 each year in Europe. While cornea is by far the most frequently transplanted
ocular tissue, sclera and limbal tissue are also used therapeutically for, respectively,
reconstructive surgery and the treatment of ocular surface disease. Cryopreserved
amniotic membrane is also used to treat ocular surface disease [2—4].

Eye Donation

Eyes are typically retrieved up to 24 h after death. In the UK, the whole eye is enu-
cleated with sterile, single-use instruments; but in some countries an in situ excision
of the cornea with a 2—4 mm rim of sclera (corneoscleral disc) is performed, leaving
the rest of the eye intact in the donor. Restoration of the donor’s appearance after
eye or corneal retrieval is an important final step of the eye donation procedure.
Some donor selection criteria for corneal transplantation differ from other types
of tissue transplant owing mainly to the avascularity of the cornea. It is accepted,
therefore, that cancers, with the exception of haematological or ocular malignancies,
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do not necessarily preclude eye donation. Depending on the method of corneal stor-
age, infections and bacteraemia may also be accepted. Apart from these exceptions
for cornea, which do not apply to limbal tissue or sclera since these are vascular-
ized, the main exclusion criteria are similar to other tissues. Provided the corneal
endothelium is examined to ensure an adequate number of cells, there is no need to
set an upper age limit for cornea donation.

Corneal Transplantation

The cornea forms part of the outer coat of the eye, merging with the sclera at the
corneal limbus (Fig. 4.1). It is tough, having both to withstand the intraocular pres-
sure and protect the delicate internal structures of the eye. The human cornea is
approximately 0.55 mm thick and is bounded on the outer anterior surface by a strat-
ified epithelium 5-7 cells thick and on the inner posterior surface by a monolayer
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Fig. 4.1 Morphology of eye, cornea and corneal endothelium. Key to corneal section: a, epithe-
lium; b, Bowman layer; c, stroma; d, Descemet membrane; e, endothelium. The posterior surface
of the endothelium shows a mosaic of closely apposed, mainly hexagonal cells. (Reproduced from
Hogan et al. [41] with permission.)
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of closely apposed endothelial cells (Fig. 4.1). The bulk of the cornea comprises a
collagenous stroma containing fibroblastic cells, the keratocytes.

The cornea is the major refracting element of the eye and this function critically
depends on its transparency [5]. Accordingly, normal cornea allows transmission
of between 86 and 94% of light in the visible spectrum. This remarkable degree of
clarity is a result of the long-range ordering achieved by the highly structured orga-
nization of the uniformly-sized stromal collagen fibrils embedded in a proteoglycan
matrix [6]. These fibrils run parallel to each other in sheets (lamellae) that stretch
across the width of the cornea with successive lamellae being arranged orthogo-
nally. The fixed negative charge on the proteoglycans draws water and solutes into
the stroma from the aqueous humour. In the absence of blood vessels, this influx
of solutes is essential for the nutrition of the keratocytes. The consequent influx of
water is countered by the endothelium, which forms a passive, albeit leaky, barrier
and actively pumps ions, including bicarbonate, from the stroma to the aqueous,
which induces an efflux of water thereby controlling stromal hydration [7, 8]. If
either the endothelial barrier properties or the ion pumping are disrupted, the stroma
will become oedematous with a consequent loss of transparency. Human endothe-
lium has only a limited proliferative capacity and, as a result, there is a continuous
decline in endothelial cell density throughout life [9].

Approximately 40% of corneal transplants in the UK are to treat loss of trans-
parency as a consequence of endothelial disease, principally Fuchs’ endothelial
dystrophy and bullous keratopathy — the latter being a consequence of previ-
ous ocular surgery. The other major indication for transplantation is severe visual
impairment caused by a change in corneal shape. In this tissue matrix disease, ker-
atoconus, the cornea progressively thins and its surface becomes conical instead of
spherical. Other indications for transplantation include infections, such as herpes
simplex keratitis, scarring, opacification and, increasingly, regraft.

In full-thickness corneal grafts (penetrating keratoplasty, PK) a disc of dis-
eased cornea, typically 7.5 mm in diameter, which includes epithelium, stroma and
endothelium, is removed and replaced by a similarly sized graft of healthy corneal
tissue from a donor (Fig. 4.2). Partial thickness grafts (lamellar keratoplasty) are
also used where just the diseased part of the cornea, rather than all three layers, is
replaced [10]. In endothelial keratoplasty (EK), diseased endothelium is replaced
by donor endothelium supported on either a thin layer of stroma approximately
150 pm thick or even just on Descemet membrane. The advantages of EK over
PK are faster visual rehabilitation for the patient and less astigmatism, which is a
common postoperative complication of PK; however, it is uncertain at the time of
writing whether long-term EK survival is similar to PK. Both PK and EK critically
depend on an allograft with an intact, functioning endothelial cell layer. Assessment
of the endothelium is therefore important to ensure an adequate number of cells and
good morphology of this cell monolayer for these types of allograft.

Deep anterior lamellar keratoplasty (DALK) is an alternative to PK for treating
keratoconus with the purported advantage that the recipient’s own healthy endothe-
lium is not replaced but remains intact. Other anterior lamellar grafts can be used to
replace scarred or opacified stromal tissue. Clearly, there is no requirement for the
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Penetrating keratoplasty (PK)

j C Deep anterior lamellar keratoplasty (DALK)

Endothelial keratoplasty (EK)

Fig. 4.2 Types of corneal transplant. Penetrating keratoplasty is a full-thickness graft where a
central disc of host cornea (typically 7.5 mm) is removed and replaced with tissue from a donor
cornea. Where the host endothelium is healthy but the stroma is misshapen and thinned, a partial
thickness graft (DALK) leaves the host endothelium intact. For endothelial disease, replacement
with healthy endothelium on a thin layer of stroma or just on Descemet membrane is an option (EK)

corneas used for these types of allografts to have an intact endothelium. However,
corneas for DALK are often supplied with a good endothelium in case the sur-
geon needs to switch to PK during the operation owing to accidental perforation
and breach of the anterior chamber during the lamellar dissection of the patient’s
cornea.

Corneal Storage

Hypothermia and organ culture are the two principal methods used for storing
corneas. Cryopreservation has been used to a very limited extent in the past but
is currently rarely used and then only for emergency grafts to save an eye rather
than to improve vision [11].

Hypothermia

It was not until the 1930s that Filatov pioneered the use of corneas from deceased
donors and the storage of eyes in pots (moist chambers) in ice for several days [12].
This method continued in use until the early 1970s when removal of the corneoscle-
ral disc from the eye and storage in tissue culture medium containing 5% dextran
(McCarey-Kaufman medium, M-K medium) was introduced [13]. The corneas were
refrigerated at 4°C for 2—4 days compared with the 2448 h storage time for whole
eyes in moist chambers.

The principle underpinning hypothermic storage is the reduction in rates of
chemical reactions with falling temperature. For biological reactions there is a 2-3
fold reduction in rates for every 10°C fall in temperature, which means that the
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energy demands of cells are markedly lower at 4°C than at normothermia. There
are, however, several limitations to the maximum storage period [14]. In particular,
metabolism is reduced but not completely suppressed, which means that there is
still a demand for high energy compounds such as ATP. The ability of cells to gen-
erate ATP at these low temperatures is compromised, which leads to an overall loss
of high energy compounds. Ion pumps are also suppressed, leading to altered ionic
balance and cellular oedema and cellular acidosis. There are also possible phase
changes in membrane lipids and generation of reactive oxygen species (ROS) by
the Fenton reaction.

The hypothermic storage medium currently most widely used is Optisol [15, 16].
This solution contains both dextran and chondroitin sulphate to help control stromal
hydration and provides up to 14 days of storage; however, most eye banks do not
store beyond 7—10 days owing to poor epithelial preservation. There are other media
available that aim to support the reduced cellular metabolism, counter damage from
ROS and support cell membrane repair [17-19].

Organ Culture

Organ culture of corneas was introduced in the USA in the early 1970s and was
based on culture techniques that had been developed for skin [20, 21]. Owing to its
perceived complexity, the occurrence of stromal oedema during storage and poten-
tial problems of bacterial and fungal contamination, North American eye banks
favoured hypothermic storage in M-K medium. However, the technique was fur-
ther developed in Denmark and became the method of choice for many eye banks
in Europe [22-25].

A key element to the method is the cleaning of the ocular surface before excision
of the corneoscleral disc by rinsing in sterile saline and immersion of the eye in
Povidone-iodine (PVP-I) solution [26]. The corneoscleral disc is then suspended in
organ culture medium for up to 4 weeks. In the UK, corneas are kept in Eagle’s min-
imum essential medium with Earle’s salts containing 26 mM sodium bicarbonate,
HEPES buffer, 2% fetal bovine serum and antibiotics (penicillin and streptomycin)
and an antimycotic (amphotericin B) [27]. This medium is not changed during the
organ culture period and is sufficient to maintain the integrity of the epithelium and
endothelium [28]. Alternatively, some eye banks do change the medium every 1
or 2 weeks and there have even been reports of successful corneal transplants with
tissue stored for up to 7 weeks with changes of medium [29]. A wide range of differ-
ent media have been used for corneal organ culture with seemingly similar clinical
outcomes. Recently, there have been attempts to remove serum and constituents of
animal origin with encouraging results [30].

In the organ culture method as applied in the UK, a sample of the medium is
taken after 7 days of culture to test for bacterial and/or fungal contamination. Three
days before the scheduled date of transplant, the corneal endothelium is exam-
ined by transmitted light microscopy after staining with trypan blue to identify
dead or missing cells and hypotonic sucrose that renders the cell borders visible.
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Fig. 4.3 Corneal endothelium after organ culture and staining with trypan blue and hypotonic
sucrose (bar = 100 pm). (a) Cornea from an 18 year old donor after 23 days of storage, cell density
>3,000 cells/mm?. (b) Cornea from a 75 year old donor after 29 days of storage, cell density >2,500
cells/mm?. (c¢) Cornea from an 84 year old donor after 26 days of storage, cell density <1,000
cells/mm? (unsuitable for penetrating keratoplasty or endothelial keratoplasty). (Reproduced from
Armitage [42] with permission)

In the UK, a minimum endothelial cell density of 2,200 cells/mm? is consid-
ered acceptable for corneas to be used for PK or EK (Fig. 4.3). Corneas are then
transferred to organ culture medium containing 5% dextran in order to reverse
the stromal oedema that occurs during organ culture storage. A further sample
of medium is taken after 24 h for microbiological testing and then the cornea is
despatched to the recipient hospital. Up to 4 days storage is permitted in the dextran
medium.

The donor’s cause of death is the main factor influencing whether corneas are
lost during organ culture through microbial contamination [27]. Virtually every eye
coming to the eye bank will be carrying bacteria and/or fungi on the ocular surface
consequent to the loss of tear film and blinking, but it would appear that this micro-
bial load varies with the cause of death. It is not surprising, therefore, that corneas
from donors that died with infections are at greater risk of becoming contaminated
during organ culture. So far as the likelihood of the corneal endothelium meeting
the minimum criteria for PK or EK is concerned, the major influencing factor is
increasing donor age. Up to the age of 60 years, approximately 10% of corneas fail
to meet the minimum endothelial cell density of 2,200 cells/mm?, but this rises to
more than 30% for donors over the age of 80 years [27].

Five year graft survival for PK in the UK with organ cultured corneas is 70%
(95% CI 68-72) [31]. The indication for transplantation has the largest influence
on survival, which ranges from 91% for keratoconus to less than 60% for bullous
keratopathy. No donor or storage factors have been found to influence graft survival,
which suggests that the donor selection criteria, storage time and endothelial assess-
ment are all appropriate. These clinical follow-up data provide direct validation of
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the efficacy of the organ culture method (unpublished results based on analysis of
NHS Blood and Transplant data).

Limbal Stem Cells

The corneal epithelium forms a protective barrier on the anterior surface of the
cornea. In conjunction with the tear film, the epithelium provides a smooth ante-
rior corneal surface, which is essential for the transmission of light and thus normal
vision. Unlike the endothelium, the epithelium is constantly being renewed. The
progeny of a population of slow-cycling stem cells residing in the basal limbal
epithelium become transient amplifying cells (TAC) that migrate to the basal layer
of the corneal epithelium where they divide and thus maintain the epithelial cell
mass [32, 33]. As the TAC divide, their progeny move anteriorly becoming post-
mitotic and, eventually, they form a superficial layer of terminally differentiated
cells. Failure of the limbal stem cell population compromises the integrity of the
epithelium, which results in ocular surface disease that can be painful and difficult
to treat, causing severe visual impairment. Attempts to restore vision by corneal
transplantation are almost certain to fail. This limbal stem cell deficiency (LSCD)
can be treated by replacement of the stem cells by transplantation of limbal tissue or
the application of epithelial cell sheets expanded in vitro from limbal tissue explants
onto the ocular surface [34].

If the disease is unilateral, the best chance of successful treatment is with an
autograft taken from the healthy eye. A small limbal biopsy can then be used as
a source of stem cells that are expanded in vitro on a support such as fibrin or
amniotic membrane [34]. If the disease is bilateral, then one option is to use allograft
limbal tissue or cells, but this requires immunosuppression in an attempt to prevent
allograft rejection and, even so, there is little evidence that such allografted cells
persist in the long term [35]. Alternatively, other sources of autologous cells, such
as oral mucosa, are being explored [36].

Despite the therapeutic use of limbal tissue grafts, there is still no single marker
for corneal epithelial stem cells that can be used specifically to identify and enrich
this cell population, which forms just a few percent of the cells in the limbal basal
epithelium [37]. However, combinations of several immunohistochemical markers
do appear to localize to limbal stem cells, such as positive staining for transcription
factor p63 and the ATP binding cassette transporter ABCG2, but negative staining
for cytokeratins K3/K12 and for connexin 43 [33]. Nonetheless, limbal epithelial
cells can be successfully expanded in vitro and there is currently a focus on improv-
ing the culture technique, for example to avoid the need for 3T3 cell feeder layers,
bovine serum and other medium constituents of animal origin [38, 39]. Alternatives
to amniotic membrane and fibrin as supports for epithelial cell sheets are also being
investigated [40].

In summary, full-thickness corneal transplants are still the most commonly per-
formed ocular tissue transplant but partial-thickness grafts are becoming far more
frequent, especially endothelial keratoplasty. The treatment of ocular surface disease
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with limbal tissue or epithelial cell grafts is far less common and still the subject
of continuing research into improving the cultivation of epithelial cell sheets and
exploring other sources of cells that could be used for autologous grafts in patients
with bilateral ocular surface disease.
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Chapter 5
Banking of Heart Valves

Robert Parker

Introduction

The first aortic valve was implanted into a patient at Guys Hospital in London
by Donald Ross in 1962 [1] and over the following 45 years major changes have
occurred in the processing of heart valves. The first valves were preserved using
chemical agents such as formalin, glutaraldehyde, beta propriolactone and in the
latter years of the decade ethylene oxide. Prosthetic valves, mainly of the ball in the
cage variety or tilting disc, were introduced in the previous decade to the allograft
and in the sixties these were the two main types of valves that were used [2, 3].
Xenograft valves were introduced in the seventies being mainly the porcine aortic
valve [4], with valves made from bovine pericardium following later in the decade
[5]. Also around this time surgeons tried to manufacture heart valves from human
tissue with autologous fascia lata [6] being the first material tried and later homolo-
gous dura mater [7], and both autologous and homologous pericardium being tried
[8]. In the present millennium there are only really three types of valves regularly
being implanted and these are bileaflet prosthetic valves, porcine xenografts (which
can be stented or unstented) and allografts. Seventy five percent of the allografts are
used nowadays in paediatric cases with a further 15% in adult congenital cardiac
surgery and the final 10% in adult acquired surgery, particularly in redo operations
and patients with bacterial or fungal endocarditis. The advantages and disadvantages
of allografts are given in Table 5.1.

Selection Criteria

The donor criteria operated by the majority of heart valve banks allows age from
new born to 60 years of age with no evidence of the standard virological markers
such as HIV, Hepatitis B, Hepatitis C, HTLV or Treponema (syphilis). A previous
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Table 5.1 Advantages and disadvantages of allografts

Advantages

Disadvantages

Blood flow through the valve orifice remains
normal and anatomically correct (unstented
xenografts give normal orifice but being from
another species are not totally anatomically
correct)

No anticoagulation required and therefore less
clinic appointments (particularly important in
females who may become pregnant)

No mechanical damage to blood cells that can
occur with prosthetic valves

Gradual wear out of valve which is symptomatic,

Unpredictable supply due to donation rate

Greater risk of cross infection because of
antibiotic disinfection rather then
terminal sterilsation

Cardiopulmonary bypass time during
implantation is 50% greater than for
prosthetic and stented xenograft valves

Surgical technique is more complex

whereas prosthetic valves can fail shut
suddenly or can lose disc or leaflet
Low evidence of post operative endocarditis Possibility of atheroma, fibrosis and
calcium in valve due to donor age
More complex storage procedure and
preparation at time of operation
Shorter valve life than prosthetic valve,

though better patient survival

Adaptable for paediatric and endocarditis surgery

Complete range of sizes. Prosthetic valves cannot
be made below 15 mm diameter

medical history of diseases that affect the connective tissue of the valve cusps such
as rheumatic fever are also contraindications, but cardiac conditions such as myocar-
dial infarction and left ventricular hypertension are acceptable for donation. The
removal of the heart needs to occur within 24 h of death (although a few banks will
accept up to 48 h if the donor’s cadaver has been refrigerated within 2 h of death)
and dissection of the valves from the heart should occur as soon as possible after
cardiectomy and within a maximum of 12 h. The conditions of the area where the
heart is removed from the donor should be as sterile as possible, so operating the-
atres or dedicated removal suites are preferable to post mortem rooms, and sterile
instruments and receptacles should be used in all cases. In Europe about 50% of the
donations are retrieved from heart beating donors undergoing multi-organ retrieval
where the heart is either unsuitable for heart transplantation or cannot be placed,
with about 4% of the donations being from hearts removed from patients undergo-
ing heart transplantation and the remainder from non-heart beating donors, where
some post mortem room retrieval will occur.

Processing and Disinfection of Heart Valves

The only valves that are routinely dissected nowadays are the aortic and pulmonary
valves. Photographs of dissected aortic and pulmonary allografts are shown in
Figs. 5.1 and 5.2. Mitral allografts [9] were used for a time in the 1990s and early
2000s, but problems arose with the chordae and myocardial connections and many
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Aortic allograft

ASCENDING AORTA
LEFT CORONARY ARTERY

RIGHT CORONARY ARTERY

LEFT VENTRICLE MUSCLE BAND

ANTERIOR LEAFLET OF MITRAL VALVE

Fig. 5.1 Dissected aortic allograft

Pulmonary Allograft

= LEFT & RIGHT PULMONARY ARTERY

PULMONARY TRUNK

RIGHT VENTRICLE MUSCLE BAND

Fig. 5.2 Dissected pulmonary allograft

became incompetent, so very few centres use this type of valve nowadays. There
were also surgical and technical difficulties as mitral valves do not form a ring in
the same way that aortic and pulmonary valves do. Processing needs to be performed
in a Class A environment and most banks perform the dissection in a cabinet at this
level in a Grade B or C background. All heart valve banks worldwide use antibi-
otic disinfection methods using a combination of broad spectrum antibiotics with or
without antifungal agents. Most antifungal drugs are cytotoxic so will affect the cell
viability and therefore some banks who are concerned with this parameter now have
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omitted the antifungal agents, particularly amphotericin B [10-12], but this does
mean that they will have a higher discard rate disinfection. The majority of banks
in United Kingdom use a disinfection solution containing Gentamicin 4,000 mg/L,
Vancomycin 50 mg/L, Polymixin B 200 mg/L, Imipenem 240 mg/L and Nystatin
50 mg/L, but the Nystatin has been replaced by Amphotericin B because of the
non-availability of the former in sterile format in United Kingdom. The antibiotic
cocktails have been formulated by microbiologists [13—15] to cover as wide a range
of bacteria and fungi as possible and the levels of antibiotics in most is 20-50 times
the minimum inhibitory concentration, but can be up to one thousand times. The
anbiotic cocktails used by most banks give a disinfection rate of between 85 and
95%, meaning that about after immersion in the cocktail less than 15% of valves
have viable bacteria or fungi rendering them unsuitable for clinical use. There is not
a consensus of opinion at which is the most appropriate temperature to perform the
antibiotic disinfection. The commonest temperature is +4°C, but a number of banks
use room temperature (22-25°C) whereas in Australia 37°C is temperature most
banks prefer. Germain at European Association of Tissue Banks Meeting in 2008
propounded the idea that the antibiotics are designed to be used at body tempera-
tures and that this was the preferable temperature. Macdonald has presented work at
conferences using similar assays on the antibiotic solutions used at heart valve banks
in United Kingdom and showed that all were most effective at 37°C. The converse
to this argument is that lysosomal activity is higher at this temperature and there-
fore more tissue degradation can be expected. Leeming [16] demonstrated that there
is considerable carryover of antibiotics in the valve samples which could affect the
accuracy of the microbiology testing and in the case of vancomycin in the leaflet this
could equal the level in the antibiotic cocktail. Even after 20 washes the tissue sam-
ples show a high level of antibiotic residue. It is thought that the antibiotic residue
could provide antibiotic prophylaxis to the patient as the endocarditis level follow-
ing homograft implantation is lower than that for prosthetic and xenograft valves.
However the residue could be a problem if the recipient of the valve is allergic to
the antibiotic and there could be a small risk of systemic toxicity if the patient has
hepatic or renal malfunction. It is probable that some of the antibiotics have a static
effect rather than a cidal effect and it is possible that there could be resistant spores
remaining which would explain why some heart valve cultures show bacterial or
fungal contamination late during the culture.

The microbiology test performed by most heart valve banks involves putting sam-
ples of valve tissue (normally the aortic or pulmonary wall) into bottles of aerobic
broth, anaerobic broth, sabourauds broth and incubating at 37°C and placing another
sample in a general purpose broth and retaining at room temperature. Samples of the
broth are sub-cultured on to respective agar plates at day six and the plates are read
at day nine or day twelve. A fifth sample is used for testing for mycobacteria, which
is commonly performed by heart valve banks but not always by the bankers of other
tissues. There was evidence in the 1970s of transmission of TB with heart valve allo-
grafts and the advent of testing dates from this time [17]. In a recent paper Warwick
and co-workers [18] have shown that in 38,413 donors in 24 heart valve banks over
the last 15 years tested, none were positive for Mycobacterium tuberculosis, but 24
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were positive for non-tuberculosis mycobacterium. The donor selection criteria for
heart valves was not as strict in the 1970s and it is probable for this reason that no
positive donors have been detected since. It has been questioned whether mycobac-
terial testing of heart valves should be continued, but it would seem important that
because of the incidence of non tuberculous mycobacteria which have also been
transmitted with porcine valves and also as a contaminant at time of cardiac surgery
that the testing is continued. The commonest reason for non-tuberculous mycobac-
teria is water borne and is probably contaminating the tissue at time of removal in
the post mortem room.

After antibiotic disinfection, valves are transferred to a isotonic solution contain-
ing a cryoprotective agent with dimethyl sulphoxide (DMSO) being the commonest
in use. The solution would normally contain 10-15% of DMSO and a time of up
to an hour is used for the valve to absorb the solution before cryopreservation. The
valve is frozen at the rate of 1°C/min from +4°C to at least —80°C and is then stored
either in ultra low temperature freezers at —140°C or the vapour phase of liquid nitro-
gen refrigerator at —175°C. Most banks have validated storage at this temperature
for 5 years, but an increasing number are extending the validated period to 10 years
and Mirabet has shown that it is possible to at least 13 years [19]. It is also important
that the thawing of the valves is controlled as it has been shown by various groups
that if valves are transferred directly from ultra low temperatures to body tempera-
ture water baths cracking can occur [20-22]. Most banks now instruct that there is
an intermediate stage either by allowing the valve to thaw at the lower temperatures
in the air before transfer to the waterbath or by placing the valve in solid carbon
dioxide (cardice). The latter is the usual method of transfer from bank to operating
theatre, so is being performed without realizing the significance of the stage.

Quality Assurance of Heart Valves

At the time of dissection valves are assessed for their quality. Many banks still
use a fair, good, very good and excellent terminology, but the Heart Valve Bank
in Rotterdam has tried to bring greater rationale to the system and have introduced
a Quality Code List.

The list gives a Code to each valve depending on its abnormalities. The
description of the Codes are as follows:

Acceptable for further processing®

Code 01 No visible morphological abnormalities
Code 02 Minimal atheroma in basal attachment of leaflet
Minimal fibrosis in (basal attachment of) leaflet/vascular wall
Fenestration(s) in otherwise perfect graft
Petechiae in otherwise perfect graft
Code 03 Minor atheroma in vascular wall (conduit)
Atheroma in <1/3 of the basal attachment of the leaflet
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Fibrosis in <1/3 of (the basal attachment of) the leaflet
Fenestrations

Code 04° Atheroma in the vascular wall
Atheroma in <2/3 of the basal attachment of the leaflet
Fibrosis in <2/3 of (the basal attachment of) the leaflet
Fenestrations

Code 05° Discrete atheroma in the vascular wall or the basal attachmemt of the leaflet
Discrete fibrosis in (basal attachment of) leaflets
Pinpoint calcification in vascular wall
Minor adhesions of leaflets at the commisures
Fenestrations

Not acceptable for further processing

Code 06 Extensive fibrosis or atheroma and/or calcification in vascular wall,
calcification in leaflets

Code 07 Damaged during removal of the heart

Code 08 Damaged during dissection of the heart

Code 09 Incompetent valve

Code 10 Other abnormalities (anatomical or procedural)

Code 11 Failure to meet one or more of the time limits adherence requirements needed
by bank.

Note: *Items are “and/or”
bCodes 04 and 05 are not acceptable for aortic valves from donors > 56 years of age

It would be an excellent idea if banks who co-operated in the supply of heart
valve allografts could adopt this nomenclature and could also adopt a standard
method of sizing valves. At the present time there is no consistent measuring device
for internal diameter of valves with some banks using obturators and other banks
dilators and the position of the measurement with regard to cusp height is also
variable. Likewise when it comes to length it is agreed that the starting point is at
myocardium/wall junction but as aortic valve has curved arch and pulmonary artery
bifurcates within 3 cm of valve, there is not a concensus opinion about the various
lengths that need to be measured. As many surgeons obtain valves from more than
one bank depending on supply it would be extremely helpful if all banks agreed a
protocol for classification and sizing.

Current Issues in Heart Valve Banking

Viability and Storage

Throughout the history of heart valve banking, workers have tried to evaluate the
best method of storage. There have been three main approaches to assess this and
these can be summarized as viability, morphology and mechanical.
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Most workers concentrated on viability in the early years of antibiotic disin-
fected valves with researchers looking at incorporation of tritiated thymidine into
DNA, protein synthesis, lysosomal activity and tissue culture. The results from this
determined the change from firstly dissolving the antibiotics in a balanced salt solu-
tion such as Hanks to secondly dissolving them in a nutrient solution like Medium
199 and in the last 20 years following this stage by cryopresevation. Al-Janabi and
Ross [23, 24] using autoradiography showed that the tissue lost little viability during
the time it was frozen at liquid nitrogen temperatures, so the main factor was how
soon after dissection the valve was frozen and this conclusion was also reached by
Gonzalez-Lavin [25] using a proline uptake method. Suh [26] showed that the length
of warm ischaemic time was particularly important with a reduction from 92 to 56%
between samples taken at 2 and 36 h post death. He also showed that a number of
lysosomal enzyme levels were significantly increased during warm ischaemic times
and concluded that valves should always have less than 12 h of warm ischaemia
and no more than 24 h of cold ischaemia following this before cryopreservation.
Brockbank [27] has shown that protein synthesis had a time dependent loss when
valvular tissue was stored at +4°C or —80°C, with more rapid decline in the former,
but this was not the case at liquid nitrogen temperatures.

Endothelial Cells

All of this research was looking at fibroblast rather than endothelial cell activity
and the role of the endothelium has come more to the fore over the last 15 years.
The relevance of the endothelial cells being viable has both positive aspects in that
they protect the cusp from insudation of plasma components which are responsi-
ble for degeneration and calcification and negative aspects in that they are the most
immunogenic of the cells in the heart valve and because of this can lead to rejection
phenomena. Loose [28] has shown storage of valves at +4°C in nutrient medium
leads to complete denudation of the endothelium within 21 days, but this was sig-
nificantly decreased at —196°C. Work by Feng [29] confirmed that valves need to
be stored below the glass point of water (—128°C) if endothelial viability is to be
maintained. Yankah [30] from Berlin in 1987 showed infiltrates of lymphocytes on
transplanted allogeneic valves and Yacoub [31] in same year demonstrated HLA
Class I expression and Simon in 1998 Class II expression on surface of valve. In his
1993 paper Lupinetti [33]considered that the loss of endothelium may contribute
to enhanced graft longevity by reducing the host immune response, which may
contribute to valve degeneration, but on the other hand loss of endothelium may
increase the capacity for thrombus foundation and adversely affect the underlying
fibroblasts, thereby accelerating graft deterioration. Thus he concluded that it can-
not yet be determined whether the loss of endothelial cells has a positive, negative
or neutral effect on the long-term structure and function of valve allografts and 10
years on this is still the case.
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Morphology of the Valves

In the present century there has been a switch from looking at viability of the tis-
sue as it has never really been understood if viability was important to looking
at the morphology of the valve after cryopreservation. Fischlein [34] showed that
valves from heart beating donors had nearly intact endothelium if cryopreserved
within 24 h but there was a lack of endothelial cells in non heart beating donors
with oedema and vacuolization as well. Brockbank [35] has proposed that a possi-
ble cause of tissue deterioration and calcification could be interstitial ice formation
causing damage to the extracellular matrix and is now suggesting that vitrification
may be a better option. Villalba [36] has observed that in cryopreserved valves
4.7% of cells have irreversible changes and 23.5% show apoptotic signs, whereas
valves before freezing only show reversible cell injury. He postulates that the apop-
tosis could be caused by hypoxia, ischaemia, free radicals of oxygen or calcium
ionophores but does not consider that disinfection and dimethyl sulphoxide expo-
sure alone are responsible for this, although they enhance the rate of cell death.
Schenke-Layland [37] has demonstrated serious alteration and significant deteriora-
tion of collagenous and elastic fibre structures, accompanied by a general damage
of the leaflet histoarchitecture caused by extracellular ice formation. It is considered
that this type of damage can lead to calcification of the valve tissue and also without
the elastic properties the valve could become incompetent.

Mechanical Properties of Valves

If viability is not important and the most important factor is that the allograft
valve should mimic the action of the native valve, a number of workers have con-
sidered that the mechanical properties of the valve may be the best parameter to
evaluate after preservation. Wright and Ng [38] devised a method in 1974 for mea-
suring the elasticity of human aortic valve cusps and this was used by staff at
National Heart Hospital to compare the elasticity of valves after storage in nutri-
ent medium. The results of this was that there was a slow decline in elasticity and
tensile strength over the first 3 weeks which became faster thereafter. Wassenaar
[39] reported that cryopreservation resulted in a considerable reduction of contrac-
tion in response to potassium, but that the response to noradrenaline, endothelin-1
and prostaglandin F remained unchanged. Vesely [40] compared the mechanical
behaviour of cryoporeserved allograft leaflet to that of fresh tissue and xenografts
by measuring their bending stiffness and their uniaxial tensile stress/strain and
stress/relaxation behaviour. The results for the bending tests showed no significant
difference between the pliability of cryopreserved allografts and fresh tissue but
the xenograft material which had been treated with glutaraldehyde was significantly
stiffer than both. The transition from a low to a high modulus on the stress/strain
curves, a measure of extensibility was also similar for fresh and cryopreserved tissue
but less for xenograft.
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It can therefore be concluded that most cryopreservation methods are satisfactory
and retain the physical structure and biochemical profile of the valve at similar levels
to that at the time of freezing. It may therefore be important as Gall and O’Brien [41]
have shown that it is important that heart valves are procured as soon as possible
after cessation of heart beat and should be cryopreserved within 1 or 2 days if not
clinically implanted. Yacoub [42] has shown that his homovital valves, which came
either from heart transplant recipients or multi organ donors where the heart could
not be used for transplantation and had very low level antibiotic disinfection and
were implanted within 24 h produced better results than the cryopreserved valves.

Conclusions

Since the small beginnings in 1962 the number of heart valve banks worldwide
has now increased in 2007 to 71 and these banks dissect aortic and pulmonary
valves from over 11,000 hearts per year. Sixty six percent of the activity is in North
America and 26% in Europe. In the United States, most of the heart valve banking
is performed by two large companies whilst in all other countries the banking is per-
formed either by hospitals or the national blood service of the country. In the early
years of heart valve banking, only the aortic valve was collected but since the 1980s
the demand for the pulmonary valve has increased and it is now the more requested
valve, see Fig. 5.3. The main reason for this is that pulmonary allografts are more
successful in congenital cases than prosthetic and xenograft valves, both in children
and adults, whilst the difference is not as great in the aortic position, where valve
replacement is mostly for acquired conditions. Allografts do not need anticoagula-
tion so will also be the valve of choice in women of child bearing age who could
become pregnant and children who because of the long term side effects should not
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have anticoagulation therapy for their entire lives. The allograft gives greater flex-
ibility in insertion as it does not have a fixed sewing ring so allows the surgeon to
shape the valve for complex congenital conditions or to replace diseased tissue in
endocarditis cases. The non-stented xenograft which has been introduced over the
last 10 years is also showing good results in these operations as well.

Allografts in Europe, North America and Australia account for about 5% of the
aortic valve replacements performed in these countries and 90% of the pulmonary
valve replacements. The total market share for allografts in United States in 2007
was 4% with prosthetic valves accounting for 20% and xenograft valves for 76%.

In the future it is likely that decellularised allografts will be used as this could
remove any problems with immunology and methods have been postulated for this
in several countries. Cryolife in United States have now marketed this type of valve
for 3 years and Francisco da Costa [43] in Brazil has shown that over a 4 year period
there has been a 100% patient survival with decellularised valves compared to 91%
for cryopreserved valves. Most involve the use of either deoxycholic acid or sodium
dodecylsulfate. Research is also looking at seeding these valves with fibroblasts or
endothelial cells grown from recipient tissue which could reduce thrombolytic com-
plications. The use of biological scaffolds is also being investigated which would
also need to be seeded with recipient or possibly foetal stem cell derived tissue.
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Chapter 6
Banking of Skin

Ellen Heck

While early excision of the burn wound certainly proceeds the establishment of
widely available allograft skin banks, this form of burn treatment was greatly
enhanced by the 1970s proliferation of skin banks. Prior to the establishment of
skin banks, commonly in conjunction with burn centers, physicians relied on the
random or chance availability of allograft skin to supplement limited autografts.
However, as skin banks flourished, escher removal by early excision became not
only desirable, but the standard of care.

Skin banking across the world adopted various methods of storage including
fresh, frozen, glycerol preserved and irradiated. The questions most frequently
debated about the desirability of methodologies centered on cell viability and struc-
tural integrity. These same debates continue, especially as they relate to viability
[1]. However, there is more consensus on the needs for structural integrity. To per-
form as desired as an extended, but non permanent barrier, the allograft skin must
be comprised of the layers seen in Fig. 6.1.

The stratum corneum of the epidermis creates the barrier function while dermis
allows for in growth of tiny blood vessels which provide nourishment to attenuate
the grafts stability. Storage methods such as fresh and frozen skin allografts which
preserve the layers in as near normal state as possible are preferred by many physi-
cians [2]. Some research has also been done on preservation at room temperature
or 22°C incubation for graft storage in nutrient media [3]. Grafts which are glyc-
erol or irradiation preserved are questioned as to collagen alteration, viability, and
other functional qualities. However, for ease of storage, they may be most desirable
in some settings where frozen storage or even refrigerated storage is problematic
(Fig. 6.2). Frozen allografts are subject to viability and structural changes not just
during cryopreservation but also during thawing. The most universally accepted
freeze-thaw protocols rely on slow freezing and rapid thawing. The intent is to min-
imize any cell membrane damage due to fluid transfer. Process of glycerolysation
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Fig. 6.1 Skin layers

Fig. 6.2 Frozen skin allograft storage

or irradiation may also compromise cellular integrity and reconstitution methods
should be controlled to adequately rinse and rehydrate to achieve the desired graft
adherence parameters desired. No currently available allograft meets all the func-
tions of autograft. Which allograft is most desirable depends on the given situation
and which factors can be best achieved by a specially preserved graft. The factors
to consider are availability, length of anticipated need for coverage, and of course
accessibility to appropriate storage conditions.

The Dutch Burn Foundation Skin Bank utilizes glycerol preserved skin allografts
preferentially and reports both success and satisfaction with this method [4].

However, before we discuss procurement, processing and storage in more detail,
we should give some consideration to donor acquisition. How do we obtain donors
and briefly how are they screened and entered into the donation process.



6 Banking of Skin 83
Acquisition

A robust awareness and education program contributes to sustaining donation pro-
grams whether this is by first person or by next of kin consent. In skin banks
providing fresh allografts, active donation programs can have a major impact. Public
and professional awareness of the needs and benefits of tissue donation is an impor-
tant component in the success of a skin bank. The success stories are compelling
and proper education to dispel misinformation is important. Skin bank public and
professional education programs may be independent or part of a joint efforts with
other entities.

Screening and testing also impacts graft availability and once again this is par-
ticularly true when trying to provide fresh allografts. Screening questions are most
often completed prior to procurement but serology testing and microbiology test-
ing can significantly delay tissue release. Serology testing, antigen, antibody and
nucleic acid tests (NAT) usually can be completed within 24 h of receipt by the ref-
erence laboratory of the appropriate donor blood samples. All testing regimes should
comply with government regulations and peer review standards. Unlike serologies,
microbiology will usually require a minimum of 48 h and preferably 72 h for fresh
skin release. Seven to 14 days is the customary microbiologic incubation time for
long term graft storage. Laboratories need to be informed of the concerns the skin
bank and burn center may have for making fresh grafts available so that the max-
imum information can be obtained in the minimum amount of time. Doing gram
stains and sub cultures more frequently than may be “routine” for a reference labo-
ratory can be the difference in having enough information available to release fresh
grafts [5]. While some bacteria are normal flora and not a concern in grafting, other
organisms, pathogens, or opportunistic pathogens can cause infection or life threat-
ening sepsis in burn patients [6]. Of course having more allograft donors which may
be held for possible use as fresh will mitigate some of the concern for rapid response
on procurement cultures.

Retrieval

Donor allograft skin may be procured up to 12 h without prior refrigeration of the
body and up to 18 h for first incision with prior cooling/refrigeration [7]. However,
prior circumstances may impact these parameters especially when death occurs
where extreme temperatures may play a role in body decomposition. Once verifica-
tion has occurred of all required information, consent, time of death, refrigeration
and available medical social history, the actual process of allograft recovery can
begin.

Supplies and instrumentation may vary from program to program depending
on each bank’s policy and procedures but will include some basic similarities as
indicated in Table 6.1.
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Table 6.1 Retrieval supplies

Prep supplies
1. Prepared “Prep Kit” or razor and sponge
2. Basin
3. Antiseptic agent — iodophor
4. Alcohol
5. Gauze sponges (4 x 4) or similar

Instruments?®
1. Dermatome
2. Dermatome blades
3. Forceps
4. Scissors

Draping and sterile field supplies?
1. Drape sheets
Caps
Gowns
Gloves
Masks
Scrub brushes
. Sterile basin
. Sterile bottles/transport containers

NG E W

4Instruments and sterile supplies should be packaged sterile in appropriate wraps and/or peel packs
to permit delivery to the sterile field without contamination.

Instruments and supplies must have dating appropriate to the method of
sterilization and a supply log such as seen in Table 6.2 should be maintained in
the donor record for each retrieval.

Personnel involved in retrieval of tissue should be thoroughly trained in the site
assessment and preparation, sterile techniques and surgical techniques required for
graft removal. If only allograft skin recovery is to occur a team of two trained indi-
viduals should be sufficient to accomplish the preparatory work and the recovery
and circulating assistant functions.

Prior to beginning retrieval, the technician should perform a detailed physical
inspection. This inspection should concentrate on signs of high risk behavior such
as needle tracts and certain types of tattoos which could be indications of injection
of illicit drugs (Fig. 6.3). Recent tattoos and piercing where shared needle and ink
might have been used are also of concern for disease transmission.

Following a standard assessment protocol with an approved policy and procedure
and implement form will aid in this process (Fig. 6.4).

Donors discovered to have questionable observations on physical assessment
should be reviewed with available medical consults, re-checked with donor history
and/or deferred.

Surgical preparation of the donor consists of a general cleansing to remove debris
and/or environmental contaminants followed by hair removal. Hair removal should
be carefully performed to prevent nicks and abrasions to the epidermal skin layer.
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Table 6.2 Recovery supply log
Tissue Recovery Supplies TSC Donor ID:
opanhi Log Cross-Ref. 1D(s):
TSRS )
Supply Checklist
Bone Recovery Packs (MTF) Setof 3 =] Povidone-Todine Scrub (500 mlL.) 1 a
Bone'Vein Recovery Instruments 2 ju] Povidone-Todine Solution  (500mL) 1 a
Air / Electric Dermatome 1 =] Hibiclens (500 mL) 1 =]
Dermatome Blades (Zimmer) 5 J 10Pe Bleach {500 mL) 1 d
Skin bottles 4 a Plasmalyte-A (500 mL) 3 a
Skin basins 4 J Lactated Ringer's (500 mL) 2 .

| Pipettes 4 a Isopropy] Alcohol Pints 4 a

Cullureltes 26 a Liguid Soap 1 a
Scrub brushes (Hibiclens, Betadine) 16 =] Disinfectant (Spray bottle) 1 ju]
Dura-Prep, Large 5 a Erotective Apparel:
Drapes - medium 5 a Caps / Bonnets Geach | O
Impervious drape sheets 4 u] Masks / Masks with shields Geach | O
Steri drapes 2 a Shoe Covers / Bools 6 pair a
Sterile Gowns 3 o] Disposable Aprons / Gawns 6 each ]
Ganze 4’z (Large) 3 a Red tackle box containing:

'ﬁg Spikes 2 m] 5% Dextrose 2 a
Scalpel Blades 10 a Gentamy cin 1 a
Gigli saw blades 4 a 18 Gauge Spinal Needles 2 a
Sterile scissors 1 a 18 Gauge Needles 8 a
Non-sterile Supplies: 35cc Syringes 3 8]
DDI Kit (MTF blood draw supplies) 1 a 12¢cc Syringes 4 a
Spool Suture Line 1 a Dura-Prep (Small) 4 ]
Prosthetics (lowers & uppers) i =] Alcchol Swabs 12 a
Disposable Razors 6 a TSC Blood Pack 1 =]
Disposable Head Block 1 a Extra Blood Tubes (Red, Purple) 4 a
Union-all / Body Bag (1 of each) 2 m] Sharps C (Small) 1 a
Large Trash Bags 4 d Extra Cul (] a
Bichazard Bags 5 =] Calculator 1 a
MNon-sterile sheets 6 m] Timer 1 =]

Supplies to be added prior to departure for recovery: 1f Needed:
 Donor Chart < Sterile gloves |J Palyfoam packer/ wet ice  Oeular recovery kit
J Camera < Cut gloves \J Dermatome motor I Vein recovery supplies
O Culture tubes / labels < Prep gloves ] (] Heart recovery supplies

***IRAVEL KITS CONTAIN ITEMS NEEDED FOR SKIN AND BONE RECOVERY, ERING ADDITIONAL SUPPLIES AS NEEDED™
| Form # F-RP-501 I Revision Drate(s): 5/25/05, 3/2006 , 9/12/06 I Page 1 of | I

Hair removal should be accomplished in all areas where grafts will be recovered and
in all areas immediately adjacent to these areas.

Once hair has been removed, the donor body is prepped with a surgical scrub;
e.g iodophor, chlorhexidine gluconate. Contact of the scrub solution with the skin
should follow manufacturer’s recommendations usually for a minimum of 3—10 min
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Fig. 6.3 Drug related tattoo

duration. The prep solutions should then be removed with an alcohol or similar rinse
which will assist with cleansing along with removal of prep product residue which
might interfere with reliable recovery skin cultures for bacteria and fungus.

The next step is the establishment of a sterile field. Draping should occur of all
areas not involved in the surgical removal of tissue. Sterile disposable drape sheets
or other operating room appropriate draping material is used for this procedure, see
Fig. 6.5.

A sterile back table or work area should also be established for the placement
of instruments and sterile supplies used in the recovery. Technicians should wear
caps, masks, gowns and gloves during the recovery procedures. The technicians
should also perform a surgical hand scrub after donning cap and mask and prior
to gowning and gloving. Operating room nurses and/or technicians are often good
training resources for aseptic technique as well as operating room manuals.

Skin is generally removed from the legs and back, but may be taken from any area
consistent with the consent specifications and technical limitations. Consideration
should be given to funeral arrangements and embalming concerns of funeral direc-
tors as fluid leakage may occur post graft removal. Providing a plastic garment [8]
to the funeral home may be helpful in preventing leakage and in improving rela-
tionship between donations programs and funeral homes. Skin thickness may range
from 0.012 to 0.018 inch with surgeon preference as an additional consideration.

Allograft skin utilized for primary burn wound excision is split thickness skin
[9] with both epidermal and dermal layers. The epidermal layer provides the barrier
function to reduce evaporative fluid loss and aid in the control of bacterial colo-
nization. This additionally helps with pain reduction. The dermal layer allows for
the nutrients from the excised wound bed to prolong the stability and adherence of
the graft by ingrowth in to the allograft. Graft adherence is dependent in part on a
uniform dermal bed in the allograft to maintain the adherence to the epidermal layer
and to the excised wound bed. Dermatome setting and graft strips should be checked
frequently to assure settings are providing desired consistency. Dermatome blade
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G Physical Assessment
e | Record

TSC Donor 1D:

Cross-Ref. ID(s):

Recovery Team Assessment (continued)

SUPINE
™ Unremarkable — No findings

PRONE

1 Unremarkable - No findings

Use the following codes to illustrate the location and type of physical characteristic noted during the physical assessment.
Physical findings requiring description should be documented in the Comments Section.

Codes for physical findings:

1) Abrasion 9) ID Band/ Tag 17) Scar (Surgical)

2) Autopsy incision 10) IV / Arterial line 18) Scar (Traumatic)

3) Bruise / Contusion 11) Jewelry (describe) 19) Skin Lesion / Rash (describe)
4) Body Piercing 12) Lacerations 20) Tattoo (describe)

5) Cast / Orthopedic device 13) Mole (describe) 21) Urethral catheter

6) Deformity 14) Needle entry site (therapeutic) 22) Other:

7) Dressing / Bandage 15) Organ recovery incision 23) Other:

8) ET tube / NG tube 16) Surgical incision 24) Other:

C t

Donor determined to be acceptable for recovery following completion of physical assessment: O Yes 0O No

Signature of person responsible for form completion

Title

Date

Form #: F-SP-325 Revision Date(s). 3/18/08

Page2of 3

Fig. 6.4 Physical assessment form
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Fig. 6.5 Sterile field

settings may require adjustments for varying body surface areas. Graft thickness is
a function of the following:

. Dermatome or blade setting

. Angle to plane surface

. Downward pressure

. Advancement speed

Body area

. Donor age and skin condition

. Operator skill

. Postmortem time and death related factors

© NN A LN —

Figure 6.6 shows the positioning of dermatome relative to the plane surface and
the application of drive and pressure. The dermatome needs a slight downward pres-
sure while activating the air or electric control mechanism and a steady forward
movement. To finish a cut, tilt or angle the blade upwards and release the cutting

Fig. 6.6 Dermatome
skin recover
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control. Blades should be changed between each independent recovery site and
whenever necessary due to dulling. Posterior and anterior sites require re-prepping,
draping and aseptic precautions [7]. Positioning of the dermatome in such a way
as to appear to slightly overlap one strip with another will assist in compensating
for the area between the head width and actual blade cutting area. This will help to
increase yield from all dermatomed areas.

Preservation and Storage

As eluded to earlier, methods for preservation may vary based on resources available
and surgeons preferences. Frozen allografts are widely used in many parts of the
world. Allograft skin processing for freezing may follow the following steps:

1. Placement in media for transport

a. Balance nutrient media usually with addition of antibiotic
b. Antibiotic using broad spectrum antibiotic; e.g., gentamycin, kanamycin,
penicillin

2. Place transport container on ice and preserve cooling until refrigeration
3. Refrigerate 2—-8°C.
4. Perform pre-freezing steps

a. Add cryoprotective media; i.e., glycerol or DMSO.

b. Return to refrigeration for approximately 30—60 min to allow for penetration
of the protectant solution into skin layers

c. Under a laminar flow hood or filtration controlled environment, while retain-
ing chilling, place graft on backing material for freezing.

d. Grafts should be trimmed as necessary to achieve as uniform pieces as
possible

e. Place prepared grafts in double bag system and label as appropriate to size
and number of pieces.

f. Each bag should contain a unique donor and piece number to facilitate
tracking from donor to recipient; i.e., 2009-1138 1-4 12 inch

g. Completed packages are the frozen by control rate freezing or heat sink at
—1 to —4°C temperature drop per minute (Fig. 6.7)

h. Freezing method should compensate for exothermic heat plateaus.

i. Frozen grafts may be maintained for up to 5 years in temperatures from
—70 to —196°C depending on the packaging.

Once frozen, grafts should be transported and maintained in their frozen state
until readied for application. Grafts may be transported on dry ice or other transport
system which will maintain a —45 to —70°C environment. Thawing and refreezing
is not recommended due to possible structural and viability compromise.
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Fig. 6.7 Graph showing controlled rate freezing

Thawing of grafts for application should be accomplished rapidly at temperatures
between 25 and 35°C. Cryoprotectants should be thoroughly rinsed from the graft
as it may be toxic to the allograft skin at room temperature or above. Also, it may
interfere with graft adherence and cause pain and burning sensation or reaction in
some patients. All thawed grafts are considered for single application only as they
are usually thawed in the operating suite while patient procedures are being per-
formed. Thawed grafts, if properly stored in nutrient tissue culture media, may be
maintained in refrigerator conditions for later application to the same patient. These
grafts may be stored up to 4 days without media changes although media changes
at 72 h may be more desirable if viability is of concern.

Another graft preservation method utilized in many countries is glycerol preser-
vation. In this method, the allograft skin is treated with varying concentrations of



6 Banking of Skin 91

Fig. 6.8 Second stage
of glycerol preservation

glycerol until it reaches its final state of dehydration/preservation. The Dutch Burn
Foundation Euro Skin Bank routine utilizes this method. The grafts are treated
within 72 h of retrieval in 50% glycerol with progression through several changes
of various concentrations of glycerol before finally reaching a final 85% storage
concentration [4] (Fig. 6.8). Glycerol preserved skin may also be stored up to 5
years and is stored at ambient room temperatures of 22°C (+ —) or at refrigeration
of 2-8°C.

Conclusions

The skin adherence and barrier function, regardless of the preservation method
employed, may be difficult to evaluate. The nature of the burn wound poses many
challenges to the allograft performance. The appropriateness of excision depth, fluid
accumulation, wound colonization and location of wound site all contribute signif-
icantly to the performance of the allograft. Nevertheless, allograft skin remains a
consistent preference in burn wound therapy. As a preparation and test for auto-
grafting and as a functional cover to augment limited autografts in major burn
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injury, physicians choose allografts. These allografts need to meet size and structure
requirements and provide ease of application to reduce operating theatre time
and provide application with the minimum number of seams to reduce bacterial
access/egress. A well prepared functional allograft is an asset to burn treatment and
recovery.
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Chapter 7
Storage, Processing and Preservation

John N. Kearney

Introduction

Tissue Replacement

Tissues can malfunction as a result of numerous processes including congenital
malformation, disease and damage. Most tissues in the human body have a limited
capacity for regeneration, in response to such malfunction.

Skin, being in direct contact with the environment does have regenerative capac-
ity in order to deal with the minor abrasions and lacerations of everyday life. In
fact the outer layer, the epidermis, is replaced continuously from below, and the
outer skin scales (squames) are shed into the environment. However, the capacity to
regenerate skin declines as the depth of the wound increases. Above a certain criti-
cal size, full thickness skin wounds fail to regenerate and in this case the only way
to achieve functional skin is to use a skin graft, either an autograft or allograft.

Bone is another tissue which turns over continuously and hence can repair frac-
tures but removal of a large section of bone resulting from traumatic damage or eg
tumour excision, will not result in regeneration or replacement. In fact removal of a
piece of bone above a critical size results in a permanent defect. It appears that the
healing response is designed to resorb and replace dead bone rather than to regener-
ate bone that is missing. Therefore this leads to one of the major strategies in bone
tissue transplantation i.e. to replace missing bone with either autologous or donor
bone to stimulate the resorption and replacement of the graft with new autologous
bone.

Other tissues do not turnover continuously e.g. cartilage. Once formed, there is
little turnover of the extracellular matrix and the cells are largely quiescent through
life. Therefore in this case there is little that can be done to stimulate a natural tissue
regeneration response. Here the only hope is to replace defective cartilage with a
fully viable allograft, or to stimulate the generation of new autologous cartilage in
vitro using autologous chondrocytes [1].
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Autologous Versus Allogeneic Grafts

In almost all cases the use of autologous tissue i.e. a graft taken from elsewhere
in the body to replace diseased, damaged or missing tissue is the gold stan-
dard. Because autografts are “self” they will not elicit an immunological rejection
response. If used immediately after harvest they will be fully viable and hence cells
within the graft will contribute to the repair process. Indeed for vascularised grafts
the vessels within the graft will often enosculate with vessels in the surrounding
wound bed thus ensuring rapid re-perfusion of the grafts.

However there are limitations to the use of autografts. In particular, it is impor-
tant not to create a non-healing defect at the donor site(s). So for example with
bone, this means taking only small samples, below the critical size, that will allow
natural regeneration, whereas for skin it means taking only partial thickness grafts
or very small full thickness punch biopsy grafts. Even then, the patient may suffer
significant morbidity at the donor sites including pain, infection, etc. In addition,
for certain tissue there are no suitable autografts available e.g. the body only has a
single aortic heart valve, therefore a defective aortic valve cannot be replaced by an
alternative autologous aortic valve.

For these reasons the practice of tissue allografting developed as an adjunct to
autografting, or as the only option where a suitable autograft was not available.
Although in principle an allograft transplant could be carried out in one operation,
by the retrieval of viable tissue from a living donor (or deceased donor on life sup-
port) and transfer directly into the recipient i.e. analogous to an autograft; in practice
for various reasons, this is rarely undertaken. The use of a viable rather than a non-
viable allograft, may in fact be detrimental and hence this level of organisational
urgency unwarranted.

Immunological Reponses to Tissue Allografts

Any tissue or organ that contains living cells is likely to elicit an “acute allograft
rejection response” via one pathway or another. The ultimate outcome is that the
allogeneic cells will be killed by the recipient’s immune response. For organs or
tissues that are highly cellularised, and vascularised, the outcome is rapid killing
of the vessel endothelial cells leading to thrombosis, vessel occlusion, and death
and necrosis of the other cell populations i.e. classical rejection of an organ or
skin graft, with easily observable macroscopic changes. In contrast, a piece of
cortical bone containing scanty osteocytes may well elicit an acute allograft rejec-
tion response owing to stimulation by allogeneic passenger leukocytes, but the
consequence is unlikely to be noticeable macroscopically. Indeed, the osteocytes
may not be immediately killed but rather opportunistically killed when the bone
resorption/replacement process brings the cells in close proximity to the vascular
system, which delivers the recipients immunological effectors (leukocytes and anti-
bodies) to the allogeneic cell. Therefore for this tissue, “immunological rejection”
is unlikely to be apparent nor is it likely to interfere with the tissue regeneration
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process whereas for the previous examples it would totally destroy the tissue and
any prospect of regeneration.

Many other tissues are between these two extremes. Cancellous bone, for exam-
ple, contains very few “bone cells” but huge quantities of bone marrow and fat
within the trabeculae. These cells would elicit a huge rejection response that would
at least delay the regeneration response and may cause some collateral damage or
longer lasting inhibition of graft recolonisation by tissue regeneration cells [2]. It
would therefore be good practice to remove at least the trabecular marrow cells
prior to grafting. Removing the fat would also accelerate graft incorporation [3].

The only way to prevent the rejection of allogeneic tissue cells is with HLA
matching and immunosuppression, as happens with organ grafts. This has been
evaluated for skin grafts for use in burns [4, 5]. However as most tissue grafting is
carried out as a life enhancing rather than life saving operation, and there are signif-
icant morbidity and mortality consequences of using intensive immunosuppression,
this approach has not been generally adopted.

Therefore, where the viable donor cells will eventually be killed by the immune
response, the only circumstances where using a viable tissue allograft will have
benefit is if the graft performs a vital function prior to rejection. One example is the
use of viable skin allografts. These will gain a blood supply by enosculation with
vessels in the wound bed and thus provide true biological closure of the wound and
fully functional skin. This buys the surgeon some time to find additional permanent
grafts (e.g. by re-cropping donor sites at intervals or growing cultured autografts).
In addition very severely burned patients are to some extent immunosuppressed as a
result of the injury so rejection may be significantly delayed, buying even more time.
The use of viable skin allografts can therefore be life-saving for severely burned
patients.

For most other tissues, there is no benefit to using a viable graft. Tissue banking
science has therefore developed methods for banking of tissues in a non-viable state
which then allows application of other beneficial processes such as sterilisation to
avoid the risk of transmission of disease from donor to recipient or as a result of
contamination during processing.

There are however certain “privileged” tissues that do not elicit an “acute allo-
graft rejection response” even though they are fully viable. These are tissues that are
not normally vascularised and hence do not become vascularised after grafting. The
vascular system is the conduit along which donor cells travel to the lymphoid tissue
to elicit an immune response (the afferent arm) and along which recipient effec-
tor cells (and antibodies) travel back to the tissue to destroy the donor cells. In the
absence of a vascular network, neither can occur. Two examples of avascular tissues
are articular cartilage and cornea. Therefore, in most cases, these tissues can be used
as viable allografts without being rejected, and indeed do not function adequately
or regenerate if non-viable grafts are used. Therefore development of techniques
for banking of viable tissues has also been an important objective for tissue banks.
Cryopreservation (or vitrification) is the commonest technique used for long term
storage. This is the subject of a separate chapter in this book and will not be covered
here. However other short term banking methods for viable tissues will be briefly
reviewed.
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Principles of Tissue Preservation

Preservation of Non Viable Tissue Grafts

The challenge of tissue preservation is one that has faced mankind for millennia.
Animal and plant tissues are a major component of the human diet. Both are subject
to progressive degradation once harvested therefore methods to prevent degrada-
tion of food have been essential to survival. These methods have included drying
of the tissue, use of low temperatures and the use of chemical preservatives such as
salt. Although these techniques developed by trial and error, the underlying princi-
ples are now better understood. The more recent discipline of “Tissue Banking” has
borrowed heavily from this knowledge.

Causes of Degradation

One of the major potential causes of tissue degradation is the growth and activity of
microorganisms. Whereas in life there are mechanisms to exclude and where neces-
sary, kill microorganisms to prevent their access to tissues; once tissues are removed
from the body these mechanisms rapidly disappear. However, as microorganisms
that are transferred to recipients can cause serious diseases, methods have been
developed to either avoid contamination or to inactivate microorganisms. These
methods will be discussed in a separate section later in this chapter. However, it
is well known that microorganisms can only grow in the presence of water.

The action of enzymes can also cause damage to both the cells and the matrix
of stored tissue grafts. The elaboration of degradative enzymes in life is an impor-
tant part of tissue turnover, the removal of dead/damaged tissue and in the process
of apoptosis. Removal of tissue from the body results in cellular necrosis and the
release of degradative enzymes. The presence of water is essential for enzyme
activity.

Some of the most powerful degradative enzymes are the hydrolytic enzymes,
found for example in lysozomes. Hydrolysis can also be caused by extremes of
pH together with raised temperature. As the name suggests, water molecules are
essential to the process.

Lipid peroxidation is another potent degradation process. This involves reactions
of lipids with reactive oxygen species or “free radicals”. Once started, the process
continues as a chain reaction. It leads to rancidity of fats in food, but can result
in cytotoxic by-products in tissue grafts [6, 7]. In the presence of water, radical
formation generates the most reactive species, the hydroxyl radical (OH°®).

It is clear from the foregoing that all of the degradative reactions that can
adversely affect the preservation of tissue grafts, are dependant on the presence
of water. This water must be in a free state and able to react i.e. must not be
immobilised.

The relationship between degradation rate for each of these processes and water
activity is shown in Fig. 7.1.
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Fig. 7.1 The relationship between water activity and detrimental microbial and chemical
reactions. Adapted from Cell Tissue Bank [11]

Water activity ranges from aw = 1 which is 100% free water, to aw =0. As the
water activity decreases, first bacteria then yeasts have reduced growth rates decreas-
ing to zero at aw =0.9. Moulds are better able to tolerate reduced water activity,
however at aw = 0.7 they also cease growth activity.

Enzyme activity decreases rapidly initially but not totally disappearing until
aw = (. Hydrolytic reactions are more tolerant of lower aw initially but approach
zero at aw = 0.3. Likewise lipid peroxidation reaches a minimum at aw = 0.3 but
increases either side of this. Therefore, for tissue preservation, an ideal water activ-
ity range would be circa aw 0.2-0.4. This would minimise the major degradation
reactions.

Reduction of Water Activity

Water activity can be reduced in a number of different ways. The water can be
physically removed by drying the tissue matrix, or by immobilising the water so
that it is no longer “active” and hence does not contribute to water activity.

Freeze-Drying (Lyophilisation)

If tissues are dried at ambient temperature, the progressive loss of water results in
an increase in the salt concentration in the remaining water in contact with the tissue
matrix. This can lead to conformational changes in molecules and to denaturation.
In contrast, if the tissue is first deep frozen, and the water removed by sublimation by
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applying a vacuum, this will prevent molecular unfolding. Once dried, the tissue can
be returned to room temperature without risk of molecular unfolding or degradation
reactions, as both require the presence of water.

During the freeze drying process the tissue remains frozen within a refrigerated
chamber. A vacuum is then applied to the chamber across a condenser, the condenser
being at a lower temperature than the tissue chamber. In this way water molecules
sublime and are transferred from the chamber to the condenser [8]. As the process
continues water is lost from the tissue much more slowly, therefore the temperature
of the tissue chamber is gradually increased. Using this process a aw of 0.2-0.4 can
easily be achieved.

Deep Freezing

One method to “immobilise” the water within a tissue is deep freezing. The water
enters the solid phase as ice crystals and hence is no longer available as free water
to take part in degradation reactions. The lower the temperature, the lower the
water activity. In addition low temperature itself prevents microbial growth and
reduces reaction rates of eg enzymatic reactions. In practice, storage temperatures
below —40°C or ideally —80°C are suitable for the long term storage of tissue
matrices [7, 9].

High Concentration Solutes

The major solutes used for preservation of food stuffs have included salt and sugar
(in preserving eg fish and fruit respectively). In contrast, glycerol has been the major
solute used for tissue graft preservation, presumably owing to its longstanding safe
use as a cryoprotective agent for tissues and cells. The principal for the immobilisa-
tion of water by solutes, is that each solute molecule will sequester water molecules
within a hydration shell. The more solute molecules, the more water that becomes
immobilised in the hydration shell hence the less free water.

The Euroskin Bank developed a glycerol, solute-preservation method for pre-
serving non-viable skin whereby the skin was incubated successively in 50, 70 and
then 85% glycerol [10]. Further, more detailed, characterisation of the glycerol and
water fluxes in this system have yielded a more efficient and fully validated protocol
[11-13].

It should be noted that it is important to fully remove these high concentrations of
glycerol from the grafts prior to clinical use, to avoid high systemic concentrations
of glycerol in the patient. At high doses glycerol does have toxic effects on muscles
causing myonecrosis which in turn can result in renal failure and even death [14, 15].
Toxicity studies have shown that the LD 50 for glycerol is 0.00442 mL/g [16].

Fully validated protocols for the removal of glycerol from skin have been devel-
oped [11]. This is achieved by repeatedly washing the skin in physiological saline
for at least 30—60 min.
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Cell Removal

For tissues that are stored as non-viable grafts, the dead allogeneic cells serve no
useful purpose, and in fact are reservoirs of degredative enzymes and immunogenic
molecules. This has led some groups to develop methods to remove all cells and
cell components from the tissue prior to preservation and subsequent clinical use. It
is important that the decellularisation process does not adversely affect the biome-
chanical and biological properties of the tissue matrix. At least some decellularised
tissues have been shown to incorporate and re-model more rapidly and to avoid
foreign body responses by the recipient [17].

Preservation of Viable Tissue Grafts

The preservation of viable tissue grafts is even more challenging than for non-viable
tissues. Once removed from the body and hence deprived of perfusion by the vascu-
lar system, the metabolising cells within the tissue become dependant on diffusion
for the delivery of nutrients and oxygen and the removal of metabolites. For tis-
sues bathed within a nutrient medium at normothermic temperature (circa 37°C)
diffusion from the surface of the tissue into its depths is a very inefficient process.

If cells within the central mass of the tissue are deprived of nutrients and oxygen
for prolonged periods they will die and a central necrosis of the tissue will com-
mence. The release of degradative enzymes will then cause the various degradative
processes described previously for non-viable tissue, to occur. For tissues where
cells are only located on the outer surfaces of the graft eg eye cornea, comprising of
an outer epithelial layer and an inner endothelial monolayer, diffusion is adequate
for maintaining cell viability even when maintained at normothermic temperatures;
but for most other tissues reliance on diffusion is inadequate for periods longer than
a few hours.

By reducing the storage temperature from normothermic (circa 37°C) to
hypothermic (circa 4°C), the metabolic rate of the cells will be reduced and hence
the demands for nutrients and oxygen. This has been shown to reduce the rate at
which tissues lose viability [18]. However, at this lower temperature certain essen-
tial biochemical pathways may be inhibited. One example is the Na*/K*/ATP pump
which maintains higher levels of K* and lower levels of Na* within cells than in the
extracellular medium. To prevent the influx of sodium under hypothermic tempera-
tures, some authors have recommended using a bathing salt solution formulated to
reflect intracellular concentrations of Na*t and K* [19].

Another reason why the viability of tissues declines rapidly when isolated from
the body and maintained at lower temperatures, may be the effects of free radical
damage. In life, the body has many systems to scavenge or inactivate free radicals
which would otherwise attack cell membranes and macromolecules. When isolated
from the body and maintained at reduced temperature, it is unlikely that the tissue
will continue to produce sufficient antioxidants and scavenging enzymes to protect
the cells and cell components.
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All of these mechanisms combine to render viable non-frozen storage of most
tissue grafts as being a very time limited method of storage.

Principles of Disinfection and Sterilisation

The major strategy for avoiding transmission of viral and other infectious diseases
from the donor to the recipient is the rigorous screening of the donor’s medical
and behavioural history, and testing of blood samples for the presence of viral
nucleic acid (NAT) or an immunological response to the virus (antibody detection).
However, there are opportunistic bacterial and fungal pathogens that may contami-
nate the tissue graft after death, during procurement or during processing within the
tissue bank. In addition, certain tissues (e.g. skin and the gut) are associated with a
resident microflora in life. Some of these microorganisms may become pathogenic
in a surgical wound situation.

Although many tissue banks attempt to avoid contamination of grafts by apply-
ing strict asepsis during procurement and subsequent processing, the “sterile” nature
of the graft can only be confirmed by final sampling of the tissues for microorgan-
isms. Because destructive sampling of the whole graft defeats the purpose, most
sampling regimens are only likely to detect gross contamination. It is reasonable to
assume that an immunocompetent patient can eradicate small numbers of bacteria
from a well vascularised tissue graft. The problem arises where the graft tissue is
not well vascularised and areas of ischemia or necrosis occur. This produces anaer-
obic conditions ideal for the growth of eg Clostridium species, which can be highly
pathogenic. Just a few Clostridial spores could lead to a life threatening disease. This
has led many tissue banks to routinely apply disinfection or sterilisation techniques
to inactivate bacteria and fungi. Clearly, it is important that these techniques do not
significantly damage the tissue graft or adversely affect its function or efficacy.

Definitions

“Disinfection” is a nebulous concept referring to the removal from an environment
of microbes that might cause disease. In contrast “sterilisation” is now framed as
a statistical concept involving the destruction of all microorganisms with a defined
level of probability.

For any given population of microorganisms, the application of a sterilising
chemical or physical agent will kill the microbial cells as an exponential function,
to a first approximation (Fig. 7.2).

When the number of microorganisms is transformed to log 101¢ this approxi-
mates a straight line (Fig. 7.3).

Therefore the dosage or exposure time required to reduce a given population,
tenfold (i.e. 1 logig) is a constant equal to the gradient of the line. This is defined
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as the D-value (decimal reduction value). Using the D-value concept it is possi-
ble to predict the probability of a surviving microorganism after application of a
defined amount (or exposure time) to a sterilising procedure; providing the start-
ing level of contamination (the bioburden) is known. In the pharmaceutical industry
the accepted level of sterilility assurance (SAL) is to have no more than 1 viable
microorganism per million units of product, i.e. a SAL of 107°. Therefore if a
product has a starting contamination level of 10 microorganisms per unit, and a
SAL of 107° is required, then the sufficient dose of sterilant required is 9 x D-value
(Fig. 7.4).

If there is more than one species of microorganism present, all at different con-
tamination levels, and with different susceptibilities to the sterilant, then the analysis
becomes more complex. Two approaches have been used. One is to assume a “worst
case” scenario i.e. take values for the most resistant microorganism and choose a
worst case contamination level. If a SAL of 107 is still achieved then the tissue can
be considered “sterile” [13]. An alternative method using actual bioburden levels,
and average susceptibility levels of each microorganism has been developed [20].
Once a sterilisation method has been fully validated, it should be possible to use
parametric release i.e. if it can be shown that the sterilisation load was subjected to
the defined level of the sterilisation process, then sterility can be assumed. In con-
trast, for disinfection, it is necessary to always test a sample of the tissue for the
presence of residual pathogens.
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Disinfection Methods

Viable Tissues

For viable tissue grafts the most common disinfection method is the use of antibi-
otics/antimycotics. These agents are used systemically for therapy. They may either
kill the microorganism (bacteriocidal) or prevent its growth (bacteriostatic) so that
the immune system can locate and kill the microbe. When used in vitro to disin-
fect tissue grafts such as heart valves, any bacteriostatic effect is not particularly
effective as there is no immune system to clear the microbes and once implanted
the concentration of the antibiotic will rapidly be diluted thus allowing microbial
growth. Therefore it is the bacteriocidal effect which is most beneficial in vitro.

To ensure effectiveness against a range of microorganisms, a cocktail of antibi-
otics/antimycotics is often used. Care should be taken to fully validate the use of
combinations of antibiotics as both synergistic and antagonistic effects may be seen,
so that the published Minimum Bacteriocidal Concentration (MBC) for different
microbes may no longer be relevant. In addition, the therapeutic use of antibiotics
takes place at normothermia (i.e. 37°C for systemic delivery and slightly lower for
topical use). In contrast, many protocols advocate the use of antibiotic cocktails at
ambient (circa 20°C) or refrigerator (circa 4°C) temperatures. Care should be taken
to use antibiotics with a mode of action relevant at these temperatures. For exam-
ple Penicillin acts by preventing the normal synthesis of cell walls during bacterial
growth and therefore requires bacteria to be actively proliferating. At 4°C few, if
any, pathogenic bacteria are able to grow, hence Penicillin is unlikely to be effective
at this temperature.

Caution should be taken when using antimycotics. Fungi, like humans, belong to
the Eukaryotes whereas bacteria are Prokaryotes. There are many more drug targets
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against Prokaryotes not shared with humans, than there are for fungi. Therefore
whereas antibiotics can be profoundly toxic to bacteria but hardly at all towards
human cells, even at high concentrations, this is often not the case for antifungals
[21]. Therefore any novel cocktail should be fully validated for cytotoxicity against
critical tissue cells prior to its introduction.

Non-viable Tissues

Generally, if a tissue is to be used as a non-viable tissue implant, application of
a sterilisation technique would be preferable. However, there are sometimes con-
cerns surrounding the effects that harsh sterilisation techniques might have on the
tissue structure and efficacy. In these cases a less severe disinfection is common.
Ethanol is rapidly lethal to non-sporulating bacteria and destroys mycobacteria but
is ineffective at all concentrations against bacterial spores.

In addition to ethanol, other alcohols, organic solvents and detergents have been
used to disinfect tissues. Specific combinations have been developed to produce
proprietary “sterilisation” methods for banked tissues, where a SAL of 107° is
claimed.

Other antiseptics and disinfectants used in the medical setting eg hydrogen per-
oxide and other peroxygens, chlorine compounds and other halogens and even
mercurial compounds such as Cialit [22] (used to preserve middle-ear ossicles) have
been used to disinfect tissue grafts.

Mild heat treatment has been used to inactivate vegetative bacteria but care must
be taken to avoid destroying advantageous heat labile components (such as growth
factors), and denaturation of structural proteins such as collagen. Because the colla-
gen in bone tissue is protected by a mineral coating, this tissue can withstand higher
temperatures before denaturation commences. A temperature of 80°C was generated
in a device developed for the disinfection of femoral heads [23], but many bacteria
are fairly resistant to these temperatures whereas beneficial biochemicals such as
the BMP’s are heat labile.

Sterilisation Methods

Physical Methods

With respect to physical methods of sterilisation, the temperature required for dry
heat sterilisation (over 160°C) or wet heat sterilisation (in excess of 121°C) are
detrimental to the structure of tissue. Even bone tissue with its protective miner-
alised coating was shown to function poorly in vivo after boiling [24]. The only
physical method currently widely used for tissue sterilisation is the use of irradia-
tion (either gamma — or electron beam). This is the subject of another chapter in
this book and will not be considered further here.
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Chemical Methods

For many years ethylene oxide was the preferred chemical sterilant. When used as
a gas it was shown to effectively penetrate tissue matrices including dense cortical
bone [25]. More recently however, there has been concern about the genotoxicity
of residual gas left in the matrix, for which there is thought to be no safe resid-
ual level. Glutaraldehyde has been advocated as a sterilising chemical, and has
been used in the manufacture of porcine heart valves [26]. However, in addition
to killing microorganisms it also significantly cross-links the collagen within the
tissue. This renders porcine tissue much less immunogenic but also causes stiffen-
ing of the tissue including the valve leaflets which is disadvantageous and induces
rapid calcification in vivo. Peracetic acid is now frequently used in hospitals for
sterilising endoscopes in preference to glutaraldehyde. It has also been used for
sterilising bone grafts [27]. Its use for other tissues must be undertaken with care
as tendons treated with relatively high concentrations of peracetic acid were shown
to have inferior performance in vivo [28]. In contrast, heart valves sterilised using
low concentrations of peracetic acid were shown to function satisfactorily in a sheep
model (E. Ingham personal communication). Other chemical sterilising agents used
in hospitals and medical manufacturing, such as vapour phase hydrogen peroxide,
ozone, etc, have not been extensively evaluated for tissue grafts.
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Chapter 8
Cryopreservation

David Pegg

Introduction

“Cryopreservation” is sometimes said to provide “viable” tissue — the terms have
even been used as synonyms [1]. But the fact is that a cryopreservation method that
is effective for one tissue may not be effective for another and even if reasonably
effective it may not necessarily produce fully functional, living tissue — some cells
may have been destroyed. One sometimes encounters the oxymoron “preservation
injury” but surely, “preservation” and “injury” are mutually exclusive. And what
does the term “viability” mean in a scientific context? The situation is complicated
but at least some of the confusion may be resolved if we can define some of these
terms.

Literally, “cryopreservation” means preservation by reduction of temperature.
However we all know that cooling living cells and tissues much below zero on the
Celsius scale causes freezing, and we also know that freezing severely damages cells
and is even used to deliberately destroy tissue in cryosurgical procedures. Profound
cooling will be preservative only if the damaging effects of freezing can be avoided
or at least greatly minimised. In 1949, Polge, Smith and Parkes [2] discovered that
spermatozoae would survive prolonged freezing at —80°C if they were suspended in
a saline solution containing glycerol; the sperm were preserved effectively because
a way had been discovered to prevent freezing injury: the metabolic slow-down
produced by cooling could then be used to preserve living cells. The term “cryop-
resevation” was adopted to describe methods that avoided ice-damage leaving just
the preservative effect of profound reduction in temperature. There are essentially
two approaches to achieving this situation. The first is to minimise the amount of
ice that is formed and restrict ice crystals to parts of the sample where they are
harmless or nearly so. This is the approach that Polge, Smith and Parkes hit upon
and now, 60 years later, it is commonly referred to as “conventional cryopreserva-
tion”. The other approach is to cool to very low temperatures in such a way that
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the crystallization of ice is prevented altogether; this is called “vitrification”. The
essence of both types of “cryopreservation” is that the cells or tissues are stabilised
at a very low temperature in such a way that any significant ice damage — whether
direct or indirect- is eliminated and the material can be restored to its physiological
state with a high degree of functional recovery. As will be discussed later, cells and
tissues differ in their requirements for survival. Hence, a cryopreservation method
that works well for one tissue (for example small elastic arteries) [3] may not work
at all for another (for example articular cartilage) [4]. It is important to realise that
cryopreservation methods can be specific to particular cells and tissues and the use
of such a proven cryopreservation method with different cells or tissues does not
guarantee effectiveness.

Consider next the term “viability”. There is much imprecise and confusing use
of this word in the tissue banking world: in the dictionary, as in obstetrics, it means
“capable of life” whereas it is usually used — in a “viability test” — to indicate
whether the cells in question actually are alive. Many so-called “viability tests”
have been invented, such as the Trypan Blue permeability test or propidium iodide
staining. Some are misleadingly called “live/dead” stains. But these are not “viabil-
ity” tests; all they do is test whether the cell membrane is leaky to a particular dye
so these assays are more properly called membrane integrity tests. A particularly
important error is to imply, usually without an explicit statement, that satisfactory
performance in one test denotes the presence of all the characteristics of life. That
just is not true [5]. Assays of vitality should be designated by what they actu-
ally measure — response to a pharmacological agonist [3] or ability to synthesise
a characteristic molecule [4].

The crucial question in tissue banking is, “What properties must the preserved
tissue possess if it is going to work for the patient and surgeon?” That may mean
that it has to contain physically intact, metabolising cells that are capable of cell
division (for example haemopoietic stem cells) or it may not. It will often mean that
other properties, that have nothing to do with whether the cells are alive, are essen-
tial. Therefore, tissues for tissue banking purposes can be classified as those that do
require the presence of cells that exhibit the formal characteristics of life (growth,
replication, locomotion and irritability) in order to function as a graft. . .and those
that don’t. The latter may not normally be considered in a chapter on cryopreserva-
tion but they will be considered here, very briefly, because they do rely on reduction
in temperature for preservation.

Tissues that Do Not Require Living Cells for Effectiveness

The most commonly banked tissue is bone. The crucial properties that are required
are mechanical — adequate strength and lack of brittleness. In addition, bone may
need to retain some biochemical characteristics, for example the bone morphogenic
protein which is responsible for promoting the regeneration of new bone in the recip-
ient So, both mechanical and biochemical properties must be retained but living cells
are not required. As a result, bone is commonly preserved simply by freezing and
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storage at —80°C, or by freeze-drying. Water is still within tissue that is frozen at —
80°C but it is crystallized as ice whereas in freeze-drying it is actually removed.
Tendons and fascia do not require living cells either but the collagen matrix must
retain adequate properties. These tissues are also commonly stored at —80°C.

Tissues that May Not Require Living Cells

There are other tissues for which there is a debate concerning the need for liv-
ing cells. Skin is such a tissue. Some surgeons argue that skin does not need live
donor cells in order to be effective for the treatment of burns or ulcers; it is however
important that the collagen matrix is intact and enables the host’s cells to grow and
repair the damage with minimal scarring and contraction. Preservation is achieved
by immersion in a very high concentration of glycerol at +4°C. The theoretical basis
of this method is unclear but it can give satisfactory clinical results. One practical
problem is that glycerol diffuses very slowly and removing it when the tissue is
required may be a problem. We have suggested that propylene glycol might be a
satisfactory alternative, bringing the advantage that this solute diffuses much more
rapidly than glycerol [6]. The other approach is to use a cryopreservation method
that does enable at least some of the donor cells to survive. However, it does not
appear to have been established that cryopreserved skin is clinically superior to glyc-
erolised skin. From a theoretical viewpoint there is also the potential disadvantage
that live donor cells may stimulate cell-mediated rejection by the recipient.

Cardiac valves are another tissue graft about which there is debate. There are
strong advocates of the so-called “viable valve graft” [7] but scientific evidence for
the survival of significant numbers of donor cells in cryopreserved cardiac valves is
weak: Nor has it been convincingly shown that such cells have any beneficial effect
for the graft recipient. In fact, whenever valve grafts are removed subsequently they
are always grossly hypocellular although they may have been functioning perfectly
well. We have reported some experiments in which sheep heart valves were pre-
served using the same glycerol method that is used for skin, so there were certainly
no living cells in these grafts when they were grafted into sheep [8, 9]. Two other
experimental groups in this study were untreated controls or valves that had been
cryopreserved by a standard method that we had shown to allow living cells to sur-
vive. After 6 months the groups were indistinguishable from each other. We found
no strong evidence that cardiac valve grafts need to contain living cells though an
intact connective tissue structure certainly is essential.

Tissues that Do Require Living Cells

In contrast to the above, there are many examples of cells that must be preserved in
a fully functioning state and similarly there are tissues that require the constituent
cells to be alive and to function. Some of these can be preserved by conventional



112 D. Pegg

cryopreservation methods and some cannot. A good example of cells that most
definitely must be fully functional is provided by haemopoietic stem cells whether
from bone marrow, peripheral blood or cord blood. Only 6 years after the discovery
of the cryoprotective effect of glycerol, Barnes and Loutit [10] showed that a simi-
lar technique could be used to preserve mouse haemopoietic stem cells, and that the
cryopreserved cells could then be used to rescue animals that had been exposed to a
lethal dose of ionising radiation. Haemopoietic stem cells provide a good example
for discussion of the principles of cryopreservation

Cryopreservation

There are certain basic principles to be followed when designing a cryopreservation
method for any type of cell. These will now be discussed in a step-by-step sequence.

Step I: is to select a cryoprotective agent (CPA). Glycerol was the first widely
used cryoprotectant but in 1959 Lovelock and Bishop [11] introduced dimethyl
sulphoxide (DMSO) as an alternative that had the advantage diffusing more rapidly
than glycerol, and hence with less osmotic stress upon the cells. Lovelock listed the
requirements of cryoprotection as: high solubility; an ability to produce a profound
depression of freezing point; ability to penetrate cells; and low toxicity [12]. Such
compounds were cryoprotective because they reduced the amount of ice formed at
any given subzero temperature and therefore moderated the rise in salt concentra-
tion that accompanied the sequestration of water in the growing ice crystals. The last
two requirements (ability to penetrate cells and low toxicity) interact because solutes
that permeate rapidly require briefer exposure times and produce less osmotic distur-
bance; consequently a greater intrinsic or chemical toxicity may be tolerated. Thus,
glycerol is intrinsically less toxic than DMSO but permeates much more slowly,
as a result of which exposure times have to be longer and osmotic stress is less
easily controlled. In general, DMSO is the preferred cryoprotectant and Ashwood-
Smith [13] reported that irradiated mice, infused with similar doses of bone marrow
cells that had been cryopreserved either with glycerol or with DMSO recovered
more rapidly when DMSO was used as the cryoprotectant. Unless there are good
reasons for doing otherwise the first choice of cryoprotectant will be normally be
DMSO. However, this choice should be reviewed after completion of the whole
cryopreservation protocol.

All penetrating cryoprotective agents (CPAs) act by reducing the salt concentra-
tion that otherwise increases during the freezing process, and because the CPA is
present inside as well as outside the cells, it controls both intracellular and extra-
cellular salinity. Non-penetrating solutes can also have cryoprotective effects, but
in most applications they are less effective than penetrating cryoprotective agents.
They do control the build-up of extracellular salinity but have no effect on intra-
cellular salt concentration; the details of their mode of action are still unclear.
Although they are generally less effective per se, non-penetrating solutes such as
polyvinylpyrrolidone (PVP) and hydroxyethyl starch (HES) have sometimes been
used in combination with penetrating agents such as DMSO.
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Step 2: is to design the method of adding and removing the CPA such that the
cells are not subjected to serious osmotic stress or chemical toxicity: this requires
measurement of three properties. The first is the cell’s volumetric response to
changes in external osmolality using impermeable solutes; the object is to iden-
tify the upper and lower limits of swelling or shrinkage that the cells will tolerate,
as indicated by an appropriate functional test. These data are obtained by measuring
cell volume and estimating cell damage in solutions of a non-toxic, non-penetrating
solute of differing but known osmolality. Sucrose or mannitol are commonly used
and volume may be measured by use of a Coulter counter [14] or by an optical
method [15]. The relationship between cell volume and osmolality is a straight
line when volume is regressed on the reciprocal of osmolality and the intercept
on the y-axis defines volume at infinite osmolality, the so-called non-osmotic vol-
ume. This is known as a Boyle van’t Hoff plot, and such data for human cord
blood stem cells have been reported by Hunt, Armitage and Pegg [16]. The pro-
portional non-osmotic volume was found to be 0.27 for these cells. The other two
parameters that are required for the design of the addition/removal protocol are
the water permeability (or hydraulic conductivity, L) and the solute permeabil-
ity of the CPA (Ps). These data are calculated from the time course of measured
cell volume following exposure to a known concentration of the chosen CPA at
the chosen temperature. The theory behind these measurements is described else-
where [17] and the necessary software can be run on a regular PC. Plugging these
parameters into the relevant equations enables us to calculate the maximum tran-
sient decrease in volume that will follow exposure to any cryoprotectant solution
of known composition, the maximum increase in volume that will follow immer-
sion of the CPA-loaded cell in a solution containing a lower concentration of CPA
and the time course of these processes at selected temperatures, say +4 and +22°C.
If the tolerated limits of volume excursion are known then the acceptable step
changes in concentration can be calculated. In the case of cord blood stem cells
the limits were found to be 45-140% of isotonic volume. It was possible to add
DMSO to a final concentration of 1.4 molar in a single step and to remove it
in three steps over an 80 min period without transgressing the tolerated volume
limits.

Step 3: uses the chosen steps in concentration and the selected time and temper-
ature of exposure to determine the greatest tolerated concentration of CPA under
these conditions of exposure. Thus, experiments are done in which the maximum
concentration of CPA is progressively raised; the cells are allowed to remain at that
concentration for, say 30 min; the CPA is then removed by the decreasing sequence
of concentration steps; and a suitably sensitive and appropriate assay is applied.
In this way the highest acceptable concentration of CPA can be determined. Note
the words sensitive and appropriate: membrane integrity tests are hopelessly insen-
sitive for this purpose. An appropriate test is one that measures a function that
the cell is required to perform in the intended application — in the case of human
cord blood haemopoietic cells an assay of colony formation in culture would be
suitable. For DMSO the final concentration that has most commonly been used is
10%v/v.
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Step 4: is to cool the cell suspension to the intended storage temperature, in the
presence of the chosen CPA added as defined in steps 1-3, store, then thaw, remove
the CPA and assay for functional recovery. This step requires selection of a cooling
trajectory (a temperature/time profile), a storage temperature and a thawing method.
This raises theoretical issues that are discussed elsewhere [17]: current theory is
not sufficient to predict with certainty just what the optimal cooling and warming
rates might be. Determination by direct experiment is necessary. For cord blood
haemopoietic stem cells, that were to be warmed rapidly, the optimum was cooling
at 1-2°C min — with accelerated cooling below —60°C if desired [18]. Cooling rate
is frequently an important determinant of recovery and it may be worthwhile to
experiment with cooling rates above and below 1°C/min, say 0.3 and 3.0°C/min
to be sure that recovery cannot be substantially improved by such a variation. If
either variation produces an improvement then the trend should be followed until
the actual optimum rate is located.

Two modes of controlled cooling have been advocated — actively controlled sys-
tems (programme-controlled cooling apparatus) and passive systems that rely on
empirically optimised insulation to control cooling (the “plastic-box-in-a-minus—
80°C-deep-freeze” approach). There are many other minor variations in method.
It is not possible to choose between cryopreservation schemes without a rigorous
comparison that takes due account of all the elements discussed above, including an
appropriate choice of recovery assay, statistical design and method of analysis. As
far as the cooling method goes, there is no reason why a properly optimised pas-
sive cooling system should not work well and studies have been published that fail
to show a significant difference between the two cooling methods. However there
also appear to be none that demonstrate the greater effectiveness of either method,
or even that there really is no difference between them at an acceptable level of
probability. Fundamentally, it is the cooling trajectory that matters, not the way
in which it is produced. However, reproducibility, consistency, data recording and
quality control also have to be considered and probably favour active programmed
systems.

The storage temperature should be below —80°C if storage periods exceeding
1 year are envisaged but recovery is unlikely to be improved by using temperatures
below —130°C when DMSO is the CPA. To provide a margin of safety, a storage
temperature of —180°C is recommended. Immersion in liquid nitrogen is not nec-
essary and should be avoided for reasons of safety. The optimum rate of warming
during thawing is dependent upon the cooling rate that was used during freezing; if
the cooling rate was optimised with thawing in a 37°C water bath then that technique
of thawing should be retained.

Step 5: is to review the results. If they are not satisfactory, then an alternative
cryoprotectant can be considered: glycerol and propylene glycol are perhaps the
most obvious choices. Alternatively the effect of adding a non-penetrating solute
such as albumin or HES to a lower concentration of CPA can be considered. In
the case of cord blood stem cells neither is necessary to secure high recovery
rates.
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Cryopreservation of Multicellular Systems

Cell survival is essential for the preservation for surgical use of all organs and of
many tissues. The standard method of preserving kidneys is by perfusion with a
solution that mimics the composition of the intracellular fluid: disturbance of elec-
trolyte balance across the cell membrane and increased water content during storage
at +2 to +4°Care prevented. These solutions have a high potassium content and suf-
ficient impermeant solute to prevent cell swelling when the active membrane pumps
are turned down by cooling. There is still some debate about whether the initial flush
with the preservation solution, followed by storage at 2-4°C, is sufficient or whether
the organ should be continuously perfused throughout the storage period [19]. This
was a popular topic for discussion 40 years ago but, has recently resurfaced [20]
with increased commercial interest in the necessary hardware. The evidence does
suggest that continuous perfusion can be beneficial, particularly when the organ
was not of the very best quality in the first place.

The application of standard cryopreservation methods to organs, particularly to
kidneys, has been studied — typically by perfusing with a solution containing ~10%
DMSO or glycerol, cooling at 1°C/min, storing below —80°C, warming quickly and
washing out the CPA. This approach has been uniformly unsuccessful with every
vascularised organ that has been studied [21], with the possible exception of the
ovary [22]. Conventional cryopreservation approaches have also been unsuccessful
for corneas and articular cartilage, both of which require the survival of living donor
cells in the graft.

Why then can so many isolated cells, but few tissues and no organs, be cryopre-
served with functioning cells? When a cell suspension is cooled below its freezing
point, ice crystals form and this can have two types of effect on the cells. If the
suspension is cooled slowly, the ice forms first in the fluid around the cells and the
cells experience only the change in composition of the solution that is caused by the
removal of water. It is this indirect effect — the progressive concentration of solutes
as freezing proceeds and the consequent cell shrinkage — that can be moderated by
adding cryoprotectants. But if the system is cooled more rapidly, then water will not
leave the cells sufficiently rapidly to avoid intracellular freezing: intracellular ice
is very damaging. Tissues are obviously more complex than cell suspensions. For
example, there may be problems of diffusion of solutes and heat through the mass
of a tissue graft or there may be problems due to the fact there are different sorts
of cell present in the tissue. Problems of the diffusion of solutes and heat are often
discussed but in practice they are not crucial problems. A little more time may be
required to add and remove the cryoprotectants and there may be a restriction of the
range of cooling and warming rates that are physically possible but in practice these
are not the critical problems in tissue cryopreservation. Similarly, because the curves
of survival versus cooling rate flatten out at high cryoprotectant concentrations, cel-
lular heterogeneity is less of a problem that might be predicted. Figure 8.1 shows
some data for glycerol and red blood cells: when no cryoprotectant is present the
cooling rate and the maximum cell survival are quite low, but as the cryoprotectant
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Fig. 8.1 The effect of cooling rate and glycerol concentration on the survival of human red blood
cells following cryopreservation. Raising the glycerol concentration increases survival, especially

at low cooling rates. With 3.3 M glycerol, survival is ~90% and is unaffected by cooling rate
within the range tested

concentration is increased so more cells survive and the curve flattens [23]. If a suf-
ficient concentration of cryoprotectant can be used, a cooling rate can be found that
gives a high survival with different types of cell.

Although the presence of extracellular ice may not be a problem with cell sus-
pensions, it can be a major problem with tissues. Figure 8.2 shows two micrographs
of smooth muscle tissue: one had been cooled to —21°C at 2°C/min and the ice
crystals were widely distributed throughout the tissue, including inside the muscle
bundles; the other was cooled at 0.3°C/min and the ice formed predominantly in the

Fig. 8.2 Smooth muscle tissue, equilibrated with 20% DMSO, was cooled to —21°C at 2.0°C/min
in (a) or at 0.3°C/min in (b) and then fixed at that temperature to preserve the ice morphology.
At the higher cooling rate the ice was quite uniformly distributed throughout the tissue, but at the
lower cooling rate the ice was predominantly restricted to the connective tissue between the muscle
bundles. Greater function was retained in (b) than in (a)
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connective tissue separating the muscle bundles. After cooling at 2°C/min the sub-
sequent contractile function of that tissue was only 40% of control. At 0.3°C/min
however, the contractile function was 60% of control [24, 25], demonstrating a
correlation between the location of ice in the muscle bundles and poor function.
Figure 8.3 is a micrograph of articular cartilage that had been cryopreserved by a
standard method: the white spaces contained the ice that had formed during cooling
to —70°C. Most of the ice actually formed where the cells are, even though this
tissue was cooled under conditions that enable a suspension of the same cells to
survive. Chondrocytes that are frozen in situ in cartilage do not survive and the
appearances show that much, if not all, the ice formed within the chondrocytes rather
than the surrounding matrix. See Fig. 8.4. We know that intracellular freezing in cell

Fig. 8.3 The appearance

of ovine articular cartilage
that had been subjected to a
standard DMSO/slow cool
cryopreservation procedure
and then freeze-substituted
at —70°C. Note that large ice
crystals, seen as clear spaces,
are located in the chondrons.
The extracellular matrix
contains only finely granular
ice crystals

Fig. 8.4 An electrion
micrograph of one chondron
from cartilage that had been
cryopreserved in the standard
way that was used for

Figure 3. Intracellular
freezing had occured
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suspensions is very damaging so it is not surprising that the chondrocytes in situ are
killed, even when they are cooled slowly. The reason for intracellular freezing is not
clear, but it may be that ice nucleates more readily in the chondrons than it does in
the matrix.

Cryopreservation by Vitrification

One potential solution to this problem is to “vitrify” the system, which means avoid-
ing the formation of ice by using such a high cryoprotectant concentration that the
system becomes so viscous during cooling that it forms a glass but does not crys-
tallize as ice. Vitrification avoids the formation of ice but it requires very high and
therefore potentially toxic cryoprotectant concentrations. The concentration can be
reduced by using very rapid cooling and warming because this inhibits the forma-
tion of ice crystals and this approach has been used very successfully with small
volumes of cell suspension [26] but in the case of tissues the rates of change of tem-
perature that are possible are restricted by the physical circumstances — relatively
bulky samples. The result is that very high concentrations of cryoprotectant cannot
be avoided and CPA toxicity is always the limiting factor.

We have been looking at a different approach to vitrification; although it is not
really new. In 1965 John Farrant [27] carried out an experiment to provide evidence
that the rise in salt concentration during the freezing of smooth muscle tissue was
actually responsible for the observed freezing damage. To do this, he increased the
concentration of cryoprotectant progressively as he cooled, following the freezing
point depression curve for DMSO/saline. The samples were cooled until the temper-
ature approached the liquidus line, which is the freezing point for that concentration
of DMSO, and then the DMSO concentration was increased. The sample was then
cooled again to just above the liquidus, and so on to —=70°C. See Fig. 8.5. In this
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Fig. 8.6 Light micrographs of chondrocytes in situ in cartilage (a) Fresh tissue. (b) Tissue that
had been processed by the liquidus tracking method such that no ice formed

way he obtained a very high final concentration of DMSO without a rise in salt
concentration but also without ice forming. The approach was developed further by
Elford and Walter in 1972 [28]. We have used this neglected approach, with some
modifications, for cartilage [29, 30]. Figure 8.6a shows the appearance of chondro-
cytes in fresh cartilage. Figure 8.6b shows cells that had been through the whole
preservation process — cooling down to —196°C (at which temperature they were
vitrified) and then returning to room temperature. They appear normal. We also
measured the ability of the cells to synthesise new glycoseaminoglycans (GAGs):
this is an appropriate test of survival because that function is required in the cartilage
graft and they possessed 70% of control ability to produce GAGs. Recent improve-
ments in this method have raised the recovert of GAG synthesis to 87% of control.
It is hoped that this approach will turn out to be applicable to other recalcitrant
tissues.

Conclusions

The design of preservation methods for tissues rests upon the answer to the ques-
tion “What properties is this tissue required to exhibit after it has been grafted?”
For some tissues it will be intact cell structure and full metabolic function (organs;
cornea;cartilage): for others, reproductive integrity (heamopoietic stem cells); or
structure and full metabolic function (articular cartilage); or intact extracellular
structure (tendon); or mechanical and biochemical integrity (bone). In some cases,
incontrovertible clinical evidence for a particular set of functional criteria is not yet
available but we do now have a wide range of preservation methods at our disposal
and we do know what questions to ask.
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Chapter 9
Sterilisation by Irradiation

Artur Kaminski, Izabela Uhrynowska-Tyszkiewicz, and Waclaw Stachowicz

Introduction

Sterilisation refers to any process that eliminates/inactivates transmissible infec-
tious agents (pathogens) containing nucleic acids e.g. vegetative and spore forms
of bacteria and fungi, parasites, viruses etc. There are two main types of sterilisa-
tion distinguishing by the characteristics of sterilisation agent used, namely physical
and chemical sterilisation [3, 19].

Radiation sterilisation is a physical process based on the action of radiation
energy with the matter. For sterilisation purposes ionising radiation is applied. The
term ionising radiation covers all types of radiations carrying the energies capable
to produce cascades of ionisations (ions formation) in the matter. Two types of ion-
ising radiation are used for sterilisation purpose: electromagnetic rays with wave
length below 100 nm (0.5/5.0 MeV) e.g. gamma and X-rays and corpuscular radia-
tion i.e. fast moving mono-energetic electrons (3.0/10.0 MeV). Sterilisation efficacy
of ionising radiation lies in its good penetrability in the matter followed by killing
effect on pathogens [2, 6].

Both types of high energy radiations penetrate into the matter resulting in induc-
tion of ionisation of constituent molecules. However, both represent two different
types of ionisation: direct or indirect.

Electrons possess both mass and charge. Therefore, they interact directly (direct
ionisation) by electrostatic interaction with atoms which are close to their tracks
which results in ionisation and formation of secondary electrons. These secondary
electrons, in turn, are capable of initiating further processes of a similar character.
Each interaction decreases the energy of fast electron and after several interactions
its kinetic energy will be lowered and velocity reduced. At a defined depth elec-
trons became thermalised and their activity is spent. It means that there will be
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no ionisation events in deeper layer of the material. Therefore, in contrast to pho-
tons, the range of penetration of high energy electrons is limited and depends on
the initial energy of incident electrons, atomic number of absorbing material and
its density. Moreover when high energy electrons pass close to atomic nuclei, they
lose a considerable portion of their energy liberated in the form of photon radia-
tion called bremstrahlung (German originated term for decelerating radiation). The
higher atomic number of material, the higher is the decelerating radiation. In soft
tissues the stopping of electrons is negligible, a little bit higher in bone tissue. In
both cases it does not influence the course of radiation sterilisation.

The ionising radiation can induce not only ionisation events in the matter but
also other physical and chemical processes. It happens if the energy absorbed raises
an electron in an atom/molecule to a higher energy state without ejection of elec-
tron, breaking of chemical bounds or inducing nuclear reaction. It is possible to
distinguish three consecutive stages of the interaction of ionising radiation with the
matter: (1) physical stage — excitation and/or ionisation of its atoms/molecules. (2)
physicochemical stage — free radicals formation and (3) chemical stage — reactions
between free radicals and free radicals with atoms/molecules of the matter [23]. In
biological systems as a result of radiation induced physical, physicochemical and
chemical processes some changes of biological properties are observed (biological
stage). The appearance of high chemically reactive particles such as free radicals,
ion-radicals etc. may result in changes on the molecular level which in turn lead to
changes on the cellular level. For example, destruction of proteins by the mecha-
nism of peptide links breaking, amino group NH, removal (deamination), disulfide
bridges formation etc. leads to changes in proteins conformation and to decline the
function either of enzymes and of structural proteins. Changes in lipids such as lipid
peroxidation may result in changes in the permeability of cellular membranes and
may lead to release of lysosoms contents, changes in processes of protein synthesis
in rough endoplasmic reticulum (RER), formation of toxic substances and distur-
bance of mitochondrial oxidative phosphorylation. Apart from biological mem-
branes the DNA is primary radiobiological target. [rradiation-induced DNA lesions
may consist in breaks in DNA strands, alteration to bases (their oxidation, alkyla-
tion, hydrolysis, adduct formation), destruction of sugars as well as crosslinks and
dimmers formation. All these varied and interrelated changes occurring at the bio-
logical stage are formed within seconds, hours, days, and throughout the life of the
cell and can lead either to the premature cell death by the mechanism of apoptosis or
oncosis, or, in the case of nonlethal lesions, be passed on from parent cells to their
progeny [25].

It was estimated that a secondary 1 MeV electron passing through the lig-
uid medium produces about 40,000 ionisations and about the same number of
excitations. Ionised molecules are neutralised in a very short time (10! §) in reac-
tion with low energy electrons appearing in excess during radiation treatment and
become highly excited parent molecules. Most of the excited molecules lose the
excess energy in contact with surrounding molecules while a small fraction of them
decompose into free radicals which may undergo further transformation in reac-
tion with radicals, atoms and molecules collocated in their neighbourhood. This is a
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typical way of the formation of radiolytic products in the condensed phase. In crys-
talline matrices radiation induced ions and radicals may survive in deep traps for a
longer period.

The different mechanisms of the absorption of gamma rays and fast electrons has
important practical implications.

Specificity of Radiation Sterilisation with Gamma Rays
and Electron Beams

Gamma and X rays reveal much better penetrability inside the irradiated material
as compared with fast electrons. In consequence, more uniform distribution of dose
inside the graft is expected under gamma exposure. Instead, electron beams are
more effective in producing ionisation per mass unit when compared with gamma
photons. It means that to reach the same level of sterility gamma radiation has to be
applied much longer (several hours) than electron beams (several minutes).

On the other hand, penetrability of gamma rays is higher than electrons.
Consideration on the problem of the penetration and homogeneity of ionizing radi-
ation in the bulk of grafts relies on the assumption that the average density of the
grafts is 2 g/cm?® the number better fitted to the real value than 1 g/cm? (density of
water) typically taken earlier in this type of consideration.

The reduction of the dose of gamma rays by 50% occurs in 2 g/cm> model sys-
tem at the depth of 6 cm while the same effect is obtained at the depth of 1.8 cm
only if the beam of electrons is applied. Consequently, at the depth of 2.6 cm elec-
tron beam (EB) irradiation is practically reduced to zero level. Such situation never
appears with gamma rays which are absorbed exponentially (Fig. 9.1). The specific
feature of ionising radiation is a dose build-up inside irradiated objects. It is effected

10 MeV electrons

180 =

100

50

ABSORBED DOSE [%]

GRAFT THICKNESS (d=2 g/lcm’)

Fig. 9.1 Dose depth distribution of ©°Co gamma rays and beams of 10 MeV electrons in a model
matrix of the density 2 g/cm®. One-side irradiation. Dotted line — 10 MeV electrons. Continuous
line —%Co gamma rays. From: Stachowicz [22]
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by a violent ionisation in the upper inside layer of irradiated product not followed
by neutralization process fast enough. In deeper layers of the product effected by
proceeding thermalisation, the excess electrons are neutralised fast and the dose
decreases as a function of absorbed radiation energy. The effect is pronounced with
electron beam irradiation. As a consequence of this effect at the depth of 1.3 cm the
dose of 10 MeV electron beam is by 27% higher than in the surface layer (Fig. 9.1).

In order to improve the homogeneity of irradiation dose inside the graft it is
advisable to apply two-side radiation treatment. With a two-side gamma irradia-
tion the acceptable depth-dose distribution is obtained inside the graft 15 cm thick
(Fig. 9.2), while with two-side EB irradiation, the thickness of ca 4.7 cm will meet
the requirement (Fig. 9.3c). Four graphs presented in Fig. 9.3 show evidently how
much the distribution of dose inside the graft depends on its thickness [13]. With
the matrix only slightly thicker (5.2 cm) the dose in the middle of a graft will be
lower than accepted for safe surgery (Fig. 9.3d). On the other side, with a graft of
lower thickness (3.7 cm) the dose inside the matrix will be enormously higher then
exposure (surface) dose. This would not be acceptable from the point of view of
mechanical resistance of the implant (Fig. 9.3a). In this case an acceptable decrease
of the exposure dose by ca 30% could be acceptable solution. By sterilisation of
“light grafts” (skin, cartilage etc) or thin bone bars, the EB irradiation from one side
could be satisfactorily enough. The decision whether to adapt one-side or two-side
EB treatment or whether it is necessary to modify sterilisation process in some detail
depends on the operator of irradiation facility [22].

Radiation sterilisation is classified as a “cold” process what means that in the
course of irradiation the temperature is not changed significantly and does not
influence the process. This is generally true but one needs to remember that, the last
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Fig. 9.3 Dose depth
distribution of a beam of

10 MeV electrons in a model
matrix of the density 2 g/cm?.
Two-side irradiation.

(a) thickness 3.6 cm: the dose
in the centre is two times
higher than the surface dose;
(b) thickness 4.2 cm: the dose
in the centre is by 50% higher
then the surface dose;

(¢) thickness 4,7 cm: the dose
inside the matrix is by 27%
higher then the surface dose;
(d) thickness 5,2 cm: the dose
in the centre is by 75% lower
then the surface dose. Graph
a illustrates the over-dosage
in the centre of the graft,
while graph d the case with

a dose in the centre which is
too low to be accepted. From:
Stachowicz [22]
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step of the absorption of ionizing radiation described earlier as electron thermalisa-
tion process is followed by local emission of heat inside the graft. The temperature
rise of tissue allografts irradiated with the dose of 35 kGy of gamma rays does not
exceed a few degrees. Since EB irradiation is more effective then gamma irradia-
tion, the thermalisation process inside the EB treated graft becomes more effective
too and more heat is locally emitted in a unit of time. Therefore, it is advisable to
conduct EB sterilisation (25/35 kGy) of grafts in two steps to deliver the energy in
two smaller portions.

Tissue grafts prepared for radiation sterilisation must be isolated from the outer
atmosphere. Usually they are sealed in double or triple bags made of polymeric
or laminated foils 0.02-0.05 mm thick. A foil must be resistant against higher
doses of radiation and non-reactive against organic substances, like fatty acids,
for example, that may be present in the tissue graft. Polycarbonates, polystyrene,
polyesters, polyethylene and their laminates are commonly in use. It is recom-
mended to apply commercial materials specifically produced for this purpose. For
radiation sterilisation with gamma rays hard, thick-wall, plastic or glass containers
are also acceptable. It has to be remembered, however, that some not significant part
of the energy of ionizing radiation is absorbed in such package [9-11].

Dosimetry for Radiation Sterilisation

Absorption of ionizing radiation is non-homogenous in its nature and special atten-
tion has to be paid to a proper modelling of irradiation procedure. It is obvious that
any piece of bone prepared for grafting is not of the same density and that each graft
differs from the other in its shape and local densities. This implies variations of the
absorbed irradiation energy i.e. variations of dose absorbed inside each of graft. It is
why dosimetry problems are more complex with allografts then with medical mate-
rials sterilized by radiation but manufactured with the use of plastics. It has to be
remembered that control of dose is an essential problem for radiation sterilisation of
tissue grafts [15].

The absorbed dose D (simply called dose) is the amount of the energy absorbed
per unit mass of irradiated product at the unit point in the region of interest. The
SI unit of dose is 1 gray (Gy) corresponding to 1 J of energy absorbed in 1 kg
of a product. In a practical situation, D is given as an average value, however, the
upper and lower limits of dose delivered to the product should be formulated too.
Any way, the absorbed dose or “sterilisation dose” the term applied commonly to
tissue grafts is in fact the average dose only. It is practically the exposure (surface)
dose optimised from the point of view of microbial and structural (mechanical and
biological properties) demands. However, in order to assure desired sterility, more
detailed information on the distribution of dose inside the graft are needed.

The adapted exposure dose must be calibrated with reference dosimeters. In addi-
tion, the individual dose measurement on each tissue graft must be done. For this
purpose dose-meters attached to every package or bag with a graft are used. The
following are commonly used:
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(i) A sensitive water or graphite calorimeter adapted for the estimation of absorbed
dose and dose rate of electron beam (EB) irradiation. It is based on electrometric
measurements of the increase of the temperature during exposure;

(i) Ferrous sulfate solution (Fricke dose-meter) for the estimation of absorbed
dose and dose rate during gamma-ray irradiation. The concentration of
ferric ions produced by radiation oxidation of Fe?* ions are measured
spectrophotometrically [8].

Both dosimeters should be related to international standards. It is achieved by the
use of transfer dosimeters controlled by authorised international dosimetry center.

The important function of routine dosimeters (plastic films, solutions, powders,
glasses) is to monitor package-to-package or bag-to-bag dose variations and to
facilitate the evaluation of dose distribution in tissue grafts.

The detail information on dose distribution through the product is in practice not
as important as the determination of two extremes:

(i) a maximum dose Dpax absorbed in the graft which must be lower than or equal
to the highest acceptable dose, and

(i) a minimum dose Dy, absorbed in the graft which, in turn, must be greater than
or equal to the lowest acceptable dose.

By sterilisation of allografts the most important is the knowledge of Dy, since
this number corresponds to the lowest dose in some part of a graft in the which
the sterility must be assured to guarantee the sterility of the latter in total (see also
Fig. 9.3).

Dpax must be always lower than critical level of dose accepted for a given type
of a graft. The methods for the determination of both minimal and maximal doses
with the use of routine dosimeters will be discussed.

From a fairly large number of routine dosimeters presently applied in irradiation
facilities, the most suitable for dose measurements on tissue grafts seem transpar-
ent plastic dosimeters distributed in the form of blocks or tapes adapted for the
use in spectrophotometry. The dose estimation is based on spectrophotometric mea-
surement of absorbency (optical density) which is proportional to the dose applied.
The measurement of absorbency at a suitable wavelength, usually in near ultraviolet
allows to determine the dose with a reasonable accuracy.

Plastic dosimeter most frequently used is based on poly-methylmethacrylate
(PMMA) and permits to measure the dose from 0.1 to 50 kGy. It is usually avail-
able in small blocks 2-3 mm thick. There are several types of PMMA dosimeters
in use which absorb at different wavelengths. A family of plastic film dosimeters
from 0.01 to 0.20 mm thick includes radiochromic film dosimeters containing dyes
sensitive to radiation or pure polymer dosimeters changing their colouring during
the irradiation. Poly-chlorostyrene films with the content of triphenylmethane dye,
polyethylene tetraphtalate or pure polyvinyl films are most frequently used.

Polyvinyl chloride (PVC) dosimeter is relatively cheap and enables to measure
the dose at 398 nm within the range 5+-50 kGy. It can be also used in the form
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of long tapes to be collocated on the packages with graft lengthwise the irradi-
ation container to control the homogeneity of electron beam and conveyer speed
during EB irradiation. The PVC dosimetric films in cartoons are used for the deter-
mination of Dpyjy if placed below a single bag with tissue graft in the button of a
carrier. The measurement can be done with one-side irradiation to decide whether
this method could be adapted for a given kind of graft. Thick grafts can be controlled
by a “sandwich method”. In order to adapt this technique it is necessary to perform a
model experiment. A representative graft is cut in two equivalent parts and between
these parts a sheet of dosimetric foil is collocated. Spectrophotometric examina-
tion gives the answer whether the graft of this type can be sterilized properly by
EB irradiation. The procedure is called dose mapping (Fig. 9.4). When applied to
commercial gamma irradiator with a multi-side exposure system, the distribution of
tens of smaller dosimeters throughout one representative package with tissue grafts
is needed. The examination of all dosimeters allows for the proper estimation of
the extreme values of dose in the package. There is no need to adapt this procedure
if single bags with tissue grafts are irradiated by gamma rays. L-alanine dosimeter
and bone dosimeters are also in use [1, 16, 17]. Both polycrystalline 1-alanine and
bone powder give rise in electron paramagnetic resonance spectroscopy (epr) to sta-
ble and specific signals shown in Fig. 9.5. The amplitude of the central line (h;) or
the integrated area of the epr signal is proportional to absorbed dose of gamma or
EB radiation. The dose-dependence curves of the response of both dosimeters are
shown in Fig. 9.6. The advantage of bone powder dosimeter is that its composi-
tion is adequate with the composition of bone, the tissue most frequently used for

Fig. 9.4 PCV mapping of a small bone bar in a plastic container. One-side irradiation. On the left
a photo, on the right mapping with PCV foil. The areas of different degree of darkening indicate
different levels of absorption of ionizing radiation inside the graft. Deeper darkening (gray) cor-
responds to a suitable, relatively uniform absorption of ionising energy in the bulk of graft. Light
colour indicates almost full absorption of ionising energy in the graft but followed by markedly
lower absorption in this part of graft which is opposite to the surface exposed to radiation. From:
Dziedzic-Goclawska and Stachowicz [25]
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Fig. 9.5 Epr signals (first derivative) recorded with l-alanine (a) and bone (b) dosimeters. The
estimated dose is calculated from the proportion of the heights (h) of the peaks. From: Dziedzic-
Goclawska and Stachowicz [25]

grafting. Bone dosimeter is produced from bovine bone (femur) powder with aver-
age grain size of 0.02 mm. The preparation comprises special cleaning, sieving and
lyophilization of the powder. Bone dosimeter can be used within the range of doses
from 0.05 kGy to about 40 kGy of gamma rays or beams of accelerated electrons.
The curvature in dose vs signal intensity relationship around 25 kGy makes the
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Fig. 9.6 Relationship between the heights of the epr signals recorded with l-alanine and bone
dosimeter as a function of dose of ®°Co radiation. From: Ziaie et al. [24], 603—-608

dose estimation at higher doses less accurate. It has been proved that the error of
dose estimation below 25 kGy is from 3 to 4%, while above this level is increasing
gradually to 8% around the dose of 40 kGy [20, 21, 24].

Routine dosimeters are calibrated with reference dosimeters described earlier and
all of them are based on the readings from dose-dependence response curves or
alignment charts. In the case of significant difference in the dosimeter and product
densities the corrections are sometimes needed.
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Fig. 9.7 Relation between the dose of ionizing radiation and the intensities of the epr signals
recorded with bone dosimeter. Dotted line — °Co gamma rays, continuous line — beams of 10 MeV
electrons. From: Stachowicz [21]
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The response of reference and routine dosimeters to gamma rays and EB irradi-
ations is not much different. Slight difference not exceeding a few percent has been
reported. In addition to the described dosimeters to each bag with allograft so called
“g0-no-go” radiation-sensitive indicators are routinely attached. The role of indica-
tors is to ascertain visually whether given graft was or was not irradiated. During
radiation treatment indicators change their coloration from yellow to red, for exam-
ple. It has to be stressed that dye indicators cannot be used for the measure of dose
and for that reason can never be considered substitute for routine dosimeters.

Mechanisms Involved in the Inactivation of Micro-Organisms
by Ionising Radiation

The major target sites in micro-organisms that are susceptible to ionising radia-
tion are nucleic acids (DNA — deoxyribonucleic acid, RNA — ribonucleic acid). The
damaging process may be caused directly by ionising radiation or indirectly through
radiolysis of water and the production of highly reactive, short-lived hydroxyl rad-
icals (*OH). In the presence of water, the indirect mechanism predominates. The
presence of oxygen enhances the damaging effect. Oxygen reacting with hydroxyl
radicals produces peroxide radicals and peroxides cause various kinds of damage
to DNA. Both direct and indirect effects of ionising radiation may cause single
or double strand breaks of DNA. DNA intra-strand cross-links and damage to the
DNA bases or DNA sugar may also occur. Ionising radiation induces structural
damage in DNA which inhibits DNA synthesis, causes errors in protein synthesis,
and this leads to cell death. It has to be kept in mind that at low doses of radia-
tion, several bacteria possess the ability to repair damage to DNA due to the action
of repair enzymes (e.g. DNA polymerase I) and recombination. Repair of single-
strand brakes and double-strand brakes (which are of course more difficult to repair)
produce radiation-resistant mutants such as Deinococcus radiodurans (Micrococcus
radiodurans).

Radiation Resistance of Micro-Organisms

The radiation resistance of micro-organisms is genetically determined. Gram-
negative bacteria are more sensitive than Gram-positive bacteria. Usually, spores
are more radiation resistant than the vegetative forms of bacteria. The most resistant
fungi may be as resistant as bacterial spores, while viruses are, in general, more
resistant than bacteria. Prions are extremely resistant to most chemical and physical
sterilising agents, including ionising radiation.

Enzymes, pyrogens, toxins and antigens of microbial origin are, in general,
very radiation-resistant, compared to living cells. Therefore, the number of micro-
organisms present prior to radiation sterilisation is of importance when dealing
with medical materials, regardless of the radiation resistance of the contaminating
population.
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There are many factors that can modify the radiation resistance of micro-
organisms. Protectors such as alcohol, glycerol, reducing agents, dimethyl sulphox-
ide (DMSO), proteins and carbohydrates increase resistance. On the other hand, the
presence of water and oxygen will enhance radiation damage. Irradiation at low
temperatures increases, while at higher temperatures decreases, the resistance of
micro-organisms. These factors should be taken into consideration when setting the
sterilisation dose for any product.

An acceptable sterilisation procedure for any type of product, including tissue
allografts, depends on defining the most resistant micro-organisms which could be
present and the density of each of these.

The results of the radiation sterilisation procedure depend on the amount
of energy transferred, the number of contaminating micro-organisms and their
resistance to ionising radiation (initial contamination) characterised by the Djg
values.

The commonly used term “bioburden” describes the population of viable (active)
micro-organisms that are present on or inside a material or product before sterilisa-
tion. This is one of the factors influencing the efficiency of radiation. Clearly, the
lower the bioburden is, the more effective the process occurs.

The Djg value, usually expressed in kGy, is the dose of irradiation necessary
to reduce the initial microbial population by 1 logjg, i.e. by 90%. This value can
be read directly from the dose-inactivation curve or calculated using the following
equation:

radiation dose
D-value = ————
LogNy — logN
where Ng and N represent 1-log difference in viable numbers. D-value dif-
fers greatly among different types of micro-organisms and, occasionally, con-
siderable variation among different strains of the same organism is observed.
The response of micro-organisms to radiation also depends on external
conditions.

The concept of “sterility assurance level” — SAL is derived from kinetic stud-
ies on microbial inactivation, i.e. the probability of viable micro-organisms being
present on or inside a product unit after sterilisation. For example, SAL 10°
would assure that less than one out of a million contaminants would survive
on or inside the product following sterilisation. Depending on the risk posed
by the use of various specimens, different values of SAL (1073, 107°) may be
recommended. For medical devices which are in contact with blood, for par-
enteral solutions as well as for tissue allografts, a value of SAL 107° or lower is
required.

Radiation sterilisation of health care products, which was introduced in the mid-
dle of the 1950s, has recently been more frequently used. The sterilisation dose
recommended for these products is 25 kGy, and this is the dose that is commonly
used in the UK, in the USA and in many other countries. In some Scandinavian
countries, the recommended dose is up to 45 kGy. The recommendation of a dose of
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25 kGy is based upon the bioburden and radiation resistance of micro-organisms that
are found on health care products. International standards specifying procedures for
the validation and routine control of the process used for sterilisation of health care
products have been prepared by the International Organization for Standardization.

The same dose of 25 kGy has been recommended for sterilisation of tissue allo-
grafts and is routinely applied in many tissue banks, Although this dose may not be
entirely satisfactory, as explained below.

In cases of health care products that are manufactured under defined and clean
conditions, it is easy to establish the average bioburden, which is usually low and
has a standard distribution, thus the recommended dose of 25 kGy has been accepted
for most of these products.

With respect to human tissues that are collected from cadaveric (or even from
living) donors, it is very difficult or simply impossible to determine the bioburden
each time, since initial contamination may vary greatly from tissue to tissue and
from one donor to another.

The problem is additionally complicated by the possible presence, in human
tissues, of pathogenic viruses such as the human immunodeficiency virus (HIV),
hepatitis viruses (HBV, HCV), cytomegalovirus (CMV) or others. Data concerning
the sensitivity of these viruses to ionising radiation are scarce. The effectiveness of
ionising radiation to inactivate them in tissues that have been collected from cadav-
eric donors has not been well documented and the mechanisms of viral responses
are unclear. This is mainly due to the fact that there are no suitable tests to study their
inactivation, no appropriate animal model exists and no suitable method of in vitro
culture of the highly differentiated target cells for these viruses has been developed.

In retrospective studies, transmission of hepatitis C virus (HCV) through non-
sterilised cadaveric tissue allografts has been reported [4], while allografts irradiated
with a dose of 17 kGy did not evoke infections in graft recipients. There are no data
on the sensitivity of hepatitis B virus (HBV) to ionising radiation in tissues.

The majority of studies have been carried out on the inactivation of HIV. It
has been postulated that the dose of irradiation needed to reduce the viral load
by 1 logjo — the Djo value is 4 kGy or even 5.6 kGy. Taking into consideration
the required SAL 107, assuming the average HIV bioburden to be about 103 viri-
ons/mL for the state of acute infection and a Dy value of 4 kGy, a reduction of
9 (6 + 3) units or a dose of 36 kGy would be required. On the other hand, if the
Dj¢ value is 5.6 kGy, then a dose of > 50 kGy would be needed to inactivate HIV.
These results are in agreement with data that has been published by Fideler who,
using a polymerase chain reaction (PCR), found that in order to inactivate HIV in
fresh frozen bone—patellar-ligament—bone grafts, a dose in the range of 30—40 kGy
is required. The sensitivity of HIV to ionising radiation also depends on the tem-
perature of irradiation. The reduction of the virus titre of 5-6 log;o was achieved at
doses 50-100 kGy in frozen plasma (-80°C) and 25 kGy at 15°C [5, 7, 12].

Considering the high Djg value for HIV, even a dose of 35 kGy cannot be treated
as the sterilisation dose, but it is impossible to increase the irradiation dose with
impunity, as high doses of ionising radiation (over 50 kGy) evoke many physico-
chemical changes in tissue allografts which may affect their biological properties.
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The selection of a radiation dose is a compromise between a dose that is high
enough to inactivate as many micro-organisms as possible and low enough to pre-
serve important biological properties of tissue allografts [14, 18]. It is recommended
to implement a dose of 35 kGy, which certainly provides a more adequate assurance
of sterility for tissue allografts than does the commonly used dose of 25 kGy.

The validation of radiation sterilisation processing of tissue allografts should
be performed by adequate measurements of the absorbed dose, set a priori and
required to achieve the specified sterility assurance level (SAL). In addition to
proper dosimetry systems, it is advisable to use radiation-sensitive indicators. The
purpose of these “go-no-go” indicators is the check visually whether or not a graft
has been irradiated. An indicator should be attached to every graft package and
it should entirely change colour after irradiation. It should be stressed that indi-
cators are not dosimeters and should never be used as a substitute for routine
dosimeters.

Factors Affecting the Effectiveness of Radiation Sterilisation
and the Sensitivity of Micro-Organisms to Irradiation

Several factors can affect the effectiveness of radiation sterilisation and can modify
the microbial sensitivity to ionising radiation.

One of the factors influencing the effect of irradiation is bioburden, i.e. the
number of micro-organisms present on or inside tissues before sterilisation.

Since toxins, pyrogens and antigens of bacterial origin are very resistant to irra-
diation, in comparison to living cells, regardless of the radiation resistance of the
contaminating population, it is strongly recommended to avoid recontamination of
tissues during retrieval and processing and to prevent micro-organism proliferation
by temporary storage of tissues at low or freezing temperatures before sterilisation.

The presence or absence of water and oxygen plays an important role. In the
absence of water (e.g. in air dry or lyophilised samples), the resistance of micro-
organisms is increasing. On the other hand, in the presence of water, an indirect
effect of ionising radiation predominates. Oxygen enhances the damaging effect to
micro-organisms and increases their sensitivity to irradiation. During radiolysis of
water, highly reactive, short-lived hydroxyl radicals (*OH) which react with oxy-
gen are produced, causing the formation of peroxide radicals and peroxides which
intensify damage to the nucleic acids of micro-organisms.

Therefore, if lyophilisation is used as a preservation procedure, it would be better
to leave some water in the tissue than attempt to remove as much water as possible.
It has also been recommended that the vials containing tissues be refilled with inert
gaseous nitrogen to remove as much atmospheric oxygen as possible. However,
since oxygen increases the sensitivity of micro-organisms to ionising radiation, this
procedure should be discontinued.

It should be noted that irradiation at low temperatures increases, while at higher
temperatures decreases, the resistance of bacteria and viruses. It has been found
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that the resistance further increases when lyophilised viruses are irradiated at a low
(=79°C) temperature as compared to fresh-frozen irradiation at —79°C.

All these factors influence the effectiveness of radiation sterilisation and should
be taken into account when setting the radiation dose.
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Chapter 10
Testing the Donor

Alan Kitchen and John Barbara

Introduction

The transplantation of tissues from donor to recipient is a fundamental part of
medicine today. A range of tissues including bone, skin, tendons, heart valves,
corneas etc. are collected from suitable donors and transplanted into those patients
for whom tissue transplant would have clinical benefit.

In the same manner as blood transfusion, transplantation is not without risks,
one important risk being that of the transmission of infectious disease via the trans-
plant; transplantation transmitted infections (TTI). Although it is clear that not all
tissues carry the same risk, such distinctions cannot be easily quantified and all tis-
sues should be treated in the same way in terms of the infectious disease screening
applied.

Thus, in the same way as for blood donations, all tissue donations must be
screened for infectious diseases prior to release for clinical use. Although the basic
principles applied to the screening of tissue donations are the same as for blood
donations, or any other type of donation of biological products, there are some
important differences between blood and tissue donations which result in differ-
ences in the actual screening strategies applied. Firstly, and most importantly the
source of tissue donations includes both living and deceased (cadaveric) donors, and
secondly, whilst the specific infectious agents screened for are broadly the same, the
specific markers of infection used for the individual infectious agents may differ.

A fundamental issue when considering the screening of tissue donations for
transmissible infectious agents (TTA) is the status of the donor, living or deceased.
The screening of tissues collected from living donors for TIAs is effectively no
different to the screening of blood donations, in that the blood samples used
for screening are collected by normal venepuncture from living individuals. The
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characteristics of the samples are identical and the screening is performed using
assays specifically designed, developed and supplied to test blood samples collected
from living individuals. It is the screening of tissues from deceased donors, where
the blood samples are collected post-mortem (non heart beating), that presents some
specific problems that need to be overcome to ensure accurate and reliable screen-
ing results. These problems all surround the overall quality of the samples obtained
and their validity as suitable substrates for the assays used; the time post-mortem
of collection, the integrity of the sample, volume, level of haemolysis, biochemical
changes post-mortem etc. However, as long as these problems are acknowledged
and dealt with, and resolved in the right ways, the overall quality of the screening
programme should be the same whether the samples collected to screen the tissue
donations are from living or deceased donors.

Similarly, the screening of the donors themselves, the donor selection process, is
also determined by the nature of the donor. The selection process applied to living
donors is similar to that applied to blood donors, except that such donors do not
generally volunteer in the same way as an “altruistic” blood donor. Living tissue
donors may often have been approached directly and a direct history may therefore
be taken from them. However in the case of deceased donors, although the process
is the same, the history is second hand and may not be totally correct or accurate
[1]. Thus the inherent risk associated with deceased tissue donations must neces-
sarily be higher than that of living donations and the screening strategy developed
accordingly.

This text looks at the screening of tissue donations for the range of infectious
agents that may be present in the donor at the time of collection of the tissue(s)
and which are therefore likely to be present in the donations collected and conse-
quently likely to be transmitted through the transplantation of the donated tissues.
These agents include viruses, bacteria, parasites and prions. The subject of the bacte-
rial/fungal contamination of tissue products as a result of the collection, processing
and storage processes is not covered in this particular text.

Range of Infectious Agents

The infectious agents that tissue donations need to be screened for are essentially the
same as for blood donations, as are the specific markers used as screening targets for
the individual infectious agents. However it may be that for some infectious agents
additional markers may be included to increase the sensitivity of screening.

Table 10.1 lists the range of infectious agents that have been reported to be trans-
mitted via blood and blood products. Although only a few of these agents have been
reported to be transmitted via tissue transplantation, it is reasonable to consider that
all of these agents could and would be transmitted if present in a tissue donor and
in the donated tissues. Thus the same approaches in terms of identifying specific
donor risk need to be followed, albeit with the obvious issues in the pre-selection of
deceased donors.
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Table 10.1 Infectious agents currently reported to have been transmitted via blood transfusion or

tissue transplantation

Viruses

Hepatitis viruses

Hepatitis A virus

Hepatitis B virus

Hepatitis C virus

Hepatitis D virus (requires co-infection

with HBV)
Hepeatitis E virus

Retroviruses

Human immunodeficiency virus 1 and 2 (plus
other subtypes)

Human T-cell leukaemia virus I and IT

Herpes viruses

Human cytomegalovirus
Epstein—Barr virus
Human herpesvirus 8

Parvoviruses
Parvovirus B19

Miscellaneous viruses

GBV-C: previously referred to as hepatitis
G virus

TTV

West Nile virus

Dengue virus

Rabies via organs

Bacteria

Endogenous

Treponema pallidum (syphilis)
Borrelia burgdorferi (Lyme disease)
Brucella melitensis (Brucellosis)
Yersinia enterocolitica/Salmonella spp.

Exogenous

Environmental species: staphyloccocal
pp./pseudomonads/Serratia spp.
Rickettsiae: Rickettsia rickettsii (Rocky
Mountain spotted fever), Coxiella burnetii

(Q fever)

Protozoa

Plasmodium spp. (malaria)
Trypanosoma cruzi (Chagas’ disease)
Toxoplasma gondii (toxoplasmosis)
Babesia microti/divergens (babesiosis)
Leishmania spp. (leishmaniasis)

Prions

variant Creutzfeld Jakob Disease (vCJID)

[classical CJD has been transmitted by corneas
and dura]

The actual transmissible infectious agents that are of specific interest can be

considered in three categories:

e those for which all tissue donations must be screened — mandatory
e those which are recognised and commonly encountered threats, but for which
only specific donations need to be screened because of specific identifiable risk —

discretionary (UK terminology)

e those which are rare or unknown threats and which are dealt with on a case-by-

case basis — others

In addition to defining the infectious agents themselves, the specific target marker

of infection for each infectious agent must also be defined. The available targets vary
according to the infectious agent and theoretically there are always 3 targets for any
infectious agent. However it is the suitability of each of these targets in the con-
text of the screening of what should be low risk donors, that has to be considered,
from the perspective of the biology of the agent and the host response to infection,
and the sensitivity and predictiveness of the available tests. Figures 10.1, 10.2, 10.3,
10.4, 10.5 and 10.6 show the different plasma markers that can be detected follow-
ing infection with HBV, HIV and HCV respectively. The figures depict the relative
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Fig. 10.1 HBYV plasma markers — acute infection
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Fig. 10.2 HBYV plasma markers — chronic infection

timeframes for the appearance of the different markers for each of these agents, and
from these the most useful markers in terms of reliable detection of infection can
be determined. A pre-requisite for any effective screening programme is always a
thorough understanding of the biology of the agent and course of the infection in
the host.

Even though it could be argued that some tissue products are processed in ways
that remove or inactivate any infectious agent that could theoretically be present,
the use of tissue products collected from a donor who may be infected is not con-
sidered to be appropriate practice, irrespective of the processing methods used. No
pathogen inactivation or removal methods can be considered to be totally effective
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and therefore must be used in conjunction, not instead of, screening. If a donor
is known to be infected with any of the transmissible infectious agents there is
a clear risk of transmission and therefore the products should not be released for
clinical use.

Mandatory Screening

The infectious agents that are currently considered to be mandatory for the screening
of tissue (and blood) donations in most countries with developed healthcare systems
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and formal regulatory authorities are hepatitis B virus (HBV), hepatitis C virus
(HCV), human immunodeficiency viruses 1+2 (HIV), human T-cell lymphotropic
viruses I+II (HTLV) and Treponema pallidum (causative agent of syphilis). These
5 infectious agents are those for which there is published, irrefutable evidence of
transmission through blood and other body fluids, and therefore the potential for
transmission through residual blood in tissue products. The agents are generally
present in populations worldwide, although the prevalence and incidence does vary
significantly from country to country, and present such a general risk that, in theory,
any donor could be infected, irrespective of absence of (known) risk or symptoms.
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It is important to understand that risk is something that the pre-donation question-
ing and selection process seeks to identify, but donors may have been exposed to an
infectious agent through a route that they were not aware of. In addition, all of these
infectious agents do produce asymptomatic sub-clinical and chronic infections, and
donors may appear to be fit and well at the time of donation whilst being infected
and thus infectious. This is especially important in the screening of cadaveric donors
as they obviously cannot be questioned directly, and the selection process is depen-
dent upon what family and close contacts believe, which may not necessarily be the
truth.

All donations are therefore theoretically at risk of being infected with one or more
of these agents and so blanket screening of all donations is necessary. However, as
mentioned above, as well as identifying the infectious agents, the specific screening
target(s) for each infectious agent must be identified. Table 10.2 lists these spe-
cific screening targets and the mandatory screening requirement for all donations
collected by the UK blood services.

Discretionary Screening

Those infectious agents for which screening can be considered to be discretionary,
i.e. not all donations require screening, comprise agents for which again there is
published, irrefutable evidence of transmission through blood and other body fluids
and which can cause significant disease, but where risk is, and can be more easily,
mitigated because the agent is not endemic or naturally present in the general popu-
lation in that country, and where there are particular risk factors for infection that can
be specifically identified in a donor. Specific examples of infectious agents that can
be defined as discretionary are West Nile Virus (WNYV), Plasmodium spp. (causative
agents of malaria), Trypanosoma cruzi (causative agent of Chagas’ disease). To be
considered as a potential risk there is an absolute requirement for exposure of the
donor to the virus (WNV) or parasite (Plasmodium/ Trypanosoma) by either living
in, or visiting, an endemic area. Donors who are at risk can therefore be easily and
specifically identified at the point of donation and only donations from such donors
require this additional screening.

Other Screening

In addition to the well known, characterised and commonly screened for infectious
agents, there is always the potential for the transmission of other infectious agents.

e These may be existing agents which have a generally low prevalence and
incidence, often tightly geographically restricted, are rarely transmitted, but
which nonetheless may be transmitted if present in the donor at the time
of donation.



A. Kitchen and J. Barbara

148

“+qV AJND ST Ieyiow 1 parmbay,
"snyels qySgH Jo 9andadsaw “+qyogH 29 03 punoy st uoeuop Yy Ji painbay

"seare ATLH . NSU STy, Ul papasu st ATLH UOR[SUIS,

v
AIND +qQvodH
»(X) X X X X X X X X X X POO[q P10J JIAUATO[[Y
X X (X X X X X RICORIEN
X X X X X X X X X (IN) (sreuoau)
X X X X X X X X X (I) paseasag
X X X X X X X X X (npe) 10uop paseads
X X X X X X (ede sAep 087 ‘sordures
X X X X X X 0Mm}) anssn [e213INg
(orduures
X X X X X X X X X Qu0) JnssI} [e2I13ING
X X X X X X poorg
VNd Qv (9) vNa ) (@ ) (@ Qv (@av (9av Qv Qv qv/3y 8y UOnEuOp/ISNILIA
AWDH  AWDH AGH VNI VNI VNI VNI 29H ATLH ATLH squdds  ADH AIH sdH

AIH AIH ADH ADH

SOOIAIRS POO[Q 3] Y UIYIIM SUOTIBUOP JO SUIUSAIDS AI0JepURW JUALIND 'O d[qBL



10 Testing the Donor 149

e There may be emerging agents that are transmissible, have been rarely transmit-
ted in the past but where their incidence and prevalence are starting to increase,
either through increasing incidence in endemic countries, through spread into
previously non-endemic countries or through increased travel into endemic
countries.

e There may be yet unidentified infectious agents that would be transmissible but
which at this time have not appeared as the causes of any identifiable transfusion
or transplantation associated infections.

Table 10.1 can be considered as a baseline list of infectious agents that are known
to present a threat because of reported blood transfusion transmissions. Although
the agents listed have been transmitted through blood, there may have been several
transmissions or only a handful of cases globally especially the more “exotic” agents
listed. However, to provide a definitive list of all possible current and future infec-
tious threats is clearly impossible. In terms of potential candidate agents, meeting
the following criteria would identify those particular agents that could be transmit-
ted through tissue transplantation, if present in the donor at the time of donation. To
be considered a viable threat the agent must be:

e Present in the donated tissue, in an infectious form

e Stable in the donated tissue/processed processed under the storage conditions
normally required for such products

e Circulating in the donor at the point of collection of the tissue, yet without giving
rise to any identifiable symptoms in the donor

This does narrow the field somewhat, and it must be made clear that not every
infectious agent that afflicts man is a potential transfusion/transplantation threat.
Indeed the number of potential threats is only a small proportion of those infec-
tious agents currently known to man. Nonetheless, there are a few well characterised
agents that, whilst not a major concern at present, may spread into currently non-
endemic areas and therefore need to be monitored. These include viruses such
as SARS, Chikungunya virus, Lymphocytic Choriomeningitis Virus (LCMV), and
parasites such as Leishmania spp.

One major problem that may influence any screening programme for an infec-
tious agent are the potential limitations either in the appropriate screening target(s)
available and/or the corresponding screening tests being available. This is may sig-
nificantly hinder impact on the ability to develop effective and appropriate screening
strategies for some agents, resulting in a greater reliance on donor exclusion rather
than in-vitro screening (something that is not always possible or effective with
cadaveric donors/donations).

Severe Acute Respiratory Syndrome (SARS)

Severe acute respiratory syndrome (SARS) is a respiratory infection caused by
a recently emergent coronavirus (SARS-CoV). The disease has severe morbidity
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and mortality, but presents with non-specific signs and symptoms and there is no
clear-cut diagnostic approach to prospectively identifying cases prior to the appear-
ance of symptoms. The virus has a viraemic phase of 4-8 days, which precedes
symptoms and then persists into the symptomatic phase. Viraemic individuals may
transmit if blood or tissues are collected during the early asymptomatic phase of
infection. Screening of individuals for SARS-CoV is possible using molecular tech-
niques but identification and deferral of donors who may have been potentially
exposed to the virus is currently the most effective way of minimizing risk of
transmission.

Chikungunya

Chikungunya is an arbovirus (viruses transmitted by insects) that is transmitted
primarily by mosquitoes, usually of the Aedes spp.. The illness is an acute symp-
tomatic disease that characteristically begins with rapid onset of joint pains and
may or may not be accompanied by muscle pain, high fever, conjunctivitis, and
a rash. The severity of the illness varies and tends to be less severe in children.
Most infected individual recover after a few weeks but a small proportion may have
residual chronic joint pain for some years. Infection is not usually fatal, but may
be a contributing factor in the death of some patients with pre-existing underly-
ing disease. The disease occurs throughout Africa, Asia, parts of southern Europe,
anywhere where the carrier mosquito species are found. More recently there have
been a number of outbreaks on the islands in the Indian Ocean, one in particular on
Reunion resulting in the cessation of blood collection until the outbreak had passed.

The virus has a viraemic phase prior to and during the symptomatic phase.
Viraemic individuals may transmit if blood or tissues are collected during the early
pre-symptomatic phase of infection. Screening of individuals for Chikungunya is
possible using molecular techniques but identification and deferral of donors who
may have been potentially exposed to the virus is currently the most effective way
of minimizing risk of transmission. However the overall risk of the transmission
of Chikungunya through tissues is very low as the disease is of acute onset and
generally highly symptomatic. In 2006, 133 cases of imported Chikungunya were
recorded in the UK. All of these had a clear history of risk and most had clinical
Symptoms.

Lymphochoriomeningitis Virus (LCMYV)

Lymphocytic choriomeningitis virus (LCMYV) is a virus carried by rodents that
causes lymphocytic choriomeningitis (LCM). It presents as an aseptic meningitis,
encephalitis or meningoencephalitis, although infection is often asymptomatic or
with only mild febrile illness. The disease is rarely serious although infection dur-
ing pregnancy can lead to severe disease in the infant. Infection is most commonly
acquired through contact with infected rodents, often household pets, their urine,
droppings bedding etc.. Transmission can also occur via bites and through open
wounds where there has been contact with contaminated material. Human-to-human
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transmission has not been reported except for vertical transmission from mother
to foetus. However LCMV has been identified as being transmitted through organ
transplantation [2], although cases of acute LCM in such donors would be very rare
events. Screening for LCMV infection is possible, but molecular screening would
be needed to identify viraemic donors.

Leishmania

Leishmaniasis is a parasitic disease that is found in parts of the tropics, subtropics,
and southern Europe. It is caused by infection with Leishmania parasites, which
are spread by the bite of infected sand flies. There are several different forms of
leishmaniasis in humans, the most common forms being cutaneous which causes
skin sores, and visceral (Kala Azar) which affects internal organs (e.g. spleen, liver,
and bone marrow). The factors determining the form of disease include leishmanial
species, geographic location, and immune response of the host. Although generally
symptomatic, asymptomatic infections do occur and it is possible for parasitaemic
individuals to present as blood or tissue donors, although there are no reported cases
of transmission through blood or tissues. Screening for leishmaniasis is not straight-
forward as antibody responses may be low or absent in cutaneous cases, although
screening is possible using molecular techniques. However identification and defer-
ral of donors who may have been potentially exposed to the virus is currently the
most effective way of minimizing risk of transmission

Screening Strategy

To be effective, in-vitro screening requires an effective screening strategy to be
developed to ensure that the testing performed is targeted correctly and the outcomes
are used effectively and appropriately.

Probably the first issue to be considered in the development of strategies for
the screening of tissue donations is the fact that tissue donations can be divided
into those from living donors (surgical tissues) and those from deceased donors
(deceased tissues). The fundamental differences in the origins of the tissues, and
thus the approaches available to “screen” the donors, means that the two have to be
considered separately, and separate strategies developed. Whilst the core screening
needs are essentially the same, the obvious restrictions in the donor selection process
that can be applied to deceased donors means that there is a much greater reliance on
in-vitro laboratory testing to determine the safety of the tissues collected. In the case
of surgical tissues, however, the donor can be treated in virtually the same way as
any blood donor, with a formal donor selection process prior to donation to identify
any specific risks and determine the overall suitability of the donor as a source of
a tissue donation. Although laboratory testing is still the final decider in the release
of the donation for clinical use, experience from the selection of blood donors has
shown the value of the donor selection process in reducing the risk of collecting
a donation from a “high risk” donor, namely a donor who may have been recently
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infected, and is infectious, but where the infection may not be detectable at that time
with the tests in use — the window period.

There are two basic elements to a screening strategy, firstly defining the infec-
tious agents and the individual specific screening target(s) for each infectious agent,
and secondly the actual testing algorithm adopted.

As discussed above, the range of infectious agents that need to be considered
to ensure tissue safety is similar to those for blood and generally well defined.
Likewise the specific screening targets for each of these infectious agents are also
well defined. However, these targets may differ depending upon the relative inher-
ent risk associated with different donation types, in the case of tissues — deceased or
surgical. Additional screening is added where the inherent risk is higher. Table 10.2
outlines the mandatory screening requirements for blood, tissue and stem cell dona-
tions collected and processed within the UK transfusion services. Although there is
a common core, there are quite different additional requirements for different dona-
tion types. Defining the specific screening targets is therefore a fundamental part
of any screening strategy, and has to reflect the specific infection risks in the donor
population from which the tissues are collected.

The second key element of the screening strategy is the actual screening algo-
rithm adopted. The algorithm essentially defines how the screening assays are used
in terms of the initial and (any) repeat testing, and how the final screening result
is determined. Again, this area is very similar to that for blood screening. The
algorithms that are used for blood screening apply equally to tissue, and any other
donation, screening. However it is essential to define the most appropriate algorithm
for the particular screening performed, and it is here that blood and tissue screening
may diverge. There are really only three possible algorithms that can be used for the
screening of donations from low-risk donor populations to determine their fate, i.e.
suitable for use or discard:

Algorithm 1 Initial screening test (Assay A) and use the results obtained to
determine the donation fate. Negative — suitable for clinical use, Reactive —
discard the donation

Algorithm 2 Initial screening test (Assay A) and repeat any initial reactives, in
duplicate, using the same test. Use the 2 out of 3 rule (the 2 identical results
out of the 3 results obtained are considered to be the true screen result) to
determine the donation fate. Negative — suitable for clinical use, Reactive —
discard

Algorithm 3 Initial screening test (Assay A) and repeat any initial reactives,
in duplicate, using a different screening assay (Assay B). Use the 2 out of
3 rule to determine the donation fate. Negative — suitable for clinical use,
Reactive — discard

The 3 algorithms are clearly quite different and have different uses, depending
upon the type of donations being screened, the levels of infection in the donor pop-
ulation, and the complexity and effectiveness of the quality management system.
Although all 3 algorithms are effective and will ensure similar levels of product
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safety, it is the associated specificity that is perhaps of more interest and relevance
when dealing with tissue donations. Importantly all 3 screening algorithms have the
same sensitivity as all take the same approach in respect of the initial screen, and
the acceptance of screen negative donations as being suitable for release for clini-
cal use. Differences in sensitivity are solely due to the sensitivity of the screening
assays used.

In the case of blood donation Algorithm 2 is the one used by the majority of
transfusion services in countries with developed healthcare systems, and offers an
effective approach, with an acceptable level of specificity. Although every donation
is valuable, it is appropriate to point out that blood donations are more numerous
than tissue donations, donors can donate regularly and it is far easier to replenish
stocks. Thus the specificity of the screening and the algorithms, whilst important,
is not so critical for blood donations, and the algorithm used reflects this. Indeed in
those countries that use Algorithm 1, the unnecessary wastage of blood donations
is even higher. However, in the case of tissue donations, and especially deceased
donations where a single cadaver could provide a significant number of different
tissues, the specificity of the screening algorithm is of far greater significance as
repeatable screen reactivity would result in the discard of the products, even if that
reactivity could be subsequently proven, through confirmatory testing, to be non-
specific. Algorithm 3 is based upon the use of a second assay, Assay B that has at
least equal sensitivity to Assay A, that is used to test the initial screen reactives.
The algorithm is based on the fact that most non-specific reactivity is assay specific,
and thus the majority of non-specific reactivity seen with Assay A, are unlikely
to be seen with Assay B, whilst any true reactivity will always be seen in both
assays. The algorithm increases the specificity of screening significantly, reducing
the unnecessary loss of donations just to those that are reactive with both assays,
generally those where infection is more likely to be confirmed. However Algorithm
3 is more challenging, both technically and from a quality management perspec-
tive, and is not an algorithm that is felt to be advantageous in a mass screening
environment, screening blood donations. The major issue here is that a lot of tis-
sue donations are collected, tested and processed by transfusion services and the
screening approach used is that which was developed for blood donations, and
may not be the optimal for other donation types, especially deceased donations.
Thus consideration must be given to implementing the most appropriate algorithm
for the product type, rather than the blanket use of algorithms that are primarily
designed for blood donations, and where a lower level of specificity may be more
acceptable.

This is particularly critical for deceased tissue donations where the samples are
collected post-mortem and which are not the optimum substrate for the screening
assays used and where overall the specificity of screening may be lower than that
of blood donation screening. Although a number of authors have reported problems
with the specificity of deceased screening programmes [3—7], the deceased tissue
screening programme currently in place within the English National Blood Service
is not encountering these levels of screen reactivity and the overall specificity of the
screening programme is relatively high.
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Sample Quality

The quality of the blood samples used to screen the tissue donations is clearly impor-
tant. Poor quality samples produce poor quality results, with the potential resultant
loss of sensitivity and/or specificity. The first issue to consider is the definition of
quality as applied to blood samples collected for the purpose of screening tissue
donations for release for clinical use, and here the difference between deceased and
surgical tissues is very important.

Sample quality can be considered to include all of those attributes that may
influence the overall reliability and accuracy of the screening results obtained.
Importantly these include the condition of the sample including its age, the con-
stituents of the sample (representativeness), and the volume. There are other,
important, issues such as donor and sample ID etc., but these are outside the scope
of this particular chapter.

Samples from Living Tissue Donors

The difference between deceased and surgical tissue donations is important, in
relation to sample quality and in-vitro screening, as the blood samples collected
from surgical donors are collected from living (“heart-beating") individuals and
are thus the normal sample type that the screening assays are designed to be used
for, and also should always be of sufficient volume for the screening required.
Therefore the screening of surgical donations, notwithstanding the previous dis-
cussion about specificity, can be and are performed using the same systems and
approaches as those used for blood donations. There should not be any differences in
the nature of the blood samples collected or the reliability and accuracy of the results
obtained.

Samples from Cadaveric (Non Heart-Beating) Donors

Unlike samples from living donors, blood samples from deceased tissue donors,
unless the sample was collected whilst the donor was still heart-beating, cannot
be expected to necessarily behave in the same way as those from heart-beating
individuals, and therefore the screening performed and the results obtained have
to be considered more carefully, and their validity established. A key issue, how-
ever, is not so much the fact that the blood sample is from a cadaver, but rather
the representativeness of that sample, its suitability for use with the screening
assays in use and therefore its ability to fully reflect the infectious disease status of
the donor.

It is the nature of the blood sample collected from a cadaver that presents the
major challenges. Blood samples collected post-mortem may be different from those
collected ante-mortem for a number of reasons. The sample is collected from a now
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static fluid that is settling into its cellular and liquid phases, in which coagulation
may have occurred with the resultant biochemical changes including red cell dam-
age, and where cell death is taking place with the release of a wide range of cell
chemicals into the surrounding tissue fluids. The overall results of this may be gross
haemolysis and/or other changes to the “blood” collected, including degradation
of the screening targets that would be present in blood of an infected individual,
and/or the release of substances that may be inhibitory to the screening assays
used. However the changes that occur post-mortem obviously vary between cadav-
ers, depending upon factors such as: age, cause of death, time between death and
the cold-storage of the cadaver, time pre-mortem under direct clinical care and the
interventions used, other underlying conditions (that do not de-bar tissue donation),
and time post-mortem of sample collection. Thus the occurrence of post-mortem
changes per se do not necessarily make any sample collected a less suitable sub-
strate for screening. The screening of post-mortem samples from deceased tissue
donors has been performed for many years in many countries with few, if any, known
adverse outcomes. In addition assays can be validated for use with deceased sam-
ples, and indeed a few commercially available infectious disease screening assays
for blood-borne viruses have undergone some limited validation work by the man-
ufacturer with the resultant inclusion of claims that the assays can be used to screen
deceased samples collected under certain conditions.

An important factor in the screening of deceased samples is the time, post-
mortem, that the sample was collected. Clearly the sooner after death the sample
is taken, the less likely it is to have been effected by any post-mortem changes.
Interestingly however, currently there are few published papers that look critically
at the time post-mortem for sample collection. Regulatory requirements within the
EU require sample collection within 24 hours post-mortem, and in the US there
is an expectation that tissues would be collected as soon as possible post-mortem,
and within 24 hours, but this is currently not subject to any specific regulation.
There are published studies on aspects of deceased testing that include samples col-
lected up to 48 hours post-mortem and without any problems being encountered
[4, 8], but specific studies on sample suitability related to time of collection are
lacking.

Additionally there is the problem of possible haemodilution [9]. Very often the
deceased donors were on life-support systems prior to their death and this may have
involved either volume replacement with a range of inert volume expanders or by
transfusion, in both cases potentially diluting out the constituents of the patients’
own blood and therefore reducing the representativeness of the sample in terms of
reflecting the true status of the donor. The immediate pre-mortem history of the
donor must be known if there is any likelihood of adverse effects due to haemod-
ilution, and at the very least the sample collection site chosen to try to minimise
the risk of collection of a sample containing a significant amount of resuscitation
fluid. There is a reported case of the failure of screening to identify an HIV infected
tissue donor specifically because of massive fluid infusion shortly before death with
the resultant dilution of HIV antibodies to below that detectable. Interestingly the
antibody level returned to that normally seen, and detectable, 48 hours later as the
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tissue fluids naturally re-distributed themselves [10]. However, most of the studies
performed [9] have indicated that the modern screening assays used will tolerate
a significant dilution of plasma before approaching the point at which a false neg-
ative result may occur. This situation is most likely to occur following significant
acute blood loss and this fact will be apparent when assessing any potential deceased
donor. There are FDA guidelines which seek to help clarify the situation, and these
require tissue banks to develop algorithms to determine the degree of haemodilution
and the action to be taken in terms of the validity of screening results [11] Within
NHSBT there is a clear algorithm that can be followed in cases where haemodilution
has occurred, that enables the degree of haemodilution, and thus sample suitability,
to be assessed.

The actual physical process of obtaining a sample from a cadaver is very dif-
ferent and sample volume is often a major challenge in performing the screening
required. As described above the blood settles out across the cadaver, both from
the periphery into the larger vessels, and the cells settle out below the fluid com-
ponent. Suitable sites for sample collection must therefore be identified, suitability
depending on a number of factors. These include the presence of a suitable volume
of fluid in the vessel and the accessibility of the vessel to facilitate sample collection,
the probability of any resulting damage to tissues of interest, for example samples
collected through cardiac stab, and the collection process itself must ensure that a
suitable sample is obtained, i.e. sufficient serum/plasma to be able to perform all
of the screening tests required. In addition the possibility of bacterial contamina-
tion of both the sample and the tissue itself, either due to bacteria already present
in the cadaver or through the collection process itself, must always be considered.
However grossly bacterially contaminated samples are usually very obvious and the
suitability of the sample questioned, although bacterial contamination of the tissue
itself, prior to retrieval, would not be so easily identified.

There is also a concern that if for example the sample is obtained through a
cardiac stab one may damage the valve/introduce infection at the site.

Thus although a post-mortem sample from a deceased tissue donor may not be
the optimum substrate for the screening assays used, if collected carefully and under
controlled conditions the sample collected may resemble that obtained from any
heart-beating individual with few, if any, post-mortem changes that would have any
adverse effect on any screening performed. Certainly the majority of approximately
2000 samples/yr referred to the author’s laboratory, the single national laboratory
responsible for the screening of all deceased tissue donations collected within NHS
Blood and Transplant (NHSBT) and which also provides a screening service for
some non-NHSBT Tissue Banks, are suitable for screening and do not give rise to
any problems beyond a slightly lower overall specificity [12].

Thus, whilst samples collected post-mortem from deceased tissue donors can
be suitable substrates for many screening assays, the collection conditions must be
properly controlled to ensure that they are as representative of a pre-mortem sample
and the serological status of the donor as possible. In addition, the screening systems
developed must be specifically designed to generate as reliable and accurate results
as possible from this group of samples.
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Screening

The in-vitro laboratory screening performed can be divided into serological and
molecular. To be able to understand the specific role and value of the two different
approaches, the basic biology of infection must be understood. Following exposure
to an infectious agent there is a period during which the infectious agent either
enters the body’s cells and starts to replicate or is captured and eliminated by the
body’s passive defence mechanisms. Once the agent has entered the body’s cells
and started to replicate it is highly likely that a productive infection will follow.
There is a period during which the infectious agent continues to replicate locally
until there is sufficient to start to spread to other suitable target sites within the body.
During this time levels are low and generally not detectable. However as the agent
starts to spread (generally via the circulation) when levels are high enough it can
then be detected. At this point nucleic acid can start to be detected, and depending
upon the infectious agent, antigen may also be detectable. Subsequently as the agent
spreads the immune response is initiated, symptoms appear and antibody levels start
to rise and become detectable. However, again depending upon the agent, at this
point nucleic acid levels in the circulation may start to fall as the immune system
starts to combat the infection and a balance ensues. In the case of the majority
of the blood borne infectious agents the infectious agent then sequesters itself in
its preferred cells in the body and a chronic or long-term infection develops, the
antibody produced simply indicating infection at some time and possibly mediating
the infection, but not necessarily conferring any immunity to the agent. In the case of
other infectious agents, those that give rise to acute infections only, the appearance
of antibody in the circulation marks the start of the resolution of infection and the
clearance of the agent from the body, and subsequent immunity, for at least a short
period, to that particular infectious agent.

Serological screening can be described as the conventional approach, looking for
the presence of specific serological makers of infection in blood samples collected
from the donors. This approach has been in use for many years and offers sensitive,
reliable, fully process-controlled and cost-effective screening which will identify
the vast majority of donors who are genuinely infected (early, recent, ongoing and
old infections). Serological screening is relatively cheap and although it requires
dedicated, often very specific equipment, this equipment is not particularly “high-
tech”, nor particularly expensive when considering the work rates achieved and its
overall reliability. Molecular screening is more recent in its origin and has only
relatively recently been applied to mass donation screening programmes. Indeed
the mass screening applications are still being developed, and currently the bespoke
screening systems are primarily designed for blood rather than other donation types.
Molecular screening targets the genomic material of the infectious agents and works
through the cyclic amplification of low levels of target (normally undetectable) to
high levels which can then be more easily detected. It offers a (theoretically) higher
sensitivity than serological screening for identification of early infections, but at
the same time is less effective in detecting existing/old infections. Thus molecu-
lar screening should only be considered as an addition to, not a replacement for,
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serological screening. In addition it is relatively expensive when compared to serol-
ogy, as it is a more “high-tech” approach utilising new and developing technologies
and requiring dedicated specialist equipment for the automated mass screening of
donations now required by many countries. A major question that is still to be
addressed is whether cost of molecular screening is justified by the incremental
benefit of molecular screening over serology alone.

Serological Screening

Serological screening is that performed to look for the presence of specific sero-
logical markers of an infectious agent that are found in the blood as a result of
the infection. These markers are either specific antigens produced by the infectious
agent and which generally appears on the surface of the agent, but in some cases may
be expressed on infected cells, and/or specific antibodies produced by the individ-
ual’s immune system in response to the infection. Table 10.2 outlines the serological
markers for which tissue donations collected within the UK transfusion services are
screened.

Although the immune response to any infectious agent is often associated with
protective immunity, indeed the whole purpose of vaccination is to stimulate the
body’s immune response to produce protective antibodies, in respect of the majority
of the blood borne infectious agents that are transmissible through blood and tissues,
except in the case of HBsAb which is a protective neutralising antibody, the pres-
ence of antibody is not indicative of protection, rather it indicates infection and the
presence of the infectious agent in that individual. A common and important feature
of most of the relevant blood-borne infectious agents is that they are all persistent
infections which generally do not resolve naturally. Although approximately 40% of
cases of HCV do resolve, such individuals are serologically indistinguishable from
persistent infections, and thus the presence of HCV antibody cannot differentiate
between infectivity versus immunity.

There are a number of different types of immunoassay available, but all have
broadly the same principles. However not all are suitable for screening cadaveric
samples, often due to technical (sample and sampling) rather than scientific issues.
In general immunoassays comprise a solid phase and a liquid phase, and the assay is
performed in a number of stages, each of which has an incubation period and a wash
to remove the excess materials at the end of the incubation. The solid phase carries
the immobilised components of the assay, those designed to capture the specific tar-
get that may or may not be present in the liquid phase (sample). In the microwell
format assays, the well is coated with either antigen (Ag) or antibody (Ab), depend-
ing on the specific target (Ag to detect Ab, Ab to detect Ag). Captured target is
then detected using a conjugate which detects any Ag/Ab complex formed and has
an enzyme attached to it. This enzyme triggers a colour reagent that then signals
the presence of the conjugate and thus the target through the development of colour
which can then be measured.

Most of the assays used today to detect both antigen and antibody, either
singly or in combination, depending on the particular infectious agent, are highly
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sensitive and specific immunoassays that are designed to detect specific target as
early as possible in the infection process, and run on automated platforms with high
levels of process control. This ensures highly accurate and reproducible results and
thus the overall reliability of the screening process. However, at the same time this
aspect is also a problem, certainly in the case of deceased samples, as the automated
screening platforms are designed specifically for the screening of blood donations.
This is primarily to do with the automated sample detection systems rather than the
assays themselves, with for example, haemolysed, low volume, or slightly diluted
samples all being rejected as unsuitable for processing. As identified previously, it is
here that surgical tissue donations align virtually completely with blood donations
as the samples for both are collected from living individuals and are thus generally
good quality samples, the optimum for these systems. Whereas deceased samples
are commonly rejected by such systems as they fail to be detected properly by the
system and therefore not sampled and not tested. At this time there is little option but
to use separate screening strategies for deceased samples, using assays and systems
that can be used and have been specifically validated for the screening of deceased
samples.

There are two potential performance issues that need to be considered for any
screening programme, but which may be of more relevance to serological screen-
ing, and specifically to the serological screening of deceased donations; sensitivity
and specificity. A past major reported issue has been the specificity of the serolog-
ical screening of deceased donations. Many authors report high reactive rates with
the serological screening assays in use and the consequent high losses of donations.
Whilst it is true that some deceased samples do present challenges when performing
serological screening, mainly those that are visibly of poor quality, our experience
is that the specificity of the screening assay is not the problem that some report,
rather our concern is over the overall sensitivity of the screening programme. It is
important that the assays used are validated specifically for use with deceased sam-
ples to determine both any specificity issues and any sensitivity issues. The problem
is that specificity issues can be seen as high screen reactive rates which are not
subsequently confirmed, wasteful but not affecting safety. However any sensitiv-
ity issues would only be seen once an infected donation had been transplanted and
the recipient infected. Thus an important part of assay evaluation and validation for
the screening of deceased blood samples is to demonstrate that the deceased nature
of the sample does not reduce the sensitivity of the assay. Unfortunately this in
itself presents problems as suitable cadaveric samples are simply not available and
indirect methods have to be used [13].

Molecular Screening

Molecular screening is that performed to detect the presence, in the blood, of the
nucleic acids of transmissible infectious agents. The presence of viral nucleic acid
specifically indicates the presence of virus, and, in most cases, infectivity. At this
time the infectious agents that are targets for molecular screening are hepatitis B
virus (HBV DNA), hepatitis C virus (HCV RNA) and human immunodeficiency
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virus (HIV RNA), and, for one particular product human cytomegalovirus (HCMV
DNA), Table 10.2 outlines the viral nucleic acids for which tissue donations col-
lected within the UK transfusion services are screened. Essentially the molecular
screening used to detect low levels of virus can be broken down into two ele-
ments, the extraction and purification of any nucleic acid in the sample and then the
subsequent specific amplification and detection of any target nucleic acid present.
Although viral nucleic acid may be present in the sample from the donor, and even if
there are thousands of genome copies present, the overall amount of “native” nucleic
acid present is still far too small to be able to detect directly with the technology cur-
rently available. Instead, the approach taken is to isolate the nucleic acid present in
the sample and then amplify any specific target that may be present to a level that
can then be detected either by direct visualisation using nucleic acid binding fluo-
rescent dyes or through enzyme action with the generation of a chemiluminescent
signal, both in proportion to the amount of nucleic acid present. There are currently
2 main molecular methodologies used in the molecular screening of donations for
infectious agents, the polymerase chain reaction (PCR) and transcription mediated
amplification (TMA). Although this chapter is not the appropriate place to provide
an in-depth review of these methodologies, an overview follows.

PCR is a temperature dependent method that allows exponential amplification of
short DNA sequences present within a longer double-stranded DNA molecule, in
this case the genome of the infectious agents being screened for. It entails the use of
a pair of primers, short sequences of nucleotides that are complementary to a defined
sequence on each of the two strands of the DNA. These primers are extended by a
DNA polymerase so that a copy is made of the target sequence. After making this
copy, the same primers can be used again, not only to make another copy of the input
sequence but also of the short copy made in the first round of synthesis. This leads
to logarithmic amplification. For RNA viruses the RNA must be copied to DNA first
using a reverse transcriptase (RT) step.

TMA is an isothermal method that allows exponential amplification of RNA or
DNA targets in, as for PCR, the genome of the infectious agents being screened
for. TMA technology uses two primers, one of which contains a promoter sequence
for RNA polymerase, and two enzymes: RNA polymerase and reverse transcriptase.
In the first step of amplification, the primer with the promoter sequence hybridizes
to the target rRNA at a defined site. Reverse transcriptase creates a DNA copy of
the target rRNA by extension from the end of the promoter primer. The RNA in
the resulting RNA:DNA duplex is degraded by the RNase activity of the reverse
transcriptase. Then a second primer binds to the DNA copy and a new strand of DNA
is synthesised from the end of this primer by reverse transcriptase, creating a double-
stranded DNA molecule. The RNA polymerase recognises the promoter sequence in
the DNA template and initiates transcription. Each of the newly synthesised RNA,
amplicons reenters the TMA process and serves as a template for a new round of
replication. Again, as in PCR, this leads to logarithmic amplification.

However, molecular screening is a still emerging approach, not so much the
underlying technology itself, which has been in use in research and development
activities for over 20 years, but it is only recently that this technology has been
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successfully developed into the fully automated mass screening systems that include
both the sample preparation and molecular aspects and which can provide results in
just 3—4 h. However, although not to the same degree, sample quality is still a factor
to be considered. Although designed to work with a range of different sample types,
the initial sample handling side of the automated systems may, in the same way
as with serological systems, reject unsuitable samples, those that are not detected
or are rejected by the sample detection systems. However, molecular techniques do
have a distinct advantage over serology in that each sample has an internal con-
trol added prior to the nucleic acid extraction process that is extracted and amplified
concurrently with any specific target that may be present, and which is then detected
using a separate detection system. Thus every sample should score as positive with
the internal control, irrespective of the presence of the specific target of interest,
uniquely, validating each negative result. Failure of the internal control indicates a
failure of the process at some point, whether it be due to a failure of the molecular
reagents themselves or due to inhibition of the reagents by something within the
sample itself, and invalidates the results for the sample.

As discussed previously the value of molecular screening is primarily to detect
early infection in those donors who have been recently infected. Later in infection
the serological markers present are far easier to demonstrate and the assays sig-
nificantly less expensive than molecular assays. The important question is then to
determine the increased value provided by including molecular screening in addi-
tion to serological screening. Although molecular screening does theoretically offer
earlier detection of infection, its actual value is very much related to the biology of
the individual infectious agents, the overall performance of the serological screening
and the incidence of infection in the population. Where antigen assays are available,
there is generally only limited additional value to be had from molecular screening,
unless the incidence of infection is high enough to indicate that significant number
of donors may have been exposed to the agent. However, in low-risk populations this
is rarely the case. However, where only antibody assays are available and where the
window period of infection is relatively long, molecular screening may have more
value. However, again it is the incidence of the infection in the donor population
that determines how many donors would be likely to be detected by molecular and
not by serological screening. In low risk populations the actual numbers of donors
who would be detectable by molecular screening and not by serological screening
is extremely low. Currently, for HCV in blood donations collected within the NBS,
the number of HCV RNA positive but serology negative donations is approximately
1 in 55.4 million donations, i.e. one donation per 28 years at the current donation
level.

Residual Risk

The overall effectiveness of the serological screening of tissue donations, both sur-
gical and deceased, is without question. For many years serological screening was
the only approach available for the screening of tissue donations and there is no



162 A. Kitchen and J. Barbara

published evidence, excepting in cases of haemodilution [10], that this approach
has led to the transmission of infection as a result of serological testing failing to
detect the presence of serological markers in an infected individual. The inclusion
of molecular testing, at least theoretically, increases the level of safety even more,
although the incremental benefit over that gained from serological screening alone
is difficult, if not impossible, to quantify accurately. This is due to the relatively
small numbers of tissue donations screened, the even smaller numbers of confirmed
positive donors and the virtual impossibility of accurately determining the incidence
of infections in tissue donors. Overall the microbiological safety of tissue donations
that have been properly and effectively screened for infectious diseases is at least
equal to that of blood donations.

Unfortunately however, laboratory testing is not perfect and there are occasions
(for a number of reasons) when a test may not detect its target. Consequently no
screening programme has absolute sensitivity and it is possible that infected donors
could be undetected with the resultant entry of an infected donation into the supply
chain. This is referred to as residual risk, i.e. the risk of infection from a screen
negative donation. However, this is generally due to the lack of detectable target,
rather than the assay failing to detect target.

In brief, assays fail to detect target either because the assay has missed something
that is present or because there is nothing present for the assay to detect, although
the donor is infected and the donation is infectious. The first scenario arises either
due to poor assay performance (analytical sensitivity) or due to poor performance of
the assay (operator/system error). However, if well evaluated and validated highly
sensitive assays are being used, and the screening is being performed within a for-
mal and well designed quality management system with well trained and competent
staff, then this scenario should rarely, if ever, occur. The second scenario, lack of
detectable target yet with infectivity present is, however, more likely to occur, no
matter how good the screening programme and quality management system, as it is
related to the natural history of infection in an individual and is a stage of the normal
infection process.

Window Period

The major threat, in terms of residual risk is therefore from donors who are infected
yet negative on screening as the normal screening target(s) are not present, or are
present but below detectable levels. This situation occurs naturally very early during
the course of infection, at a time when a productive infection has arisen, but before
the specific screening target(s) have either been produced or their levels have risen
to those detectable by the assays in use. It also occurs later in some infections when
the infection is starting to resolve, the level of the screening target has declined to
below that detectable, yet infectivity remains. This is referred to as the “Window
period” of an infection, infectious yet undetectable with the screening assays used.

In relative terms, specific antibody appears later during the course of infection
than antigen, and antigen later than nucleic acid. Therefore if the screening tar-
get is just antibody, there will be a period of time when donations from infected
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donors would give negative screening results despite the presence of antigen and
its associated infectivity. The same applies when comparing antigen (with or with-
out antibody) screening with molecular screening. In this situation the relative time
between the first appearance of nucleic acid and the first appearance of antigen is
much shorter, and in many instances they appear so close together that there is no
actual measurable incremental benefit to be obtained through the use of molecular
screening in addition to antigen or antigen/antibody screening.

The overall risk of collecting a donation from a donor who may be in the win-
dow period of infection is very much related to the overall level of infection in
the population, and specifically the incidence of infection in the donor population.
The higher the incidence of infection, the greater the risk that a donor could have
been recently infected. At the same time the ability to detect an infected donation is
dependent upon having an effective and appropriate screening programme in place.
A screening programme with a relatively poor sensitivity is more likely to fail to
detect recently infected donors. However the overall risk is also dependent upon
the actual number of donations collected, and although the incidence of infection
may be the same in the blood and tissue donor populations, as the populations are
so very similar, the overall numbers of tissue donations collected is many orders of
magnitude lower than the number of blood donations. Thus it can be argued that the
overall probability of actually encountering a donation from a tissue donor who is
in the window period, assuming a screening programme with equal if not greater
sensitivity, is much lower than that for a blood donation. However, when the actual
number of infectious identified in the UK are looked at the incidence of confirmed
infected deceased tissue donors is significantly higher than that of blood donors [14],
but the denominator is around 3 orders of magnitude less and therefore the figures
cannot be compared directly. Furthermore significantly more patients have transfu-
sions, greater number of potential exposures, and it is therefore not necessarily true
to argue that tissues are a higher “risk” than blood or other donations.

The window period is thus the main reason today that donations, be they tissues
or blood, have an associated residual (albeit very low) risk, and screening pro-
grammes and strategies are developed to ensure that the window period is reduced
to as short a period as possible.

Conclusions

Overall the current screening of tissue donations prior to release is highly effective
at preventing transmitted infections. The basic principles applied to the screen-
ing of blood donations do apply as there is considerable overlap in the need to
identify low risk donors, the range of transmissible infectious diseases, the screen-
ing assays used and the screening strategies developed. Certainly there is little,
if any, difference between the screening of surgical tissue donations and blood
donations, as the samples are all collected by standard venepuncture from living
individuals. The screening of deceased tissue donations is different inasmuch as
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the nature of the samples is fundamentally different, although the screening assay
themselves are the same. It is the reliability of the screening process in relation
to deceased samples that needs to be assured, particularly the representativeness
of the samples collected in respect of the screening results obtained reflecting the
true status of the donor and therefore the donation. In addition consideration should
be given to the specific screening algorithms used, as those commonly used for
blood donation screening may not always offer the most appropriate approach for
the screening of deceased tissue donations. The issue of specificity is something
that has particular relevance as the unnecessary loss of tissue donations due to poor
specificity is unacceptable because tissue products are generally in shorter supply,
often with many potential recipients on waiting lists. Furthermore a cadaver may
provide a large number of different tissues for clinical use, and a non-specific screen-
ing result would result in the loss of a significant number of clinically valuable
products.
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Chapter 11
Testing the Tissue and the Environment

Ted Eastlund and Martell K. Winters

Introduction

Testing for infectious microbes such as bacteria and fungi (yeast and molds) plays
an important role in ensuring the safety of tissue allograft transplantation. Testing
is routinely performed on the donated tissue prior to processing, on the allograft
after processing as final testing, and to prevent contamination and cross contam-
ination during processing. In the past, bacterial and fungal infections transmitted
from contaminated tissue allografts were considered rare anomalies, whereas donor-
derived HIV, hepatitis and other viral and prion infections were considered more
important threats to patients. Indeed, tissue transplantation has resulted in donor-to-
recipient transmission of HIV, hepatitis, human T-cell lymphotropic virus, rabies,
Herpes simplex, Epstein-Barr virus, cytomegalovirus, and transmissible spongiform
encephalopathies [1, 2]. Tissue banks and standard-setting bodies have emphasized
the importance of preventing these viral and prion diseases, even though the risk
is low. In most countries, blood testing of tissue donors for infectious diseases par-
allels that for blood donors and includes antibody testing for viruses and syphilis
and when needed for selected parasites. In some countries, direct blood testing for
HCYV and HIV nucleic acid has been implemented for tissue donors as well as with
blood donors. In contrast with blood component transfusion, testing for tissue allo-
grafts also relies on the routine use of microbiologic testing for bacteria and fungi
to ensure patient safety, as explained in this chapter.

Bacterial and fungal contamination of tissue allografts obtained from cadaveric
donors has been a serious cause of morbidity and mortality in many recipients of
bone, cornea, skin, heart valve, tendon, pericardial and cartilage allografts [1, 3].
Most of these infections could have been easily prevented. Until recently, the threat
to patients of receiving a tissue allograft contaminated by bacteria or fungi has been
thought to be minimal but several recently reported fatal and nonfatal cases have
drawn attention to this problem [3, 4].
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Table 11.1 depicts the published sources of contamination by bacteria and fungi
that caused infections in allograft recipients [4—-23]. These sources include undi-
agnosed bacteremia and sepsis as a cause of death of the donor, contamination of
the tissue by endogenous bacteria and fungi shortly after death, contamination from
the processing room environment, contaminated processing reagents, erroneously
omitting sterilization steps, and the use of insensitive unvalidated final sterility tests
for bacteria and fungi prior to packaging. Consequently, these cases have called
attention to the importance of accurately diagnosing and excluding tissue donors
with bacterial sepsis, avoiding processing of donated tissue carrying high loads of
virulent bacteria, using carefully validated disinfection and sterilization steps dur-
ing tissue processing, following trends of clean room environmental monitoring
results and setting action levels, and the use of validated final sterility tests and
bacteriostasis and fungistasis testing when antibiotics are used during processing.

In addition, these cases show that a terminal sterilization step is important to use
whenever possible, particularly for allografts that are able to withstand sterilization
without loss of effectiveness. With use of carefully validated sterilization methods

Table 11.1 Published bacterial and fungal transmission from tissue allografts

Contamination source Allograft Microbe (references)

Septic donor, microbe on Tendon Streptococcus pyogenes, Grp A [5]
recovered tissue

Known infected living donor Bone M. tuberculosis [6]

Uninfected donor, microbe on Heart valve Candida albicans [7]
recovered tissue

Uninfected donor, microbe on Cornea Bacteria and fungi [8—11]
recovered tissue

Uninfected donor, microbe on Bone Several bacteria [12, 13]
recovered tissue

Uninfected donor, microbe on Cartilage Clostridium sordellii [14—16]
recovered tissue

Uninfected donor, microbe on Tendon Clostridium septicum [15, 16]
recovered tissue

Uninfected donor, microbe on Skin Pseudomonas aeruginosa [17]
recovered tissue

Processing room environment Tendon Elizabethkingia meningiosepticum [4]

Recovery/processing room Heart valve Oerskovia turbata [22, 23]

Processing reagent fluid Pericardium Ochrobactrum anthropi [19-21]

Inadequate disinfection during Several Several [4, 5, 7-11, 14-17]
processing

Human error: terminal Tendon Several bacteria [18]
irradiation omitted

Falsely-negative final Cartilage Clostridium sordellii [14-16]
pre-packaging culture

Falsely-negative final Tendon Several bacteria [4, 5, 15, 16]
pre-packaging culture

Falsely-negative final Heart valve C albicans [7]

pre-packaging culture
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for tissues, tissue banks gain the added benefit of possibly moving away from final
sterility testing of each tissue; as long as emphasis shifts from reliance on final tissue
testing to in-process controls at key points in the processing stream. This chapter
addresses issues surrounding microbial testing at various critical points, including
recovered tissue prior to processing, the tissue processing environment and the final
tissue allograft itself.

Microbal Testing of Tissues Recovered Prior to Processing

Testing Tissue from Deceased Donors

Microbial testing of recovered tissues before processing is important because the
same microbes causing infections in recipients of bone, tendon, cornea, skin and
heart valve allografts were present from samples obtained immediately after recov-
ering the tissue from the donor [2, 5, 7, 12, 13, 17]. Pre-processing microbial testing
is routinely performed by swabbing each piece of recovered tissue, placing the swab
into a transport medium, transporting the swab to the test laboratory, placing the
swab into a growth medium and incubation of the growth medium. Usually this
testing is performed to detect both aerobic and anaerobic bacteria and fungi. This
testing is required by some standard setting organizations [24]. Tissue banks estab-
lish acceptability criteria for the results of recovery cultures to determine whether
the tissue will be processed and sometimes to determine which processing steps will
be used.

Microbial contamination of recovered tissues is often detected even though the
donor has no evidence of infection while alive. Swabbing is the most common
method for testing recovered bone and tendons and bacteria of low and high viru-
lence are commonly found. Tissue banks report that 4-53% of recovered tissue has
bacterial or fungal growth [13, 25-44]. Most microbes were low virulent ones such
as coagulase negative staphylococcus. Tissue banks that recover hearts for produc-
ing heart valves sample the transport media by filtering it prior to processing and the
filter is then incubated thus increasing the sensitivity of detection. Pieces of recov-
ered skin are commonly tested by an immersion method. Depending on the type of
allograft, the finding of certain microbes can be cause for discarding the tissue or
determining what type of processing to perform.

Microbial contamination of donated tissues can arise not only from the recovery
site environment, from donor skin [40] and recovery staff during tissue recovery
but also because of the expected postmortem spread of intestinal microbes from
intra-luminal to extra-luminal sites through lymphatic and vascular structures as
part of the normal postmortem decomposition of the body. The epithelial mucous
membrane of the intestine is a very fragile barrier protecting a person from the
intestinal bacteria. This barrier breaks down easily after a person’s death and even
after short periods of hypotension or ischemia in living persons. This dissemina-
tion of endogenous microbes is called bacterial translocation [45-47]. It is likely
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that tissues recovered in deceased donors become contaminated in part through
this mechanism.

In an attempt to limit this source of endogenous microbial contamination, the col-
lection of tissue allografts from the cadaveric donor should begin as soon after death
as possible and the body should be refrigerated. Removal of tissue allografts from
cadaveric donors is completed by most tissue banks within 24 h of the death of a
cadaveric donor. Some professional standards require bone, tendon and heart valve
recovery to be performed within 12 h of death if the body is not refrigerated and
within 24 h of death if the body is refrigerated [24]. In some countries tissue banks
undertake tissue recovery up to 48 h after death of the donor. Delayed removal of
tissue from the cadaveric donor can possibly result in an increased contamination by
anaerobic and spore forming bacterial pathogens which are more resistant to disin-
fecting and sterilization procedures. Although there is some evidence for its support,
it is unknown whether the risk of post-mortem bacterial translocation increases
when donors have died from trauma, gunshot injuries or have undergone prolonged
cardiopulmonary resuscitative attempts, autopsies, and other post-mortem physical
manipulation.

The environment in which the tissue allograft is excised from the donor can also
have an impact on microbial contamination. Bacterial contamination can be min-
imized by ensuring that the recovery site is as clean as possible. Cleanliness of
the recovery site can be controlled by adopting recovery site suitability require-
ments [48]. Tissues are removed at various recovery locations: hospital operating
rooms, autopsy suites in hospital morgues and regional forensic medical exam-
iner facilities, funeral homes (mortuaries), and in dedicated tissue procurement
facilities at medical examiner facilities or tissue banks. Although not a consistent
finding by others, one study reported that prior organ donation and the location
of the procurement site are correlated with finding virulent bacteria on tissue allo-
grafts removed from cadaveric donors [49]. They found virulent bacteria on at
least one tissue in 58 (21%) of 275 donors and in 125 (3.5%) of 3,586 individ-
ual tissues. In contrast, non-pathogenic bacteria were found on 1,622 (17.3%) of
tissues.

Testing of Tissue from Living Donors

The most common tissues donated by living donors are femoral heads that would
otherwise be discarded during total hip arthroplasty surgery. Bacterial growth
on the surface of bone removed from living tissue donors is found less often
than on tissues removed from deceased tissue donors. Bacteria have been found
on 3.4-22% of femoral heads donated by patients undergoing total hip arthro-
plasty surgery [50-56]. Most reported contamination rates are 3.4-5.7% with
common low virulence bacteria consistent with contamination from air and skin
[50-54].
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Postmortem Blood Cultures

Blood samples from deceased tissue donors have often been obtained at the time
tissue is recovered and tested for bacterial and fungal growth. Positive postmortem
blood culture results have not been very predictive of infection as a cause of death
or predictive that recovered tissues will be contaminated by the same microbe.
Consequently postmortem blood cultures are not uniformly performed or required
by professional standards or governmental regulations.

Although the donors are not clinically infected at the time of death, postmortem
blood cultures are frequently positive with rates as high as 23% [32], 32% [25]
and 39% [57]. The majority of the isolates are low virulence bacteria, most often
skin contaminants. Coors et al. [57] showed that 13.8% were positive for virulent
bacteria, 25.6% positive for low virulence bacteria and that half of the positive blood
cultures were from skin contaminants acquired at the time of sampling. They also
found that the rate of positive blood cultures of deceased tissue donors taken many
hours after death was higher than that of deceased organ donors whose circulation
was intact and that the positivity rate was higher when the time after death was
greater.

Environmental Monitoring of Cleanrooms
Used for Tissue Processing

Severe meningitis in children, septic bacterial arthritis, and endocarditis with
bacteremia have been caused by allografts contaminated by bacteria acquired
during tissue processing from contaminated washing fluids and contaminated
locations within the cleanroom environment [5, 19-23]. The causative environmen-
tal bacteria were Ochrobactrum anthropi, Oerskovia turbata and Elizabethkingia
meningeosepticum. These cases illustrate the importance of microbial control in
cleanrooms.

Tight control over the operation of the cleanroom used for aseptic processing of
tissue and controlling incoming contamination with incoming materials and staff is
the primary safeguard against bacterial contamination of tissues during processing.
Careful aseptic technique, use of sterile equipment, supplies and reagents, routine
cleaning after use and microbial monitoring all contribute to preventing allograft
contamination during processing in a cleanroom. Monitoring for the presence of
microbes in clean rooms is also extremely important by documenting the pres-
ence and concentration of bacteria and fungi in the air and on smooth surfaces.
Other sources of contamination to monitor are walls and other surfaces with irreg-
ularities, seams and junctions or thick residues and moist water traps that can
retain microbes after routine cleaning and application of sanitizers, disinfectants and
sporicides.
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Cleanroom Classification

There are many factors that increase the chance of tissue becoming contaminated
during processing (Table 11.2). The use of cleanrooms for tissue processing is one of
the most important precautions for control of microbial contamination. Cleanrooms
are validated and classified based primarily on the cleanliness of the air which is
being used in the room. This cleanliness is estimated by the concentration of air-
borne particles. Most particles are nonviable but viable particulates represent living
microbes, bacteria and fungi (yeast and molds). Table 11.3 depicts the classification
of cleanrooms based on total particulate levels, including both viable and nonviable
particulates [58].

Table 11.2 Factors influencing microbial contamination during processing

Microbes in the air

Microbes on surfaces, drains

Microbes shed from staff and equipment brought into room
Contaminated solutions, reagents, rinses

Contaminated surgical supplies, equipment

Inadequate cleaning, sanitizing and disinfecting of the cleanroom
Inadequate tissue disinfection steps

Inadequate tissue sterilization steps

Errors during processing or sterilization

Insensitive sampling for final sterility testing

Residues of processing antibiotics interfering with final sterility testing

Table 11.3 Cleanroom classification based on allowable airborne particulate levels

Microbiological
Microbiological  settling plates,
active air, action levels
>0.5 um action levels (90 mm diameter, Approximate 209E

Class particles/m3 (cfu/m?) CFU/4 hours) EU grade equivalent
ISO 2 4 0 0 N/A
ISO3 35 0 0 Class 1
ISO 4 352 0 0 Class 10
ISO5 3,520 1 1 A,B Class 100
ISO 6 35,200 7 3 Class 1,000
ISO 7 352,000 10 5 C Class 10,000
ISO 8 3,520,000 100 50 D Class 100,000
ISO9 35,200,000 N/A N/A Room air

This table was compiled from the following standards: (1) ISO 14644-1; (2) Revision of the
Annex to the European Union (EU) Guide to Good Manufacturing Practice-Manufacture of Sterile
Medicinal Products, Jan 1997; (3) United States Pharmacopeia (USP) <1116>; (4) United States
FDA, Guidance for Industry, Sterile Drug Products Produced by Aseptic Processing — CGMP, Sep
2004; (5) Previous United States Federal Standard 209E
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Standards, best practices and industry trends create expectations as to the level of
cleanliness that is required for its use. It is common to have tissue processing clean-
rooms follow the same standards as medical device and pharmaceutical companies.
Cleanrooms classified as Grade A or ISO Class 5 (previously known as Class 100)
or EU Grade A or B are common for tissue processing in many areas of the world.
Cleanroom operating standards are found in United States Pharmacopeia (USP),
European Pharmacopeia, and International Organization for Standardization (ISO).
Regular testing and monitoring of airborne particulate concentrations is necessary
to ensure that requirements of the cleanroom standard are maintained.

Sampling of Cleanroom Air for Viable Particulates

In addition to air sampling for particulates to ensure that overall cleanliness and
air quality are maintained, sampling for viable particulates (microbes) which can
contaminate tissue allografts during processing is important. Both specific types
of microbes and concentrations of each type should be monitored. Results should
be followed to establish acceptable baseline levels and identify excursions above
these baselines. Airborne microbial counts are usually sampled by two main types
of devices; passive and active air sampling devices. Air samples provide an average
number of colony forming units (CFU) per unit of time or CFU per liter of air
sampled. This is called a CFU because what grew into a visible colony could have
started as an individual microorganism or a clump of microorganisms.

Passive Air Sampling: Settling Plates

Passive air sampling involves an agar plate left opened on a surface somewhere in
the cleanroom for a certain period of time, often 30-60 min or up to several hours.
Microbes settle on the agar and grow when incubated and colonies are counted. If
the plates are left open too long they may begin to dry and not support growth.
Settling plates are most commonly used, require little training, inexpensive to per-
form and easy to use but do not supply quantitative data as CFU per measured air
volume.

Active Air Sampling

In an active air sample, equipment of one type or another draws air from the clean-
room at a certain rate and passes the air by agar in a plate or strip. Air sampling
devices have varying degrees of efficiency at capturing viable microorganisms.
Centrifugal samplers spin an aerosol at a high rate of speed and rely on centrifugal
force to propel particles against a settling plate. Filtration devices collect viable
particles by impelling air against a filter, such as gelatin membranes or cellulose
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fibers, that can then be placed onto agar for enumeration. Impingement devices
entrap microbes in a liquid medium as air is transmitted through the fluid. Impaction
samplers use a vacuum to draw microbes onto an agar surface.

Results are usually provided in CFU per liter, per cubic foot or per cubic meter
of air. The benefit to this approach is that the air can be drawn from a very specific
location in the cleanroom. For example, air can be drawn from a specific HEPA
filter or adjacent to a piece of equipment which causes turbulence in the air flow
(e.g. a bandsaw).

Sampling of Cleanroom Surfaces for Microbes: Contact Plates

Surface sampling can be performed using contact or “RODAC” plates (a trademark
name for Replicate Organism Detection And Counting) which are Petri dishes con-
taining a sterile agar growth medium that protrudes above the sides of the plate so
that it can be touched to flat, regular surfaces. Microbes on that surface will adhere
to the agar and grow upon proper incubation providing a quantitative result of the
number of CFU on the surface. When RODAC samples are taken in a class 100
(grade A, ISO 5) cleanroom, it is common to set an alert level at 1-2 CFUs. In class
10,000 (grade C, ISO 7) areas, the alert levels are usually 5-10 CFUs and in class
100,000 (Grade D, ISO 8) areas, most have set the alert levels at 25-50 CFUs.

Contact plates are easy to use and are widely available but may not be appropriate
for irregular surfaces, where swabbing will be needed. If disinfection of the surface
has recently occurred it is critical to assure that the disinfectant has completely dried
prior to performing the sampling. The agar used in this testing often has a neutralizer
mixed in to counter any residual disinfectant which may be on the surface being
sampled.

Sampling of Cleanroom Surfaces for Microbes: Swabbing

Swabbing is performed to obtain surface microbial counts from irregular contoured
surfaces as well as tubing, equipment and drains. After sampling, the swab is either
vortexed in a tube of sterile fluid followed by testing of the fluid or the swab is
simply streaked onto an agar plate after swabbing the surface. Of these two, the
former is the better approach but does require additional equipment and training.

Sampling Locations

No standard will specify exactly which areas of a cleanroom should be monitored
for viable microbial counts. Generally common sense will dictate the critical areas
of the cleanroom and those are where the monitoring should occur. Normally mon-
itoring should be performed in all areas where there is direct interaction with the
allograft tissue, at least initially. For example, if the allograft rests on a table top
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for some time it would be appropriate to regularly monitor that area for surface
contamination.

It is better to sample an excess number of areas during initial qualification of the
room or when implementing a new processing step until enough data is obtained to
determine which of the sites are the best indication of the general cleanliness of the
room. At that point it may be appropriate to reduce the quantity of sites to something
more reasonable for the long term.

Sampling Timing

There are two high-risk time periods for contamination to be acquired in the clean-
room environment and air and surface sampling for microbes should be performed
at times to consider these. Most important is the time period between when the
cleanroon is cleaned and disinfected and the onset of the active processing of tis-
sues by staff (immediately pre-processing). Staff entering the just-cleaned room can
riddle it with microbes and particulates that can shed from their entry and from the
supplies, equipment and tissues they bring into the room. These microbes are then
present during tissue processing. The second time is after processing has finished
and before the room is cleaned (immediately post-processing). Breaches in aseptic
technique can occur when processing is complete and staff are less conscious of
cleanliness.

Trend Analysis and Action Levels

In a cleanroom environmental monitoring program, isolates should be identified to
the genus level and if possible to the species level. The types and concentrations
of isolates are recorded and trends examined and identified. The routine review of
cleanroom microbial test results can identify virulent pathogens or a trend towards
increasing levels of contamination that may require corrective action. Action levels
are set to trigger a planned set of corrective actions to return the processing room to
acceptable limits as quickly as possible. Staff can promptly intervene when values
outside acceptable levels are detected to diagnose root causes and take preventive
action in order to ensure tissue allograft safety and to avoid harm to patients and
economic loss to the tissue bank. Exceeding the alert levels should also increase
sampling frequency in the affected area.

Final Microbial Testing of Allografts After Processing

Final Allograft Testing

Fatal and nonfatal bacterial and fungal infections were caused in recipients of car-
tilage, tendon and heart valve allografts that tested negative in final testing but
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nervertheless were contaminated [5, 7, 14—16]. These cases emphasize the impor-
tance of sensitive reliable final testing. Microbial testing of fully processed tissue
immediately prior to final packaging, often called final sterility testing, can be per-
formed on each allograft, each co-processed tissue or a predetermined quantity of
tissue at the completion of processing each batch depending of the type of tissue pro-
cessed and type of disinfection or sterilization steps used. This testing is performed
to detect the growth of aerobic and anaerobic bacteria and fungi (yeasts and molds).
Cardiovascular tissue is usually also tested for M. tuberculosis. As with other crit-
ical steps in tissue banking, final testing should be validated to ensure the method
reliably accomplishes that which is intended, including attention paid to sampling
method and bacteriostasis and fungistasis testing. If the allograft is not terminally
sterilized, each should be tested at the time of final packaging.

The purpose of final testing of the allograft is usually to demonstrate that the
individual tissue being tested is free of contamination by bacteria and fungi. Since it
is not a test for viral contamination, it cannot be accurately claimed to be a sterility
test which implies complete absence of viable microorganisms, including viruses.
Final microbial testing of the tissue allograft by itself is sometimes incorrectly
assumed to indicate that an entire batch or lot is free of microbial contamination
or has been sterilized. Final microbial testing alone cannot achieve this. Instead, this
is accomplished primarily by validation of the entire aseptic processing procedure
or sterilization process providing evidence that the largest expected bioburden can
be reliably sterilized with a SAL of 107°. Statistically it is usually not possible to
extrapolate the sterility of an entire batch by testing a few samples from that batch.

One shortcoming of final microbial testing includes falsely negative results that
have caused many cases of fatal and nonfatal transmission of bacteria and yeast
through cartilage, tendon and bone allograft use (Table 11.1). These false negative
results may be due to faulty sampling but more likely were due to inhibition of
microbial growth, usually by residual processing antibiotics, which must be over-
come in final testing. When final testing shows microbial growth, there should be
an investigation to look for failure of one or more of the tissue processing steps.
Clusters of positive tests with the same organism are especially important. In one
investigation, the positive results from final testing of several allografts was due to
use of contaminated water during processing [59].

Sampling Methods — Swab Sampling

Historically swabbing methods have been extensively used in the tissue banking
profession, mostly as a qualitative method for determining the presence or absence
of bacteria and fungi on tissue. Swab sampling is used for recovered tissue, for
environmental monitoring and for final testing. The advantages of swabbing are
that it is inexpensive to perform the test, requires minimal training and equipment
and that it has a long history of use. Its disadvantages are that the results can
be quite variable depending on the technician performing the swabbing, the type
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of tissue being tested, the typically low efficiency of recovering microorganisms
and that for most uses of swab testing, the data provides only the presence
or absence of recovered microorganisms (qualitative) rather than a quantitative
result.

Bacterial and fungal testing by swabbing of the bone and tendon tissue surfaces is
routinely performed by many tissue banks at the time of tissue recovery. The detec-
tion rate of bacterial contamination by swab culturing of the entire allograft surface
is much lower than if the entire bone had been immersed in culture media [30, 38].
The sensitivity of a swab method depends largely on the skill of the technician, the
percentage of the tissue which is swabbed, and the technique used to remove the
microbes from the swab for testing in the growth medium. These variables are
difficult to control consistently because they are largely human-based.

In the context of routine microbial surveillance of recovered tissue prior to pro-
cessing, swab testing, a non quantitative test, provides no assurance that incoming
contamination has not exceeded the capacity of a validated tissue disinfection and
sterilization process or will result in a safe allograft. Qualitative and quantitative
testing and process surveillance is needed for this assurance. Qualitative swab test-
ing of recovered incoming tissue has been used by tissue banks for other purposes,
such as a guide for rejecting tissue with highly virulent organisms. This can be
especially useful for allografts which are not able to undergo sufficiently strong,
validated disinfection or sterilization steps that can harm the viability, structure and
effectiveness of some allografts.

A properly validated tissue bank process does not exclude the need for good
microbiological control of incoming tissue. In contrast, it requires it and validation
provides an understanding of the ability of the process to remove or kill known quan-
tities and types of microbes. Thus, during initial process validation and regularly
thereafter, it is critical to document both the number and type of microorganisms
present on the tissue rather than just the type. Many factors can lead to unpredictable
bioburden of incoming recovered tissues (Table 11.4). Some studies have shown
that incoming tissue bioburden can be large, exceeding 1.6 million CFU per bone
allograft [60]. Swabbing lacks the capacity to determine if a positive result was due
to a single microbe or one million microbes on the tissue.

On the other hand, it possible to perform a modified swab test of tissue and obtain
an estimate of the number of microorganisms (quantitative) and validate its capacity.
To do this one must determine the efficiency with which the swab picks up all the

Table 11.4 Factors limiting the reliability of microbial testing of recovered tissues prior
to processing

Unpredictable bioburden due to postmortem translocation from intestine

Less that 100% efficiency of sampling method

Unpredictable staff performance in sampling

Sample storage and transport deficiencies

Sensitivity of microbial detection and identification testing

Swabs can miss high concentrations that can overwhelm the sterilization process
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microbes encountered on the allograft, and the efficiency with which one is able to
extract all the microbes from the swab.

To evaluate this, the tip of the swab is cut off and placed into a sterile extraction
fluid, an extraction of the swab tip is performed (often some type of shaking or vor-
texing), the fluid is filtered through a membrane filter (usually 0.45 pm), the filter is
placed onto an agar plate and the plate is incubated for growth. After incubation the
microorganisms which have grown are counted and documented as colony form-
ing units (CFUs). Even though this method cannot provide an exact number, it can
provide a good estimation of the initial number of microbes present on the tissue.
This method does require more equipment than a qualitative swab method in that a
membrane filtration system must be obtained. This method, and its validation, are
explained in ISO 11737-1 [61].

Swab Efficiency Validation

Swab testing generally has a low recovery efficiency. As low as 5% of the microbes
present on the tissue are captured on the swab, but efficiency values in the 80%
range and above have also been seen. By calculating the efficiency and using it as
a conversion factor, one can estimate bioburden from numbers obtained by swab-
bing. Validation of a quantitative swab method can be performed in one of two
ways: exhaustive rinse or inoculated product. In evaluating the swab recovery effi-
ciency using the exhaustive rinse method, a swab is first used on tissue then extracted
several times. It is common to perform this extraction three to four times. After each
extraction the extraction fluid is tested to determine the number and type of microor-
ganisms, as described above. The quantity of microorganisms which were removed
in the first extraction of the swab is compared to the total number of microorganisms
which was removed in all of the extractions. An example follows:

Extraction 1: 23 CFU
Extraction 2: 15 CFU
Extraction 3: 8 CFU
Extraction 4: 1 CFU

The recovery efficiency is calculated as the number of CFU Recovered on
Extraction 1 divided by the total CFU recovered for all extractions.

23/23 4+ 1548+ 1) = 23/47 = 0.489 or 48.9%

If performed using multiple technicians and over multiple days, operator bias can
be reduced and a valid recovery efficiency percentage determined. This provides a
value for the difficulty in removing microorganisms from the swab once they are on
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the swab. The other factor to determine is the difficulty in removing microorgan-
isms from the tissue. To determine this value using the exhaustive rinse method,
the same piece of tissue is swabbed multiple times, each time with a different
swab, and then the swabs are individually tested for bioburden, again as described
above.

One difficulty in use of swabs for bioburden testing is that it involves a com-
pounded recovery efficiency situation. To obtain the correct recovery efficiency
percentage for swabbing of tissue, the value for removing the microorganisms from
the tissue and the value for removing the microorganisms from the swab are mul-
tiplied together. Thus, if the efficiency of removing the microorganisms from the
tissue is 55.8% and the efficiency of removing the microorganisms from the swab is
48.9% (as above), the cumulative value is:

0.558 x 0.489 = 0.273 or 27.3%

This recovery efficiency can be used to adjust the microorganism count obtained
from a swab test of the tissue (e.g., when the bioburden count of 18 is found by swab
testing) using the following method:

Swab Bioburden Count/Recovery Efficiency = Bioburden Estimate
18 CFU/0.273 = 65.9 CFU (66 CFU) on the swabbed allograft

When the naturally occurring bioburden of the recovered tissue is low, which is
known to usually be the case, the inoculated product recovery efficiency method is
recommended. In this approach a known quantity of microorganisms is added to
the tissue, which is then swabbed, extracted, filtered, incubated and counted. In this
validation method, however, it is not required to perform multiple extractions on the
same piece of tissue or on the same swab because the quantity of microorganisms
added to the tissue is known. If the natural tissue bioburden is known to be low, and
if the correct microorganism is used for this test (one which is easily distinguishable
from typically occurring microorganisms on the tissue such as Bacillus atrophaeus)
it is usually not necessary that the tissue be sterile prior to the test. The calculation
of recovery efficiency in this case is as follows:

CFU Recovered / CFU Inoculated onto Tissue
46 CFU/61 CFU = 0.754 or 75.4% efticiency

The inoculated allograft recovery efficiency estimated by the method can be used
to adjust bioburden counts in the same way as the use of an efficiency value derived
by the exhaustive rinse method.
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Sampling Methods — Whole Allograft Inmersion and Extraction
(Bioburden Testing)

The whole immersion method usually provides a higher recovery efficiency than
swabbing and potentially can be designed to allow for use of the tissue after the test.
In this approach the tissue (a single piece or multiple pieces) is placed into a sterile
container and extracted in a sterile solution (similar to the treatment of the tip of the
swab described above). The solution is then filtered or tested in some other way, and
then incubated and counted.

For medical devices the extraction solution commonly used is 0.1% peptone
and 0.1% polysorbate 80 solution, also called Fluid D. These additives are used
to assist the microorganisms in maintaining proper osmotic pressure and allow for
good microbial growth (peptone) and to assist in removing the microorganisms from
the tissue (polysorbate 80, which is a detergent). If the tissue is to be used clinically
after the extraction, steps must be added to remove as much residue as possible and
determine what impact potential residues of this type may have on allograft effec-
tiveness and recipient safety. Alternatively, the extraction fluid can simply be sterile
water or buffer.

The immersion and extraction method provides more consistent data than swab-
bing because the variables are more easily controlled. The extraction method is often
a mechanical shake on a piece of equipment, which is not used in swabbing. This
method is more equipment and training intensive than the swab methods.

One issue which sometimes must be considered with this method is the buildup
of lipids extracted from the tissue and remaining in the extraction solution. This can
make the solution difficult to filter through a 0.45 pm filter. Filtration of multiple
aliquots of solution through multiple filters, or use of pour plate methods in multiple
plates can be used if this is the case.

Sampling Methods — Destructive Testing

This testing usually involves immersing the tissue into a microbial growth medium
and incubating for growth. At the end of incubation the test is scored as positive or
negative for growth (a qualitative test). It is common for this test to incubate for 14
days and to be tested using a medium specific for aerobic growth (e.g. trypticase
soy broth) and one for anaerobic growth (fluid thioglycollate medium). The test can
be performed using either tissue that ordinarily would be used for implantation, or
other tissue from the same donor, fully processed the same as the other tissue but
which could not be used for implantation (companion tissue or co-processed scraps
of tissue which are trimmed off of tissue to be implanted).

This test is very sensitive since the tissue itself is tested; there are no issues
regarding the ability to remove the microorganisms from the tissue. The disadvan-
tages are that the tissue must be discarded after this test and that it is qualitative, not
quantitative. Testing using this method is commonly employed for cardiovascular
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tissue which cannot undergo sterilization steps because its harmful effects on
viability and function.

Bacteriostasis/Fungistasis (B/F) Testing

Before relying on the use of a final test to determine whether a tissue is suitable
for release, bacteriostasis and fungistasis testing should be performed to ensure that
any bacteriostatic or fungistatic activity inherent to the allograft does not adversely
affect the reliability of the test. B/F testing verifies that any negative results are
due to the lack of viable microorganisms rather than being falsely-negative due to
something on or in the allograft which is inhibiting microbes from growing, e.g,
residual antibiotics or disinfectants used during processing. Typically this is demon-
strated by adding dilute cultures of bacteria and fungi (e.g., S. aureus, P. aeruginosa,
C. sporogenes, C. albicans, A. niger, B. atrophaeus) at less than 100 colony forming
units per mL to a container with the media and the allograft, and demonstrating that
those microorganisms can grow to a level where the media becomes turbid while in
the presence of the allograft. [62, 63].

Tissue processing commonly includes exposure to alcohols, peroxides, deter-
gents and antibiotics which can remain on the tissue as a residue. Following B/F
testing, tissue banks commonly prevent the effect of possible inhibiting residues
by diluting them with large predetermined volumes of culture media (amounts
determined by B/F testing) in the final testing. Another method to reduce the
possible effect of inhibitors is the use of additives in the sterility test media.
Among the more common additives are polysorbate 80, lecithin and sodium
thioglycollate.

Final Testing of Sterilized Allografts

Even though final sterility testing is commonly performed on representative sam-
ples of sterilized allografts, it may not be needed if sterilization validation was done
properly. A properly validated sterilization process will usually provide at least a
10~° sterility assurance level (SAL), which provides a one in one million probabil-
ity of finding a non-sterile tissue after the sterilization process. Using final sterility
testing to document that the sterilization process has worked properly would require
testing of one million pieces of tissue after sterilization. If only ten samples are
tested after sterilization and found negative, this data supports a mere 10~! SAL esti-
mate, which demonstrates a one in ten probability of a non-sterile tissue. Bridging
the gap between the demonstrated 10~! SAL and the desired 107% SAL by using
more final testing would require a million allografts to be tested.

Testing of allografts after they have undergone sterilization steps usually sug-
gests that appropriate sterilization validation has not been performed, and there
is a concern for the capacity of the sterilization process to properly sterilize the
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tissue. Following sterilization validation, final sterility testing can be replaced by
controlling the validated process. For example it requires use of indicators to ensure
that sterilization was applied and at a sufficient dose to achieve the desired SAL.
This is often either a spore strip (a biological indicator) for most sterilization types
or a dosimeter demonstrating that the proper dose of radiation has been received.
Biological indicators, dosimeters, controlled bioburden on incoming tissue, and ver-
ification that the sterilization process met specifications can assure that the process
was carried out as validated and that the selected SAL was achieved, even without
final sterility testing.

Process Validation and Sterility Assurance

Historically, it has been common for tissue banks to develop a tissue process-
ing method based on another tissue bank’s process with a good safety record and
demonstrated good function rather than by analyzing microbiological requirements
throughout the process. It was common to equate an effective process with the
results of the final tissue sterility test. A passing final sterility test was meant to
indicate that the entire process was under control and that the entire lot or batch of
the tissue was also sterile.

An improved approach taken by many tissue banks at developing a tissue
process that results in safe tissue allografts has been to inoculate tissue at the
beginning of the process with one or several types of microorganisms at high
titers, put the tissue through the entire process, and test for microbial growth at
the end of the process. Although this approach can provide some microbiolog-
ical information regarding the overall process, it cannot be termed true “process
validation”.

More recently, validation approaches which document the predictability and
reproducibility of the microbial reduction capability of the process are more com-
mon. In these approaches each step of the process is evaluated separately, such as
debridement and washing and the stepwise application of various disinfectants and
sterilants. Each of these sequential processing steps are evaluated from a micro-
biological reduction (log kill) standpoint, or are evaluated regarding effects on
maintaining tissue appearance, form and function.

Data from validation testing can demonstrate how to optimize a processing step
from a microbiological standpoint and a tissue function standpoint. Alternatively,
depending on the data, a step in the process may even be eliminated if it does not
provide sufficient benefit to the tissue. This stepwise validation analysis can assist in
determining appropriate processing ranges for variables such as time, temperature
or solution concentration. Process validation of this type can not only be valuable
in establishing the best processing method for tissue but also later for evaluating
excursions from normality which inevitably arise in the course of a tissue bank’s
life. Although proper process validation can be expensive and time (and tissue) con-
suming, the medium and long-term benefits outweigh the initial expense and time.
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Process Control Testing In Lieu Of Final Tissue Testing

True process validation testing can document the reliability of an improved disin-
fection or sterilization process that potentially allows for less relying on final tissue
sterility testing. Using this approach provides a tissue bank with information on
which of the various steps of the disinfection and sterilization steps of tissue pro-
cessing most affect the final microbiological state of the tissue. Each critical step
can be monitored or tested either instead of or with a reduction in routine testing of
tissue at the end of the process. This monitoring or testing may range from microbi-
ological analysis of a solution which has been in contact with the tissue to chemical
analysis of a solution pre and post exposure to the tissue.

Thorough process validation can demonstrate that process monitoring is actu-
ally a better representation of the microbiological state of finished tissue because a
greater quantity of samples can be tested. For example, microbiological testing of
three different solutions which come into contact with the tissue during processing
may represent the microbiological state of 100% of the finished tissue rather than
only 10% of the tissue batch or lot, as is the case if 10% of the tissue is tested post-
processing. In taking this approach one must address certain questions such as the
sensitivity of a rinse method rather than an immersion method, but these items can
be accounted for.

This approach may not eliminate all testing of finished tissue, but it can reduce
the overall quantity of tissue which may be destroyed in testing. Routine testing of
tissue at the end of processing demonstrates an uncertainty of the process to reliably
provide microbiologically safe tissue. It demonstrates a lack of understanding of the
capability of the validated process. With a careful understanding of the validated
tissue processing steps from a scientific standpoint, contamination of the incoming
allograft can be reliably eliminated. In a truly validated process, the safety which
the process provides is well understood. However, a validated sterilization process
can only be used if there is a thorough understanding of both the number and type of
microorganisms present on the incoming tissue prior to the sterilization step, both at
the time of initial validation and during the life of the use of the process as assured
by regular monitoring of the incoming bioburden levels.

Microbial Testing of the Tissue Allograft Immediately Prior
to Implantation

Some physicians have recommended culturing the tissue allograft immediately prior
to implantation because of the worry that the allograft could be contaminated. Most
tissue banks and tissue bank organizations do not recommend this step.

When the sampling is performed immediately before use, it takes days for the
results to be available and the test result has limited clinical use. Rarely, it may aid
in determining whether the allograft could have been the source of a postoperative
infection. Aho et al. [13] reported two deep bacterial infections during use of 63
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frozen unprocessed large bone allografts. Pseudomonas aeruginosa and S. epider-
midis were isolated from the allograft immediately prior to surgery and later from
the recipient site of infection. Both allografts had negative cultures at the time of
recovery from the donor and prior to frozen storage. Perhaps these negative results
were from inadequate sampling.

More often, a positive result from pre-implantation sampling can be a contam-
inant acquired from the operating room environment during sampling. A positive
result can also be of limited or no importance when the isolate is a low-virulence
bacteria or only a small quantity of bacteria is found and recipients who routinely
receive prophylactic antibiotics and antibiotic irrigation solutions intraoperatively
do not develop infections. Hou et al. [53] demonstrated that preimplantation test-
ing can give positive results for bacteria that did not cause infections in patients.
With the routine performance of pre-implantation cultures of thawed frozen bone
allografts, they found that 22(1.6%) of 1,353 implanted allografts had a positive
swab culture. Only four of these 22 patients (18.2%) developed infection. However,
the bacteria found in wound cultures of the infected recipients were different from
those found by the swab culture of thawed allografts except in one case. In this case
the wound culture grew Candida and the allograft swab grew a yeast-like organism.
Further testing was not performed to determine whether these coincidental findings
of yeast occurred by chance or represented a contaminated allograft.

Preimplantation testing can give falsely-positive results creating serious but
unneeded concern for patient safety and unneeded investigations and additional
antibiotics given to the patient. In one interesting study by Mermel et al. [64],
Comomonas acidovorans was found on four bone allografts when sampled imme-
diately prior to implantation in four patients. Later, it was discovered that reports of
bacterial growth were falsely positive and due to contamination of a water bath son-
icator used in the microbiology laboratory to prepare tissue samples and not actually
a contamination of the graft itself.

Summary

Microbial contamination of tissue allografts is a real risk and the use of micro-
bial testing for bacteria and fungi by tissue banks is important to contain this risk.
Microbial surveillance and monitoring includes testing of recovered tissues before
processing, testing of the processing room environment, and final testing of the tis-
sues. Careful validation of microbial reduction during each of the tissue processing
steps can ensure safer tissue allograft use.
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Chapter 12
Establishing a Quality System

Scott A. Brubaker

Quality is not an act, it is a habit.
Aristotle (384 BC-322 BC)

At the core of every tissue establishment’s philosophical and operational mantra
must be the concept of “quality.” Directed by an overarching quality management
system and supported by the quality program that controls and assures compli-
ance with established expectations, all employees of a tissue establishment should
embrace the essentials of a working culture that promotes quality. Tissue banking
professionals should understand that they must be advocates of quality because their
establishment invariably offers multiple services and has customers and stakehold-
ers at many levels; from donors and donor families to tissue banking coworkers and
colleagues, as well as suppliers of equipment and reagents, and transplant profes-
sionals and tissue recipients. A tissue establishment today can provide services that
are focused and limited (i.e., tissue recovery) or it can be a very complex operation
that performs work encompassing an array of functions (i.e., obtaining donation
consent/authorization; donor screening; infectious disease testing; tissue recovery;
tissue processing and testing, storage and distribution) and this may involve vari-
ous types of cells and/or tissue. Whatever donation role to which the establishment
decides it will commit, it must apply quality concepts to its operations because,
in countries where tissue banking is well developed, regulations have evolved and
require it. It should be understood, however, that the successful application of the
concept surrounding quality reaches beyond what regulations require. This chapter
offers the author’s perception of how this desire for the infusion of quality concepts
in tissue banking has evolved and why it now pervades the cell and tissue bank-
ing profession. Additionally, suggestions are given that outline how a tissue bank’s
leadership should embrace “quality” and support the establishment’s operations to
ensure exemplary tissue practice is developed, performed, and maintained. In con-
clusion, lists demonstrate how continuous evaluation of your processes can provide
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assurance your activities are reliable and under control, and how systems should
be developed to investigate failures and identify gaps leading to resolve and tak-
ing action to prevent recurrence. In tissue banking, exemplary practice is reached
by a metamorphosis that blends scientific knowledge with an assiduous attitude for
constant improvement. In essence, this provides a possible map for organizing your
tissue establishment and providing quality tissue banking services.

Quality Tools

Two icons of the quality movement must be mentioned because their teachings form
the basis that instill quality concepts into company management and the products
and services organizations provide. In the 1950s, Joseph Juran described how qual-
ity is important to a firm’s success. He later described a concept, called “The Juran
Trilogy®” [1] (see Table 12.1), which combined quality planning, quality control,
and quality improvement to form the foundation for managing successful opera-
tions. Also during this time, W. Edwards Deming described management methods
that were similar but he simplified continual improvement using easily embraced
actions: plan, do, check, and act. Both scholars described how this is an ever evolv-
ing process of managing while collecting, then analyzing, relevant information or
data that feeds improvement to both your products and productivity, including cost
control. Deming described a “System of Profound Knowledge” [2] (see Table 12.2)
that management should follow for long term success and he described “14 points”
[3], related principles that can support an effective business model.

Another teacher of total quality management and culture is John A. Woods and,
in 1998, he published “The Six Values of a Quality Culture” [4] (see Table 12.3) in
the fifth edition of the Quality Yearbook. He described that any business is a system

Table 12.1 Dr. Joseph Juran — “The Juran Trilogy®” [1]

Quality planning

e Determine who the customers are

e Determine the needs of the customers

e Develop product features that respond to customer’s needs

e Develop processes that are able to produce those product features

Quality control

e Evaluate actual Quality Performance
o Compare actual performance to quality goals
e Act on the differences

Quality improvement

o Establish the infrastructure needed to secure annual quality improvement
o Identify specific needs for improvement — the improvement projects
e Provide the resources, motivation, and training to teams
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Table 12.2 Dr. W. Edwards Deming — “System of Profound Knowledge” [2]

These interact:
Appreciation of a system

o Understanding the overall processes involving suppliers, producers, and customers
of goods and services

Knowledge of variation

e The range and causes of variation in quality and the use of statistical sampling in
measurements

Theory of knowledge
e The concepts explaining knowledge and the limits of what can be known
Knowledge of psychology

e Understanding concepts of human nature

Table 12.3 John A. Woods — “The Six Values of a Quality Culture” [4]

Value 1: We're all in this together: company, suppliers, customers
—versus “Everybody for him or herself”
Value 2: No subordinates or superiors allowed
—versus “The boss knows best”
Value 3: Open, honest communication is vital
—versus “Keep communication limited and secretive”
Value 4: Everyone has access to all information on all operations
—versus “Keep most information at the top, and share it only when necessary”
Value 5: Focus on processes
—versus “Focus on individual work”
Value 6: There are no successes or failures, just learning experiences
—versus “Success is everything, no tolerance for failure”

made of specific parts that interact and affect one another, and that the whole system
must be viewed to best understand how to manage intelligently by promoting quality
into the beliefs, values, attitudes, and behavior of employees and other customers. To
change behavior, a realistic approach should be considered. Each value supporting a
culture of quality is a logical extension of other values and the operations must be led
by management that sincerely supports quality practice throughout the organization.

While all six values seem idealistic, they are values that take advantage of what
each person in an organization has to offer and in understanding its structure as an
interdependent system. These values embrace attributes that work together and lead
to high quality operations: teamwork, loyalty, responsibility, personal identification
with company, empathy with listening, increased knowledge and understanding,
evaluation of process performance and improvement, and a positive attitude towards
learning from experiences. Successful communication with internal and external
customers that leads to process improvement is key to providing services that sup-
port your mission and goals. Understanding stakeholder and customer needs is
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essential for establishing the building blocks of your quality program. These qual-
ity concepts and others form the foundation from which standards and regulations
throughout many professions are now based, including cell and tissue banking.
Specifically, there is an expectation that we offer professional services that fulfill
the public’s wish to donate and this extends through our activities to the proviso
that we distribute safe and effective cells or tissue allografts for transplantation —
these hopes (the mission) can be met by effectively applying quality tools to your
tissue establishment’s operations like those described above. This is an expectation
of sound quality management.

A Sequential, Historical Perspective — Standards
and Regulations

Standards are principles that are developed, agreed upon, and published that delin-
eate values and expectations to achieve best practice. This is akin to reaching
established goals supported by good reasoning; a cookbook for attaining excel-
lence...or, high quality. For cell and tissue banking, the development of the first
edition of AATB’s Standards for Tissue Banking [5] (Standards) in 1984 estab-
lished the first formal publication of such best practices for our profession. This
first edition of published standards was borne from a fundamental element of any
quality program; written procedures. Provisional guidelines for proposed standards
were developed between 1978 and 1981 and these procedures described tissue bank-
ing operations as applied to various tissue types. Although these Standards were
published, a “procedures manual” was also issued (1986) by the AATB that con-
tinued to offer standardized methods for handling tissue. Soon, Technical Manuals
(1990-1992) were organized and released that described step-by-step procedures
to successfully accomplish tissue banking operations with an emphasis on process-
ing methods and donor screening. Eventually, elements of the Technical Manuals
were absorbed into the Standards and by 1996, the seventh edition, an evolution
occurred that reflected a new requirement to include “quality assurance and quality
control programs” and to apply this concept to all tissue banking functions. New
headings in Standards included: Records Management; Release and Transfer of
Tissue; General Operations (that included requirements for a procedure manual,
staff training and competency; safety practices; and for facilities and equipment).
These additions mandated a quality systems approach and resembled concepts
like those found in “good manufacturing practice,” or GMP, which had become
required of medical device and pharmaceutical manufactures in recent years. A rea-
son this transformation occurred to these voluntary Standards was because a handful
of AATB-accredited tissue banks had each been designated by the United States
(US) Food and Drug Administration (FDA) as a “manufacturer of a replacement
heart valve.” In the early 1990s, cryopreserved allograft heart valves had suddenly
become classified by the agency as Class III Medical Devices, the strictest device
classification. These tissue banks experienced the requirement of implementing
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GMP into tissue banking functions so it was logical to incorporate these concepts
into the Standards for all cell and tissue types, regardless of classification (or no
classification). Additionally, members of the AATB who were in key positions (the
President was Ted Eastlund, M.D., and the Chairperson of the Standards Committee
was Jeanne V. Linden, M.D., M.P.H.) had crossover involvement as blood banking
professionals. This is important because during this same time in the early 1990s,
blood establishments in the US began to experience an expanding federal oversight,
described in the FDA’s “Blood Action Plan,” [6] that applied quality systems to
blood banking operations; these are similar to those found in the pharmaceutical
industry. In response to these changes and to better serve their membership, the
AABB (formerly known as the American Association of Blood Banks) identified ten
Quality System Essentials (QSEs) as the minimum elements that must be addressed
in a quality system and began structuring the organization of its standards based
on these QSEs. This adjustment was evident with publication of the 18th edition in
1997 of AABB’s Standards for Blood Banks and Transfusion Services. Blood dona-
tion and the services offered that ultimately lead to safe transfusions for millions of
recipients bear many similarities to cell and tissue donation, banking, and transplan-
tation. The US FDA soon followed with the publication of a similar “Tissue Action
Plan” [7] in 1998 that described the eventual development of “good tissue practice”
which is described later as reaching publication in 2004.

Prior to the issuance of a majority of publications that addressed quality sys-
tems for cell and tissue banking, other professions had a history of applying these
concepts. As tissue banking professionals, we can apply knowledge gained from the
application of quality systems to the operations of these professions (medical device,
pharmaceutical). Because medical devices, pharmaceuticals, blood products, and
cell and tissue allografts all have human recipients in common, the importance of
controlling the safety and quality of these products is paramount. A recipient adverse
reaction could result in morbidity or mortality so it makes sense to require qual-
ity systems that should be built to avoid disasters. Prior to applying these quality
concepts to cell and tissue banking, publications aimed at manufacturers existed
including the voluntary standards issued by ISO, the International Organization for
Standardization. The ISO 9000 series of standards [8] for quality assurance and
quality management were first published in 1987 and had a dramatic international
impact due to their scope and rate of acceptance. This series of standards focuses on
processes, procedures, and practices and is applicable to all sizes and types of man-
ufacturing and service companies. Eventually, the ISO 9000 family of standards was
approved by CEN, the Comité Européen de Normalization, as a European Standard
covering quality management systems. Its current, main components are listed in
Table 12.4.

In general, quality management systems (QMS) should: (1) provide compliance
with regulatory requirements, (2) demonstrate a serious commitment to quality,
(3) provide safe products, and, (4) services and products should satisfy cus-
tomers. A QMS is comprised of (1) proper organizational structure; (2) delineated
responsibilities; (3) written procedures and processes; and, (4) necessary resources.
Management must be able to listen to stakeholders, keep them well informed so they
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Table 12.4 1SO 9000 quality management systems (QMS) family of standards [8]

ISO 9000:2005 QMS — Fundamentals and vocabulary

e Explains advantages of implementation, increased confidence and satisfaction, the mutual
understanding of terminology, requirements to audit for conformity, and guidelines for
standards development and personnel training

IS0 9001:2008 QMS — Requirements

e Describes management responsibilities, product and service realization, and use of
measurement and analysis, all of which lead to continual improvement and enhanced
customer satisfaction (this is the standard to which ISO registration is certified)

IS0 9004:2000* QMS — Guidelines for performance improvements

e Provides guidance and recommendations that focus on the achievement of ongoing
improvement, measured through the satisfaction of customers and other interested
parties (Note: the work plan by TC 176, the technical committee maintaining ISO 9004,
includes a plan to update this standard by August 2009).

can realize when improvements should be made, and personnel must be empowered
to make those improvements. A downfall of some organizations is that their depart-
ments, services, and/or suppliers work in “operational silos.” This isolation can be
non-productive and be a cause for errors, goals not being met, and dissatisfied stake-
holders. The concept is simple and applicable to cell and tissue banking operations
but successful application can be complex. There are many tissue bank operations
that are connected that include a variety of people performing specific functions
along the pathway that makes successful donation and transplantation possible. If
these folks work in functional silos, failures will occur that are most likely avoidable.
If professionals who perform sequential functions only communicate with whom
they have direct contact, the entire system may not be effective and anticipated goals
may not be realized. For instance, if donation laws are not well understood or edu-
cation about them is lacking, the public may not realize their options and this can
affect the end user clinician who will not have access to a sufficient amount of cells
or tissue allografts needed for recipients. Who is responsible for communicating this
information to the public? Is it only those persons who have direct access to poten-
tial donors or is it related to a wide variety of healthcare professionals who handle
donated cells and tissues (e.g., cell/tissue processors, health care management pro-
fessionals, surgeons that use allografts)? Is development of a referral process only
limited to the front line people who would look for possible donors or should other
stakeholders be involved and be visibly supportive? How are needs of end users (sur-
geons) or outcomes of recipients known to the tissue bank’s processing technicians
who decide what form the allograft will take? Tissue bank professionals who recover
and send tissue to another tissue establishment for processing should not only under-
stand the fundamentals of their functions but they should also be informed regarding
how the tissue can be processed, how it can be used, and be informed of specific suc-
cessful applications. Those who recover tissues should be educated in regard to the
expectations of colleagues who receive the tissue (e.g., control of contamination
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and cross-contamination, proper tissue wrapping and labeling, technical specifi-
cations, use of proper reagents and materials, maintaining proper environmental
transport temperatures, etc.). Suppliers should be aware that if they change spec-
ifications for equipment or reagents they provide to a tissue establishment, or if they
substitute an item for the usual one ordered, they must be certain these changes
are acceptable for their client (the tissue establishment). But, how can this be
controlled? Providing written agreements, contracts, and/or standard operating pro-
cedures that delineate responsibilities and expectations are helpful, but periodic
auditing is essential to monitor compliance. These links between performance of
functions and the extensive intercommunication that should occur to enhance the
overall understanding of stakeholder expectations, includes everything from dona-
tion to recovery and processing, through storage and use or other final disposition
of the cells or tissue. A tissue establishment’s well-developed QMS can iden-
tify and prevent these gaps and improve customer satisfaction both internally and
externally.

Other ISO standards describe QMS and can be helpful when applying a quality
system approach to tissue banking operations. One such standard is ISO 13485:2003
Medical Devices — Quality Management Systems — Requirements for Regulatory
Services that superseded EN 46001 and EN 46002 published in 1997 and ISO
13488 from 1996. The EN (European Norm) standards are only applicable to the
European Union but were very much liked by ISO so they were replicated when
developing this ISO standard and this harmonized them to an internationally rec-
ognized standard. These two EN standards are equivalent to ISO 9001 and 9002,
except they are specific to manufacturers of medical devices. This basic content also
made its way into the GMP regulations for medical devices of the US, Japan and
Canada. Quality system requirements mimic those of its related ISO 9000 family of
standards.

At about this same time, in 1996, the US FDA introduced Quality System
Regulation (QSR) for Medical Devices (§1271.820) with related requirements
at §1271.803 Medical Device Reporting, §1271.806 Medical Device Reporting
Corrections and Removals, and §1271.821 Medical Device Tracking. After rec-
ognizing specific needs, the FDA published: the Medical Device Quality Systems
Manual — A Small Entity Compliance Guide; Guidelines on Principles of Process
Validation; the FDA Worldwide Quality Systems Requirements Guidebook for
Medical Devices; and the Quality Systems Inspection Technique (QSIT). By 1998,
Canada issued similar medical device regulation but elected to refer to quality man-
agement and quality assurance standards such as ISO and equivalent standards of
the Canadian Standards Association (CAN/CSA-ISO 13485, and 13488). Similar
directions and requirements, all related to QSM standards adopted internationally,
eventually appeared in various global human tissue and cell regulations within the
next 10 years.

In 1997, the Treaty of Amsterdam mandated in Article 152 at (4)(a) that “The
council, ... ,shall contribute to the achievement of the directives referred to in this
Article through adopting: Measures setting high standards of quality and safety of
organs and substances of human origin, blood and blood derivatives; these measures
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shall not prevent any Member State from maintaining or introducing more stringent
protective measures.” As a “substance of human origin”” human tissues was included
in the plan to develop regulations for the communities of the European Union that
would be shaped by the European Parliament. This eventually led to development
and publication of the mother Directive for human tissues and cells, “Directive
2004/23/EC of the European Parliament and of the Council of 31 March 2004 on
setting standards of quality and safety for the donation, procurement, testing, pro-
cessing, preservation, storage and distribution of human tissues and cells” [9]. The
word “quality” appears thirty times in this Directive, and “quality and safety” appear
together twenty-four times. Quality Management is described in Article 16 and, at
a minimum, includes the following documentation for the quality system: (1) stan-
dard operating procedures, (2) guidelines, (3) training and reference manuals, (4)
reporting forms, (5) donor records, and (6) information on the final destination of
tissues or cells. Before this Directive was developed, there were mandates issued
in various countries that provided guidelines to promote quality for tissue banking
operations.

Since there are global regulations that designate products containing cells and tis-
sues as medical devices, it’s natural that tissue banks implement GMP-like practices
into daily operations. These are being developed and are called GTP (good tissue
practice). By way of US FDA tissue establishment registration regulations published
in 2001, if a cell or tissue graft is combined with another regulated product for its
application, or use is determined to be non-homologous [10], the combination graft
may be determined to be a biologic and must follow applicable GMP, or it can be
determined to be a medical device and, additionally, the medical device regulations,
including QSR, must be followed. These “product” determinations can classify a tis-
sue bank as a medical device manufacturer. This additionally supports the rationale
to institute a quality program concept into conventional tissue banking activities,
previously incorporated by AATB’s Standards in the mid 1990s. I should comment
that tissue and cell banking professionals are generally not amenable to referring to
allografts as “products” or “devices” and we don’t particularly care to be described
as “manufacturers.” Unfortunately, regulatory jargon that must be used trumps our
inherent application of an emotional, human dimension to our work. To use regula-
tory language demands that we have to adjust, but this doesn’t mean we have lost
sight of our morals or respect for humanity. The quality culture instilled in each tis-
sue/cell bank employee should include this respect and honor of donors, donation,
and future recipients.

The Australian Code of Good Manufacturing Practice (for) Human Blood
and Tissues [11] are regulations published in 2000 by the Therapeutic Goods
Administration (TGA) and contains GMP expectations for tissue banks. The
requirements for a Quality System are described and include: quality objectives,
organizational structure, monitoring systems, and management review. The Code
includes the elements of quality systems from the ISO 9000 series of standards and
applies these principles to blood and tissue banking. Similar to designations made
of human cell and tissue products by the US FDA, allografts can be regulated as
medicines or therapeutic devices, depending on their biological and mechanical
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properties, or their therapeutic purpose. Further regulations for human cell and
tissue banking are planned for development and publication by the TGA [12].

The next regulations to inject quality systems requirements into tissue bank-
ing activities were issued by the United Kingdom’s Department of Health with
publication in 2001 of A Code of Practice for Tissue Banks (providing tissues
of human origin for therapeutic purposes) [13]. It covered requirements for: (1)
Quality Systems; (2) Tissue Bank Facilities; (3) Responsibilities of Personnel and
Training; (4) Donor Selection; (5) Control of Tissue, Services, and Materials; (6)
Process Control; (7) Packaging, Labeling, and Transport; (8) Documentation; and,
(9) Special Considerations.

Human tissue allografts can also be classified “medicinal products” as was
adopted in recent years by regulatory authorities in Germany and Austria. This
designation surpasses requirements of the European Union (EU) human tissue and
cell Directives to be described later. In Commission Directive 2003/94/EC [14],
the rules governing medicinal products for human use in the EU are described and
require conformity with good manufacturing practice. Definitions for “medicinal
product” and “‘substance” can be interpreted as applicable to human tissues and
cells (see reference to Directive 2001/83/EC [15], and consider all revisions), but
specific references to human “tissue,” “cells,” or “transplant” is not made. One
of three Directives eventually published for human tissues and cells for transplan-
tation (Directive 2006/86/EC) references 2003/94/EC for specifications regarding
air quality standards in the processing area. For further guidance when interpret-
ing GMP requirements in 2003/94/EC, see Volume 4, EU Guidelines to Good
Manufacturing Practice, Medicinal Products for Human and Veterinary Use (see
revisions in 2005 and 2008) [16]. Chapter 1 describes requirements for Quality
Management and an addition in early 2008, Annex 20, describes Quality Risk
Management (QRM) as required within the quality system framework. This annex
corresponds to ICH Q9 guidelines for QRM that provide principles and a framework
for decision-making regarding perceived “risk.” It’s a useful quality improvement
methodology and it supports science-based decision making when evaluating risk.
ICH is the International Conference on Harmonization of Technical Requirements
for Registration of Pharmaceuticals for Human Use. It aims to maintain safeguards
on quality, safety, and efficacy, and regulatory obligations that protect public health
on a global scale. By applying this to tissue banking, QSM can be realized and offers
substantial controls. Persons responsible for Quality Management of a tissue or cell
bank should be informed and apply these concepts.

It must be described that the establishment of voluntary standards, and imple-
menting them into your tissue banking operations via policies and procedures, adds
much value to your quality system. As national regulations and other documents
have been produced that govern cell and tissue banking, regulators have relied on
the collective expertise of tissue banking professionals and have referenced pub-
lished “industry” standards that guided them in developing regulation. This has been
most evident in the US, Europe, and Canada. Professional standards and guidelines
have been produced as long ago as the mid 1980s (AATB) but other tissue and cell
banking groups have also issued standards that have guided their constituencies by
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providing guidelines and promoting safe practice and this has preceded government
regulations. This resulted in a system of professional self-regulation for over a dozen
years. From the mid 1990s through 2002, the following cell and tissue banking pro-
fessional associations have published standards: EATB (European Association of
Tissue Banks); BATB (British Association for Tissue Banking); AEBT (Asociacién
Espaiiola de Bancos de Tejidos, aka Spanish Association of Tissue Banks), EAMST
(European Association of Musculoskeletal Tissues); EEBA (European Eye Bank
Association); JACIE (Joint Accreditation Committee — ISCT and EBMT, these are
the International Society for Cellular Therapy and the European Group for Blood
and Marrow Transplantation); as well as one of the first standards-setting groups,
the EBAA (Eye Bank Association of America). The Council of Europe also began
to publish guidelines via “Recommendations and Resolution” documents in 1994
that led to the first edition in 2003 of the Guide to Safety and Quality Assurance
for Transplantation of Organs, Tissues, and Cells [17]. This guide is now in its 3rd
edition (2007) and thoroughly describes the need for a QMS. To assist all countries
where cell and tissue banking activities are developing and that might be without
regulatory oversight for it, the WHO (World Health Organization) convened meet-
ings in 2004 and 2005 of tissue banking experts from numerous countries. They
gathered to discuss global standards necessary for the development of safe tissues
and equitable and ethical access to donation and transplantation of cells and tissues.
These meetings produced two useful “Aide Memoires” for use by national health
authorities. In 2005 Key Safety Requirements for Essential Minimally Processed
Human Cells and Tissues for Transplantation [18] was published and in 2006 Access
to Safe and Effective Cells and Tissues for Transplantation [19] was made available.
Among other key elements, both documents promote quality systems and quality
programs. The importance to enhancing the safety of tissues and cells used for
clinical applications that has been provided by these associations/organizations via
publications of standards and guidelines cannot be stressed enough. On a global
scale, cell and tissue banking professionals promoted safety and quality long before
it was required by regulations.

Between 2004 and 2007, definitive, key cell and tissue regulations were pub-
lished in the US, Europe, and Canada. In 2004, Subpart D of the US FDA'’s cell
and tissue regulations (codified at 21 CFR 1271) was published and is a Final Rule
describing Current Good Tissue Practice [20] (CGTP) requirements. It contains a
description of “core CGTPs” that can directly control the introduction, transmis-
sion or spread of communicable disease and these include: Facilities; Environmental
control and monitoring; Equipment; Supplies and reagents; Processing and process
controls; Recovery; Processing and Process Controls; Labeling controls; Storage;
Receipt, predistribution shipment, and distribution of an HCT/P; and, Donor eligi-
bility determinations, donor screening, and donor testing. Additionally, it includes
functions that support this control and these are titled: Establishment and main-
tenance of a quality program; Personnel; Records; Tracking; Complaint files;
Procedures; Process changes; Process validation; and Exemptions and alternatives.
FDA now basically required in regulation what AATB’s Standards had implemented
9 years prior. It is interesting to note the differences between requirements found
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in CGTP versus those in Quality Systems Regulations (for products determined to
be “medical devices”) and similar requirements in Current Good Manufacturing
Practice (for products determined to be “biologics”). A dozen such differences were
listed as requirements found in CGTP that are not completely covered in QSR or
CGMP. The lists are found in FDA’s Draft Guidance for Industry: Current Good
Tissue Practice (CGTP) and Additional Requirements for Manufacturers of Human
Cells, Tissues, and Cellular and Tissue-Based Products (HCT/Ps) (1/16/2009) [21].
Among the list are these, which make sense since human tissues and cells are
a very different source material than metals and plastics (manmade raw materi-
als): all donor eligibility requirements; prevention of the introduction, transmission,
or spread of communicable diseases; prohibition on pooling; predistribution ship-
ment; HCT/P availability for distribution only after donor eligibility established;
and record-keeping for 10 years (and facility cleaning and sanitation records for
3 years). A related document, Guidance for Industry — Validation of Procedures
for Processing of Human Tissues Intended for Transplantation [22] was issued a
few years earlier (2002) due to FDA’s need to offer some instruction in response to
tissue allograft recipient adverse reaction reports linked to processing deficiencies
[23, 24]. Specifically identified was inadequate validation of microbiological cul-
turing techniques [24, 25]. Although the FDA’s Guidance lacked the instructional
detail needed regarding how to perform adequate validations involving human cells
and tissues, it did offer general expectations of FDA by describing that a tissue
establishment can obtain data to document the effectiveness of a procedure being
used to prevent contamination. These three examples are given:

Verifying full and proper implementation of a previously validated procedure
such as may be found in a technical manual of another organization, or

Conducting literature searches to demonstrate that the procedures implemented
are known to be effective in preventing the infectious disease contamina-
tion (e.g., Environmental Protection Agency-approved chemical sterilants for
laboratory surfaces), or

Conducting off-line or on-line challenges with indicator organisms, as appro-
priate, or evaluating the capacity of the manufacturing process to prevent
contamination during processing.

At this writing, the AATB has formed a task force that is developing guidance
covering all aspects of a “microbiological surveillance program,” which includes
specific guidelines for process validation and validation of culture methodologies
used for various human tissue types.

The landmark publication of Directive 2004/23/EC [9] in March of 2004
described, among other directions, requirements that a tissue establishment have a
quality system supported by an oversight of quality management. The quality mes-
sage is clear throughout the articles and there is a description that a “responsible
person” must be qualified and has responsibility for: procurement; testing; process-
ing; storage; obligations to the competent authority; and for implementing quality
management as described in various articles that include oversight of personnel,



202 S.A. Brubaker

inspections, procedures, regulations, third party agreements, technical requirements,
and handling serious adverse events and serious adverse reactions. The definition
of quality system is described in Article 1 at (d) that it “means the organisa-
tional structure, defined responsibilities, procedures, processes, and resources for
implementing quality management and includes all activities which contribute to
quality, directly or indirectly.” A definition for quality management appears in
Commission Directive 2006/86/EC of 24 October 2006 [26] and it “means the coor-
dinated activities to direct and control an organisation with regard to quality.” In
this Directive, a description of requirements are also made available in ANNEX [
that includes detailed directions on how to acquire and maintain a quality manage-
ment system and it covers: organization and management; personnel; equipment
and materials; facilities/premises; documentation and records; and, quality review.
Important quality-related definitions appear in Commission Directive 2006/17/EC of
8 February 2006 [27] as well, such as “validation” (or “qualification” in the case of
equipment or environments) and “traceability,” and it contains procedures as well as
selection criteria and laboratory test requirements for donors. Another Directive was
issued in late 2007 titled Regulation (EC) No 1394/2007 of the European Parliament
and of the Council of 13 November 2007 on advanced therapy medicinal products
and amending Directive 2001/83/EC and Regulation (EC) No 726/2004 [28]. This
regulation supplements the requirements of the mother and two daughter Directives
listed immediately above and is applicable to “advanced therapy medical products.”
Included in that definition are gene therapy products, somatic cell therapy products,
and tissue engineered products. It describes classifications for combination prod-
ucts, lays down further controls (labeling, post-authorisation efficacy) and requires
definitive regulatory review (evaluation of characteristics) for such products since
they are more than minimally manipulated and can have a non-homologous func-
tion when used. This is analogous to formal review and designation of such products
that is required by the US FDA.

During these years of developing tissue and cell regulations in North America,
throughout Europe, and in Australia, the International Atomic Energy Association
(IAEA) was developing their International Standards for Tissue Banks [29] and
it began to be referenced by tissue banking professionals in thirty countries
throughout the regions of Latin America and Asia/Pacific, the Middle East, and
in Africa. From the early versions of these International Standards for Tissue Banks
through to final publication in 2005, it contained a description for the need to
have a Quality Management System. Basic Elements of an Appropriate Quality
Management System were listed as: Organizational Structure and Accountability;
Documentation; Control of Processes (SOPs); and Record Keeping. These ele-
ments were described in great detail within the standards and there is direction
given to consult the ISO 9000 series of standards for Quality Management and
GMP. Quality Requirements (Quality Assurance, Quality Control Programme) were
also referenced. The publication in 2007 of the IAEA Radiation Sterilization of
Tissue Allografts: Requirements for Validation and Routine Control — A Code of
Practice [30] is of extreme importance in tissue banking on a global scale. The
entire document is dedicated to quality control recommendations for this technically
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challenging tissue treatment. Particulars regarding qualification, verification, and
validation are well described. The incredulous training programs related to these
documents that the IAEA funded and organized are truly some of the most success-
ful to date. The curriculum was offered via internet as well as face-to-face courses
with the possibility to acquire a university diploma. Today, the course is available
on compact discs.

Continuing with development of national regulations, in June 2007, Health
Canada published the Safety of Human Cells, Tissues and Organs for
Transplantation Regulations [31] in the Canada Gazette. A draft Guidance was
also released at this time and this was finalized in early April of 2009 as the
Guidance Document for Cell, Tissue and Organ Establishments, Safety of Human
Cells, Tissues and Organs for Transplantation [32]. The cell, tissue and organ (CTO)
regulations include a definition for “quality assurance system,” which is required. In
2000, Health Canada contracted with the Canadian Standards Association (CSA) to
facilitate the publication of National Standards designed to maximize the safety,
quality and performance of cells, tissues, and organs for transplantation. The
Standards Council of Canada has accredited the CSA as the standards development
organization in Canada, and CSA standards are referenced in parts of the CTO regu-
lations. The standards in CAN/CSA Z900.1-03 [33] describe the need for a Quality
Assurance Program, Quality Control, and oversight responsibility by Quality
Management. The need for standard operating procedures and control of records
is emphasized. And, specifically for tissues, in CAN/CSA Z900.2.2-03 Tissues for
Transplantation [34], responsibilities for final Quality Assurance/Quality Control
review to release tissue is described in some detail.

Significant Quality Projects

For 10 years, the AATB has organized and held an annual Quality Assurance
Workshop where quality issues specific to tissue banking have been presented and
discussed by professionals primarily representing quality program and regulatory
affairs departments at tissue banks. Practical, every-day topics (e.g., quality audit-
ing, training, performance measures, complaint handling, SOPs, etc.) have been on
the agenda with information sharing via open discussion and role-play that chal-
lenge individual perspectives. In recent years, this workshop has been co-sponsored
by the EBAA since ocular tissue and conventional tissues (bone, soft tissue, skin,
cardiac, vascular) encounter similar thought-provoking operational situations.

In Europe, the European Quality System for Tissue Banking (EQSTB) [35]
project began in 2004 and can be summarized by the following four specific
objectives it had:

1. Analyze standards or guides used in different European tissue banks and focus on
finding similarities and differences among tissue banks’ protocols. A recommen-
dation of standard operating procedures will be prepared based on the European
Directives for Human Tissues and Cells.
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2. Build a Tissue Registry through a multinational European network database.
Standardized data and protocols will be suggested to receive the same infor-
mation from different tissue banks regarding donor selection, tissue retrieval,
processing and transplantation.

3. To design and validate a specialised training model to be used for tissue bank
personnel that can become the approved education recommended by European
Union members. This model aims to be a method of qualifying personnel and,
finally, certify their knowledge.

4. To create a pilot model for European Accreditation of tissue banks based on the
concepts of European Directive 2002/0128 (COD) that establishes a comparable
national inspection and accreditation structure.

This comprehensive program was developed by dedicated, knowledgeable tissue
banking professionals representing many Member States and, after completing its
3-year course, was a success. It produced two essential guides:

The Guide of Recommendations for Tissue Banking [36] (2007) that covered:

Quality systems

Legal and regulatory framework
Standards

Quality and safety key points

And, the Guide for Auditing Tissue Establishments [37] (2007) that included
tools for:

Self-assessment
Internal audits
External peer audits
Third party audits

Another important Commission funded project that remains active is named
EUSTITE (European Union Standards and Training in the Inspection of Tissue
Establishments [38]). The primary objective of the EUSTITE project is to optimise
and harmonise the standards and methods applied by Competent Authorities in the
inspection and accreditation of tissue procurement and tissue establishments within
the EU, in compliance with Directive 2004/23/EC, Articles 5, 6 and 7 and its associ-
ated implementing directives. A secondary objective is to propose common systems
for definition, classification and reporting of adverse events and reactions that are
consistent with similar systems in other parts of the world. The project has four main
components:

e Achieving consensus on best practice in the inspection of tissue establishments;
e The development of practical guidelines for the conduct of inspections in tissue
establishments;
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e The design and testing of a training programme for inspectors in the field;
e The establishment of a pilot scheme for adverse event and reaction reporting and
management.

To date, this project has finalized publication of these very useful tools:

e The Inspection of Tissue and Cell Procurement and Tissue Establishments —
Guidelines for Competent Authorities (2008) [39]. It includes sections address-
ing Qualification and Training of Inspectors, Inspection Scheduling, Type of
Inspection, Conduct of Inspections, and Evaluation of the Inspection System,
plus multiple descriptive Annexes.

e Tools for Vigilance and Surveillance of Human Tissues and Cells (2008) [40].
It addresses: Roles and responsibilities in the Management of Serious Adverse
Events and Reactions in the European Union; Triggers for Reaction/Event
Reporting; Communication with stakeholders; Tools that assist with Severity
Grading, Imputability Assessment, and Impact Assessment for adverse events
and reactions; Reporting Forms; Evaluation of Vigilance Systems; and provides
Annexes.

The EUSTITE Project is unique and groundbreaking for the cell and tissue bank-
ing profession. Participants in our field should become familiar with the documents
it has produced and incorporate these quality systems into the quality programs at
tissue establishments everywhere.

Practical Applications of QMS and QC for Tissue Establishments

When reviewing regulations, standards, and guidance, the tissue establishment’s
“responsible person” is given the task to apply these concepts to her or his spe-
cific operations. This is not a small job and it is a big responsibility. Although one
person may be designated as “responsible,” the fact is that all employees must be
responsible. The quality culture concepts [4] described earlier apply and instilling
this culture is the responsibility of management. This is not to say that the estab-
lishment’s Quality Management is not ultimately responsible, but this person (or
group of managers) need(s) to thoroughly understand the interaction between the
operations for which they are in charge, how quality can change due to a variety
of influences, and be knowledgeable of inherent limitations. This is the concept of
Deming’s “System of Profound Knowledge [2].” Management is also expected to
be able to develop, control, monitor, and improve quality systems that specifically
relate to their firm’s functions (see The Juran Trilogy® [1]). Listings and tables fol-
low that offer examples of possible ways to apply QMS and QC to tissue and cell
banking functions. These are not intended to be all encompassing and applicability
can differ, but these lists can be used to evaluate systems.
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General Quality Management Responsibilities

Can include: (1) Active oversight of quality system/quality program; (2) Fiscal
responsibility, and (3) Future planning. Components of these responsibilities may

include:

(1) Active oversight of quality system/quality program (commitment to quality)
Organizational chart

* Defined responsibilities for Quality System Management
* Personnel: qualified, experienced, skilled, trained, competent

Establish quality policy and quality objectives
* Measurable objectives that meet policy; periodic review
* Suitability and effectiveness of QP (monitoring system)

* Develop and maintain Quality Manual

Ensure “quality” communication to and within the organization

* Define responsibilities and authority
» To appropriate levels
 Stress importance of the customer, regulatory, and legal requirements

Data collection and dissemination/sharing

e Audits, various measurements/monitoring, data analysis, complaints,
recalls

¢ Includes handling of serious adverse events/reactions (SAE, SAR)
* Continuous Quality Improvement and initiatives (e.g., CAPA)
(2) Fiscal responsibility (budget)
— Must show evidence of commitment to ensure proper resources

* Infrastructure/personnel
* Facilities, equipment, supplies; sufficient number of personnel; etc.

— Contracts

* Define expectations and responsibilities, include a detailed Quality
Agreement

(3) Future (strategic) planning

— Annual re-assessment of mission
— Organizational viability

e S-year plan
* Growth and development
e Plan in case of “disaster” (internal or external influences)
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Considerations for a Tissue Establishment’s QMS

e The Quality Program includes: the Quality Manual; regulatory compliance; master validation
and qualification plan; audit plan (internal and external); computer/software
verification/validation; identification of critical functions and establishment of performance
indicators for all critical operations; CAPA program; traceability of tissue from donation
through final disposition; and handling recalls

e Facility(ies) management includes: adequate size; properly equipped; good location;
maintained (cleaned, repaired); facility inspections and schedules; and performance of
environmental monitoring, where applicable, at designated intervals

e Personnel management: establishing qualifications; induction and ongoing training/re-training;
training manuals; competency documentation via performance audits/written tests; designation
of authorized persons for critical functions; thorough position descriptions; and, provision of
an adequate number of staff

e Equipment, supplies, and reagents: establishing specifications; qualification (equipment 1Q,
PQ, OQ* when indicated); maintenance (calibration, preventive maintenance); supplier
qualification; and systems management, such as: water, steam, ventilation, engineering,
irradiation

e Policies and Procedures: includes work instructions and availability to staff; document control;
change control; data handling (cover all relevant functions where possible)

e Third-party agreements (written contracts or other arrangements): responsibilities and
expectations of all parties must be clearly delineated; periodic quality audits of third parties;
and, inclusion of a “quality agreement” is desirable in every contract

Examples of Third-Party Agreements (Written Contracts or
Other Arrangements)

Suppliers
— Controlled selection process (supplier qualification checklist); set supply specifications
Services

— Donor referral

— Donor screening

— Consent/authorization

— Tissue recovery

— Tissue processing

— “Testing” (laboratories)- Donor: infectious disease; Tissue: cultures, quality measurements

— Instrument sterilization/tissue irradiation services

— Equipment setup, calibration, and maintenance: 1Q, OQ, PQ™* (refrigerators, freezers, alarms,
sterilizers, etc.)

— Biohazardous waste disposal

— Facility cleaning

— Transportation (tissue, or personnel)

— Distribution: import or export of tissue; recalls; intermediary establishments

*1Q, 0OQ, PQ = Installation Qualification, Operational Qualification, Performance Qualification
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Quality Control (QC) — Specific tests defined by the QA Program to be performed to
monitor recovery, processing, preservation and storage, tissue quality, and test accu-
racy. These may include but are not limited to, performance evaluations, inspection,
testing, and controls used to determine the accuracy and reliability of the tissue
bank’s equipment and operational procedures, as well as the monitoring of supplies,
reagents, equipment, and facilities.

From A2.000 Definitions of Terms, AATB Standards for Tissue Banking, 12th
edition, 2008

Tissue Establishment Functions or Practices That Could
Be QC’ed (Written Procedures Required for All Functions)

— Donor referral

— Consent/authorization

— Donor screening/evaluation (includes physical assessment)

— Donor testing— qualification of blood sample (check for plasma dilution), required tests,
approved test kits, qualified testing laboratory, are results shared as appropriate?

— Tissue recovery (procurement)/wrapping/labeling/transport

— Tissue receipt and acceptance/storage/quarantine

— Tissue processing/preservation/packaging/labeling/storage (monitoring)

— Tissue testing: culture results; quality results such as residual levels (moisture, calcium,
potency claims, etc)

— Facility controls — Environmental control or monitoring, etc

— Equipment maintenance including IQ, PQ, OQ*

— Quality Assurance Review — donor and tissue record reviews

Release of tissue from quarantine
Proper destruction of non-conforming tissue

— Distribution and transport of tissue
— Receipt of utilization/final disposition information
— Tracking donor and tissue from start to final disposition (unique ID/coding)

Examples of Tissue Establishment QC Programs

— Standard Operating Procedures (SOPs)
Contain instructions for steps, materials, and methods
Use a standardized format
Title, ID/numbering, signatures/reviews, goal, definitions, etc.
Includes safety precautions, when applicable
Describes relationship to other polices, procedures or work instructions, when
applicable
Must be readily available to personnel performing the functions/steps
Must be validated, when applicable (i.e., related to processing)
See “master validation plan”
May only need “full verification” that required materials were used, and expected steps and
methods were performed (documentation that procedure was followed as intended)
Assign tolerance limits to all of above
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— Microbiological Surveillance Program
Environmental Control and/or Monitoring
Designated intervals
Cleaning
Air quality: in-process and at-rest, counts for viable and particulate
Microbiological culturing
Validate culture techniques for each cell/tissue type
Ongoing bioburden monitoring program
Assurance of adequacy: sensitivity and specificity
Recovery studies: Bacteriostasis and fungistasis testing
Validate processing methods to determine SAL (Sterility Assurance Level)
Assign tolerance limits to above

— Records
Requirements:
Documentation made concurrent with steps performed

Complete, accurate, legible, indelible, secure/protected when stored, available/

retrievable
Retention time (10 years, 30 years)
Ensure traceability of tissue at all steps (recovery to final disposition)
Confidentiality of donor and recipient information
Types, related to:
Donor: referral, consent, screening, “testing,” family aftercare

Tissue: type, quantity, recovered, processed, preserved, packaged, labeled, culture
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results, “testing,” release, storage/monitoring, distribution, recalls, final disposition

Personnel: qualifications, staff training, competency evaluations
Facility: cleaning and upkeep

Equipment cleaning, maintenance (calibration)

Complaints, SAEs, SARs

Policies, procedures, work instructions

Activity logs/databases, tracking trending/performance indicators
Electronic records!

Security administration, user responsibility and accountability, change control,

validation vs verification

— Document Control

Require a uniform document format and identification system

Ensures consistency and avoids confusion

Require an approval system for documents prior to initial use
Periodic, planned, review system in place

Revisions must be easily identified (change/history file)
Maintenance of master files

Procedures, Forms

Labels

Type selected — appropriate adhesiveness/attachment to allograft during storage,

distribution and use
Anonymous
Grafts made available (aka design control file)
Control system that ensures current form version is being used
Implementation often based on completion of staff training
Documentation “rules” (e.g., corrections, legible, indelible)
Signature log (staff initials, signatures used for signing documents)
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— Quality Audits
Audit schedule/plan (frequency: periodic, annual, biennial, after change to a process or
of personnel)
Internal
All operations; performed by qualified person(s) not performing or responsible for
the work
External
Vendors/suppliers, contractors (e.g., entities that perform functions on your
behalf)
Third party: required vs voluntary and “public trust”

— Investigations of Complaints, Departures, Deviations, Recalls

SAEs (Serious Adverse Events; aka Errors, Accidents) — Controllable, uncontrollable
Investigation, root cause analysis, identify solution(s), perform impact assessment,
implement corrective and preventive action (CA/PA); monitor/verify effectiveness;
management review

SARs (Serious Adverse Reactions) — Controllable, uncontrollable
Recognition (vigilance), reporting (surveillance), investigation, resolution, corrective
action, report to competent authority

CAPA (Corrective and Preventive Action)

Note: Quality Program personnel are a demanding lot and they should be. Their systems checks are
critical parts of operations as a whole. Verification that all critical steps are completed as expected
and backed by proper documentation is a large task and is arguably required for consistent, success-
ful outcomes. Their questioning during an audit or otherwise, when undertaken in an inquisitive
but professional manner, should be portrayed and viewed as a point of learning for both parties.

Measuring Assurance and Expectations

Apply as necessary:

— Qualification = evaluation of equipment, reagents, materials, facility or
personnel (specifications and checks)

— Validation = evaluation of a process such as treatments, testing, or claims
(must show data)

— Verification = evidence the process was followed; evidence of process
effectiveness (documentation and QC)

Determining Critical Points of Tissue or Cell Processing

Evaluate your process. What requires controls (qualification, validation, or verifica-
tion)? This is used for your “master plan” that is described in your Quality Manual.
For processing, this can involve these steps:
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— Receipt of cells/tissues
o Specifications (use a checklist)
= Package integrity (shipping and immediate container)
* Transport conditions (temperature)
* Time limitations
= Labeling (identification code)
® Other specifications (documents, blood samples, transport media, etc.)
o Documentation
= Are specifications met? (accept or reject)
* Date, time, and staff making determination (based on policies and procedures)
— Storage
o Specifications (temperature controls, as necessary)
— Facilities
o Environmental controls
= Establish specifications/requirements, alert levels, limits
* Identify critical areas (storage, processing/packaging, further and different storage)
that require controls
= Establish environment classification/grade requirements (e.g., A,B,C,D)
* Develop maintenance and monitoring requirements (cleaning; temperature,
humidity, air quality (viable and particulate)
— Supplies/Equipment/Instruments
o Material/reagents (establish specifications)
= Determine adequacy (e.g., purity, grade, concentration) for intended use (e.g.,
packaging, labels, water, media, antibiotics, “consumables,” etc.)
o Equipment
= Storage devices, bandsaws, sterilization units, analyzers, “water systems,” etc.
e Perform installation qualification (IQ), operational qualification (OQ),
performance qualification (PQ)
o Instruments/Tools
* Drills, drill bits, brushes, scissors, scalpels, blades, forceps, calipers, etc.
e Quality (grade) and other considerations (e.g., sterilized if multi-use)
— Treatments (in-process controls)
o Chemical, physical methods
= Steps to inactivate or remove adventitious agents or “components’
e Irradiation, disinfectants, antibiotics, surfactants, etc.
e Decellularization, sonication, centrifugation, soaking, washing, cell separation,
filtering, etc.
o Preservation methods
= Freezing, lyophilization/dehydration, cryopreservation, vitrification, etc.
o Packaging method
= Sealing process
— Testing (in-process controls to evaluate treatments and facility controls)
o Microbiological surveillance
* Culturing methodologies (B&F testing, etc.); environmental monitoring;
cleaning/sanitization of equipment, tools/instruments, and working surfaces
o Quality (physical or physiological specifications)
= Residual moisture level, residual calcium level, BMP activity, tensile strength, cell
viability, etc.
* Claims such as: expiration date, sterility assurance level, antibiotic treatment,
cytotoxicity, residuals, potency
— Staff
o Qualifications, Training, Competency
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Future Considerations

Harmonization of tissue and cell banking regulations should be pursued by all rele-
vant authorities since global distribution of these tissue and cell allografts is a reality
and occurs regularly. This activity will only increase and expand as more countries
successfully develop cell and tissue donation and banking programs and discover
that surpluses can exist and more allografts can be shared. The health of patients
in need of allografts should not be adversely affected by inadequate supply due to
irregularities in regulations that do not, factually, protect them “more” and in real-
ity, may cause an unintended consequence. This is a form of the “precautionary
principle” gone awry. The intent of altruistic donation doesn’t carry the burden of
for whom the donation is used, but there is hope that the donation results in use.
Expiring safe allografts that could have been used is not anyone’s desire.

We know that successful quality programs can ensure a safe supply of tissue but
this is not only applicable to tissue establishments. Our mission to provide patients
with safe and effective allografts relies, in part, upon those who receive and use
them because they play a critical role with an expectation to properly store, track,
and prepare the cells and tissues we distribute to them. Quality concepts should be
applied by the professionals who offer or manage tissue services [41]. Our service
communities must work together to facilitate safe tissue handling.

Lessons we learn can be used to improve operations but they must also be shared
with our professional colleagues via discussions, publications, presentations, and
educational programs. You are encouraged to do just that.

Conclusion

An applicable, ending quote is one by Aldous Huxley (1894-1963), a prominent
humanist who described society’s misgivings:

That men do not learn very much from the lessons of history is the most important of all the
lessons of history.

In some ways, this, unfortunately, has proved to continue to be a true statement,
however, public expectation of the safety of tissues and cells is high and we must
not undermine this hope. In our profession, people can be intimately and profoundly
affected by our services. This demands that sufficient quality measures be developed
and implemented and operations monitored so we ensure stakeholder satisfaction,
which includes our own. In general, the donation opportunity must be offered (a
public right), it should successfully be carried out (correct moral conduct), and tis-
sue provided for clinical use is expected to be safe (do no harm). By successfully
applying this simple overview to tissue donation for transplantation, we can main-
tain the public’s trust. Establishing and following well-designed quality systems and
using the lessons we learn from applying this type of structure to tissue banking will
ultimately meet expectations of all internal and external participants. Tissue bank-
ing has evolved tremendously in the past half century and has amassed a proud and
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prestigious safety record, but we must strive to always seek improvements and this
can be reached best by cultivating an attitude of “quality” in everyday work and life.
Quality must be habit.

A Note from the Author

The author wishes to pay tribute and extend heart-felt thanks to Ms. Deirdre Fehily.
Tissue banking professionals are indebted to Deirdre for her exhaustive work in
the area of developing and promoting quality concepts throughout cell and tissue
banking operations in Europe. We should all be grateful for her numerous contribu-
tions that have positively impacted scores of unknown recipients and helped to make
tissue banking and transplantation safe. A chapter about quality in tissue banking
invariably includes an attribution to work in which she was involved.
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Chapter 13
IT System

Linda Lodge

An IT system can be defined as a technological solution comprising of the hard-
ware, software and documentation components necessary to deliver an IT service.
An IT system however is only part of the overall system. Operational processes and
procedures need to interface with the IT system to allow the IT system to work as
required and deliver the benefits.

In order to ensure an appropriate technology solution, operational requirements
for all elements of the system must be clearly defined.

Failure to consider all IT system elements may lead to significant issues with
usability, safety, quality, maintainability and cost. A lack of attention to detail at this
stage may result in a technological problem rather than a solution. In other words
rather than relieving an operational problem the IT system may simply change the
problem or indeed make it worse.

What Are the Operational Requirements?

Consider the operational situation. What problem(s) require a solution? What ben-
efits are sought? What processes is the IT system intended to provide or support
e.g. donor management, process control, stock control, patient management, data
analysis?

Ensuring that the operational requirements are fully understood and realistic, it
is essential that those preparing the requirements have a good working knowledge
of the business processes. It is important to get people from the right level, as those
from the wrong level will bring assumptions rather than facts.
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Fig. 13.1 High level process diagram

There are a number of sophisticated tools and techniques for determining, map-
ping and analysing operational business process and countless books available on
the subject however in it’s simplest form, a step through of every task and action
performed, noting who does what, with what, when, where, why and how can prove
to be an enlightening experience. Figure 13.1 shows a simple high level example of
the Donor Registration Process. Detail can be added to achieve the required level of
understanding for each process.

This exercise can be very useful and often highlights flaws in the existing process.
It is possible that the solution for some problems may lie in a relatively simple
change to operational process. Remember if an operational process does not work
well on paper it will not work electronically. An IT system will not correct a flawed
operational process.

Another potential benefit that can be gained from the operational business pro-
cess mapping is the basic creation of Standard Operating Procedures (SOPs). As
the processes are mapped it is possible to highlight the IT system user interfaces
and develop the procedure that should be used by the user when operating the
system.

Why Use an IT System?

Before deciding that an IT system is necessary consideration should be given to the
following questions:

e Are actions continually repeated e.g. test result input?
e Does the process require complex algorithms e.g. virology repeat test
management?
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e Does a significant amount of data have to be kept and retrieved e.g. donor and
patient details?

e Is all or part of the process prone to human error e.g. product code input?

e Are processes spread between departments or sites e.g. collection, testing,
storage?

If the answer to one or more of these questions is “yes” then a properly defined
and developed IT system could be part of an operational solution.

The Benefits of an IT System

An IT system has the ability to release significant operational business benefit.
Consideration should be given to the operational situation and what benefits are
desired. What are the priorities? Understanding the priorities will give a good indi-
cation of what is important in a suitable IT system. Potential benefits to a Tissue
Bank operation may include some or all of the following:

e End to mountains of paper records, susceptible to loss or damage e.g. donor and
patient records

e Rapid and easy access to structured donor and patient information at point of need

e Standardisation and efficiency of process e.g. multiple sites same process

e Reduction in transcription or translation errors e.g. use of barcode systems and
electronic transfer of test results

e Security, access control to sensitive data e.g. access levels associated with system
login

e Traceability e.g. donor to tissue to patient

e Ability to collect, index, search and analyse significant amounts of data e.g.
operational and management reports

e Execution of complex protocols and algorithms e.g. virology repeat test manage-
ment

In fact it is considered that the operations of a modern tissue establishment
require most, if not all, of the above factors. They are essential for maintaining
the safety of the grafts and to comply with modern legislation. For example it is
a legal requirement (EU Directive 2004/23/EC) that traceability between donor
and recipient is maintained. Handling of laboratory results using manual meth-
ods are significantly prone to errors, particularly when handling large numbers and
the data is complex. Nowadays complex combined antigen/antibody tests are per-
formed along with nucleic acid methodologies. Complex algorithms are needed
to handle tissues and donors with repeat reactive results. The scope for error in
such situations is high and some form of automated data transfer and handling is
essential in my view.
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Developing the Operational Requirements Document (ORD)

Once the reasons for considering an IT system solution are established and under-
stood, the task of defining in sufficient detail the user operational requirements
document/specification to be issued to potential suppliers can begin.

Requirements should be developed in terms of functional and non-functional
requirements. Each requirement should be considered mandatory or non-mandatory.
Careful consideration should be given to mandatory requirements as over specifica-
tion in this area may exclude a supplier with a potentially excellent solution from
making a proposal. It is often better to describe the “issues” and invite suggested
solutions, the downside of this approach is that selection of the final solution can be
more difficult to finalise as the proposed solutions may be very different.

e Functional Requirements
Functional requirements are statements describing “what” the system must do.
A typical example in Tissue Banking is ““...must be able to register donor
details”. This requirement may be further expanded to detail what donor details
are required e.g. Name, DOB, Sex etc. and may even state a specific data format
e.g. Sex valid values = M or F. Consideration should be given to other system
data dependencies and where possible data definitions and formats should be kept
consistent e.g. date format.
e Non-Functional Requirements

Non-functional requirements define how the system should operate. These are
often forgotten as people get carried away with the possibility of new func-
tionality. Non-functional requirements are however critical to a requirements
specification if the system is to be usable within the Tissue Bank environment.
An example of a non-functional requirement is that *. . .a label must be produced
within 2 s of making the request”. A usable label may become unusable if it
takes 5 min to be produced from the printer. Typical non-functional requirements
are concerned with areas such as system accessibility, scalability, availability and
performance. It is also essential to consider operational growth and if there is no
other substantiating data in my experience a reasonable assumption is between 4
and 8% per year over a 7 year period.

Technology Solutions

In response to the ORD a proposed IT system will consist of a collection of different
technologies e.g. database management systems, data entry methods, data transfer
protocols. Within these technology groups a number of options may exist. All or
some may be advantageous in the Tissue Bank environment. Each option should
be considered in terms of meeting quality and safety requirements, system and data
integrity and interoperability with other systems and establishments.
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Barcodes

Bar codes represent data in a machine readable format which can be read and
decoded by a bar code scanner. The information is sent to the IT system where
it is processed and recorded. Barcodes provide a secure method of data transfer due
to the ability to make use of checksums and hierarchical data structures. Bar codes
reduce the risk of data transcription errors by reducing the amount of human data
keying required to enter the same data. They also reduce the risk of invalid data
being entered into the system.

There are two main types of barcodes available, linear and 2-Dimensional.
Within each type a number of bar code symbologies are available, each with their
own advantages and disadvantages. It should be noted that the bar code symbology
is only a vehicle to deliver a data structure. It is the ability to structure the system
data that is important.

Linear Bar Codes

Linear symbologies are read by laser scanners using a single sweep of a beam of
light from side to side across the barcode. Examples of linear symbologies in use
are American Blood Commission (ABC) Codabar [1] and International Society for
Blood Transfusion ISBT128 [2] (ICCBBA licenced [3]). ABC Codabar has limited
use and does not provide total uniqueness when used for identification. ISBT128 is
a more favoured symbology as it provides uniqueness and structures to incorporate
varying types of data.

2-Dimensional Bar Codes

2-Dimensional codes e.g. DataMatrix2D [4] are seen as an efficient method of deliv-
ering large amounts of structured data securely. The most common symbologies
use matrix codes featuring squares or dots on a grid and are smaller in size than
conventional linear codes.

Radio Frequency Identification (RFID)

RFID is a technology used extensively for tracking the movement of packages with
in the courier and retail industries. In healthcare this technology is used in some
areas however care has to be taken in the selection and use due to the potential
interference with other medical devices e.g. pacemakers [5]. While the potential
advantages of RFID in Tissue Banking for the tracking of products is attractive
the use of this technology in this environment is in its’ infancy. More testing is
required to understand the issues presented by storage at low temperature or in liquid
nitrogen.
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Electronic Data Interchange (EDI)

EDI is a set of standards for structuring information that is to be electronically
exchanged between systems and businesses without human intervention. The EDI
standards have been designed to be independent of software or communication
technologies and messages can be transmitted using any sender/recipient agreed
methodology e.g. modem, email. For Tissue Banking, EDI is commonly used for
transmitting data between laboratory test equipment and the tissue management
system.

Database Management Technology

A wide variety of relational database management systems are available e.g. Oracle
[6], Microsoft SQL [7]. Database management systems are designed to internally
manage the receipt, storage and retrieval of vast amounts of related data. Properly
used this technology has the ability to ensure data integrity is maintained dur-
ing operational use. It also has the ability to efficiently retrieve data ensuring
operationally acceptable system performance. Some IT applications will only run
on specific database technology while others can be run on a variety. It is also
fair to say that the costs involved vary significantly between technologies, their
implementation and support.

Selecting an IT System

In an ideal world there would be no constraints and selection of a system could be
justified in terms of the “best fit” for the requirements. Unfortunately very few estab-
lishments are afforded that luxury. Considerations of time, effort and cost must also
be justified. Therefore a well understood method of selection should be employed
and agreed prior to the ORD being issued to potential suppliers. There is no abso-
lute method for doing this however organisations usually employ a method of setting
selection criteria and applying a weighted score to each, based on the relative impor-
tance to the business. The proposal with the highest score is deemed most suited to
the needs of the business and therefore considered the preferred solution at this
stage. This system is not infallible, how well have suppliers understood the require-
ments, how well have you understood the proposed solution and implementation,
what other relevant information has it not been possible to factor into the selection
criteria? I would suggest that this process is used to inform the decision but should
not prevent other relevant factors being taken into consideration. For a complex set
of requirements it is not unusual for the scoring process to be repeated once sup-
pliers have had the opportunity to clarify some of the requirements and adjust their
initial proposals accordingly.
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During the assessment of a proposed system continually refer back to mandatory
requirements. It is very easy to get carried away by slick demonstrations of nice
to have functionality, especially where colourful graphics have been employed to
show differing views of mundane data. The assumption is that “you too could have
this with a simple press of a button”, I have yet to see anything that simple with
the ability to produce usable, meaningful results unless a lot of thought and effort
has gone into defining the requirement, developing the functionality and collecting
the data. While potential future requirements must also be considered beware of
additional functionality, you don’t want to be paying now for something that won’t
be used for 5 years.

Cost of an IT System

When considering and calculating the “true” cost of an IT system a number of ele-
ments need to be factored in. It is easy to miss (or ignore) significant costs that may
put an unsustainable strain on a tight budget. Longer term it may reduce or prevent
the expected return on investment being realised.

Costs should include all elements of system implementation. This should include
all on-going support and maintenance costs estimated over a 5-7 year period. It is
easier to think in terms of required functionality e.g. the ability to register a donor,
and therefore define the IT application part of the system. Defining the hardware and
operating platform requirements is a different matter. Some IT applications will only
operate on specific platforms and this immediately ties the purchaser to the platform
which may differ considerable from existing IT provision. Professional IT help,
understanding the non-functional requirements and any existing IT infrastructure
are essential.

If the IT application requires dedicated new hardware with a specialist specifica-
tion the initial cost of implementation may be considerable. Add this to potentially
specialist support and the on-going maintenance and very quickly the numbers begin
to add up and make the IT application less attractive.

On-going support and maintenance costs must be fully explored. Operational
requirements will change e.g. new tissues to be supplied, a new site opened, legisla-
tion changes, all of which have the potential to require changes to the IT system for
both software and hardware elements. Understanding how and where costs may be
incurred is vital when determining the “true” cost of an IT system. Some vendors
will compare very favourably on price for the initial supply but will tie the IT appli-
cation down so tightly that even relatively minor changes will have to involve the
vendor and carry a large price tag once the IT application has been implemented.

It is worth considering when selecting a system how much change can be user
controlled e.g. parameter driven test definition, versus what would have to be vendor
dependent. Bare in mind however the more user control the greater the dependency
on having sufficiently skilled staff to manage the system effectively.
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Operational growth is another area often forgotten. Ideally the IT system should
be sized from implementation to accommodate expected growth with little or no
additional cost implications. An understanding of the point at which operational
growth will incur substantial cost is an advantage as this can greatly influence the
cost of an IT system over its’ lifetime.

Failure to fully understand the implications in this area could result in a costly
system implementation that fails to meet operational requirements in a very short
period of time. Instead of supporting and benefiting operations the IT system could
be holding it back unless money can be found to pay the high cost of change.

There is no right or wrong in this area and individual situations will ultimately
determine what is done. The trick is to make sure that all elements have been fac-
tored in during the decision making process and the implication understood by all.

Implementing an IT System

The effort and time to implement a new IT system should not be underestimated but
sadly all too often it is. This is an area that vendors and users alike tend towards,
at best, optimistic, at worst impossible views and expectations. One of the reasons
that so many IT implementations are reported to overrun is that initial expectations
were unachievable from the outset. Even in a small Tissue Bank the effort can be
considerable and effort is not necessarily directly (or solely) related to system size
or complexity.

There is endless advice available on how to run a successful implementation in a
variety of settings. Michael Hawksworth [8] however describes 6 fundamental steps
that I think apply to any environment and fits nicely in the Tissue Bank environment.

e Define success
What does success look and feel like? What are the deliverables from the imple-
mentation? What other dependencies exist? Remember the operational require-
ment statements. If 80% of tissues can be labelled via the system is that success?
If a tissue from another establishment has to be relabelled to be accepted into your
inventory is that success? It is important to establish IT and other non IT factors
that may contribute to success and steps that may have to be taken to ensure
success e.g. adoption of an international coding method e.g. ISBT 128 already
proven within blood and tissue establishments, prior or in conjunction with the
IT system implementation. Establishing these criteria at the start will determine
the scope of the implementation and the dependencies that mean success.

e Set priorities
There is rarely one goal or a simple problem to be solved. The solution will
be required to solve a number of problems e.g. print labels, register donors,
electronically accept test results. While different individuals may see different
priorities it is wise to have overall agreement with regard to priority. Is the ability
to print labels with in 2 s more important than the ability to correctly link donor
to tissue?
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By setting priorities implementation can stay focused on what is important and
not waste time and money gaining an odd second in performance while forgetting
to ensure all patient identifiers are included.

This approach may also show opportunities for phased implementation. If the
most significant functionality can be implemented relatively quickly there is an
opportunity to release system benefits sooner. Less important functionality can
be added in future phases. This approach can help with the cost benefit analysis
and reduces the pressure on operational staff trying to cope with a new system
and maintain operational processing.

¢ Avoid modifications

There are different levels of modification that may be requested during an imple-
mentation. While some low level modification e.g. parameter configuration is
inevitable, fundamental modification to systems that require significant system
redesign or source code changes should be avoided. If the right application has
been selected redesign work should not be necessary. If a system can’t link a
tissue to a donor in a few steps, is it the right system for you? If the screen
background is grey and you wanted blue how important is it?

Changes at a fundamental design level are time consuming and costly and may
affect the overall integrity of the system.

Changes to system configuration are highly likely e.g. defining test codes how-
ever once the system has entered formal validation even these changes can have
significant impact on time, effort and cost.

e Prepare for change
While some people embrace change there are a large number who do not. It
is essential that end users and managers who have to make the system work
are involved from an early stage. If business process has to change to accom-
modate a new system then the earlier this is identified and communicated the
better.

Involve as many as possible from across the organisational hierarchy in defin-
ing requirements, validation and implementation planning therefore giving an
opportunity to participate and take ownership of their processes. Let people see
what is coming as soon as is practicable.

e Gain executive support
If the people at the top are on board and support the implementation it will be
easier to define success, get high level decisions, support during difficulties and
access to the resource needed to successfully implement.

Money and People

Often neglected is the amount of time required from operational people e.g. depart-
mental managers and users, during an implementation. Those who manage donor
consent, process tissue, distribute tissue are best suited to define requirements in
these areas and validate solutions and therefore should be consulted and involved
throughout development and implementation. This can require significant effort,
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make sure enough is available otherwise time to implement will increase and the
solution may not be the best it could be.

Who will manage the implementation? Vendors may offer the service but who
will manage the operational side of things. If you do not have someone with the
appropriate skill and experience then bringing someone in for the duration of the
implementation could be money well spent.

Physical Implementation

It is good practise to employ a structured approach to project management and
implementation. In Tissue Banking a risk based approach is necessary to provide a
GxP delivery e.g. Projects In Controlled Environments II (PRINCE2 [9]) following
Good Automated Manufacturing Practise (GAMPS [10]) Guidelines. Relevant com-
petent authorities will expect this level of control and structure to be demonstrated
during any post implementation inspection.

System Validation

A major part of any implementation is system validation. When planning an imple-
mentation an estimated 40% of overall implementation effort should be allowed for
validation.

Validation can be divided into different types of testing typically including
functional testing, load and performance testing and user acceptance testing.

Functional Testing looks at the system requirements and tests the functionality to
ensure that the ORD requirements have been satisfactorily met.

Load and Performance Testing applies operational load to the system in terms of
number of users and volumes of transaction and measures performance to ensure
that it is operationally fit for purpose.

Representatives from the business who will be using the system once imple-
mented should conduct User Acceptance Testing. This testing tends to select
potential “real life” scenarios which are run through the system and the results
examined to ensure that they produce the expected outcomes.

Validation will continue post implementation as changes are sure to be required.
It is essential from a GxP point of view that the validated state is maintained. If
possible it is recommended that automated testing tools are used to create test plans
and test scripts as these can then be easily maintained and reused throughout the
system lifecycle.

User Training
While early exposure to a system is beneficial, formal training can only realisti-

cally start once the system is stable and representative of what the final product will
look like.
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It is essential that users are sufficiently trained and have confidence in the sys-
tem and their ability to utilise the system in operation. If there are issues with user
training and confidence early running of the system may be problematic with users
making errors resulting in incorrect system usage. This can give an unrealistic view
of the system.

Managing an IT System

How an IT system is managed will determine the impact on Tissue Bank operations
and will in turn be determined by the expertise available to the Bank. If the Tissue
Bank is large or part of a larger organisation it may have the ability to host the hard-
ware and manage the system in-house. Consideration should be given to the effort
and costs involved in terms of suitable accommodation for hardware and commu-
nication links, skilled staff and system availability e.g. if the system goes down for
any reason over a weekend what would the impact be? In-house management needs
to be able to cover all aspects of the operational need.

There are vendors who will offer a “hosted only” or a “fully managed service”.
The terms and support vary from vendor to vendor. Hosted only typically means that
the vendor will “host” your application on their hardware and ensure that the hard-
ware supports the requirement. Fully managed service means that the vendor will
both host the hardware and “look after” the application with some kind of guarantee
in terms of quality of service.

The costs of each option need to be compared against the resources and ability
of the Tissue Bank.

It should be remembered however that even a fully managed service will require
effort for Tissue Bank staff. Someone must manage the service contract and deal
with any issues of service level performance. Also there are certain activities that
may still be retained within the Tissue Bank or at least require attention from time
to time e.g. new user account, password management, adding a new test code. It is
important that a level of operational knowledge of the IT system is developed and
retained because if the vendor or system changes for any reason the Tissue Bank
may find that it no longer has access to significant business knowledge.

Conclusions

I hope to have shown the importance of planning and the operational requirements
for establishing an IT system in a tissue bank. There is considerable thought that
needs to go into assessing the requirements and how an IT system best supports
them. Although there are financial implications and there has to be ongoing com-
mitment to the IT system chosen to ensure that it remains functional and up to
date, the benefits in terms of safety, GMP and traceability are very significant.
A dedicated IT system should be on the requirement list of any modern tissue
establishment.



228 L. Lodge
References

American blood commission (CCBBA) now (ICCBBA, see Ref 3)

International Society of Blood Transfusion. www.isbt-web.org

International Council for Commonality in Blood Banking Automation. www.iccbba.org
Data Matrix Data Matrix was invented by RVSI/Acuity CiMatrix, who were acquired by
Seimens AG in October, 2005 and Microscan in September 2008. www.microscan.com

van der Togt R et al Electromagnetic interference from Radio Frequency Identification
inducing potentially hazardous Incidents in critical care medical equipment. www.jama.com
Oracle Corporation. www.oracle.com

Microsoft Corporation. www.microsoft.com

6 Steps to ERP Implementation Success, Michael Hawksworth Jan 2007

PRINCE2 (PRojects IN Controlled Environments) is a process-based method for effective
project management. Version 2. www.prince2.com

10. International Society for Pharmaceutical Engineering (ISPE) Good automated manufacturing
practice version 5 (GAMPS). www.ispe.org

noR RN =

Rl )



Part V
Legal and Ethical Environment






Chapter 14
Regulatory and Ethical Issues

David Pegg

Introduction

Almost all medical care involves interaction between patients and health care
professionals: as a result, medical ethics are normally concerned with the rights
of the patient and the consequent obligations placed on those providing medical
care. However, the transfusion, implantation or grafting of human material involves
another group — the donors of the cells, tissue or organ — whose role is humanitarian
but non-professional. The discussion in this chapter will be very largely concerned
with the rights of this third group and the way in which those rights create obliga-
tions for the rest of society, including health care professionals and even the patients
who benefit from such treatment.

The nature and extent of human rights have evolved throughout history and are
now embodied in The Universal Declaration of Human Rights (UDHR) that was
issued by the United Nations on December 10th, 1948, just 60 years ago. In 1976
[1]. The International Covenant on Civil and Political Rights (which was based on
the Universal Declaration of Human Rights) entered into force and all who have
ratified this treaty are now bound by it [2]. Article 12 of the UDHR protects the
privacy, autonomy and dignity of the individual. Article 25 stipulates access to
medical care in order to ensure health and well-being. Treatments that involve the
implantation, transfusion or grafting of cells, tissues and organs are now able to
relieve many medical conditions and such treatment has become an intrinsic part
of modern medical technology. While giving patients the right to expect this form
of treatment in appropriate circumstances, the UDHR also insists that the participa-
tion of the donor must be freely given and not involve interference or pressure of
any kind.
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In this chapter I shall argue that there are three fundamental ethical requirements
that derive from the human rights of the donor and the recipient: the use itself must
be ethical; there must be valid consent to donation, actual use and any consequences
of donation; and there may be no harm or damage to, or degradation of the donor.

Ethical Uses of Human Tissues: Transplantation and Transfusion

In western society the therapeutic use of human tissue is, in itself, generally
accepted and so is the use of tissues for research or teaching. However, there
can be individual objections that usually derive from religious beliefs such as
those held by Jehovah’s Witnesses. There has been some debate within the Islamic
community focusing on concern that the donation process necessarily involves dis-
respect to the donor’s body. But the consensus among Islamic scholars is that
organ donation is not only permissible but is in fact desirable. Others may object
on a purely personal basis and although this is probably uncommon the right of
individuals not to participate in tissue transfer must be, and is, protected. Other
potential uses of human material, for food, clothing, ornament or entertainment,
are not generally accepted in western society. The borderline between entertain-
ment and education can be difficult to define precisely: the controversial German
anatomist, Gunther von Hagens [3] has dissected human corpses for public dis-
play: his audience is the general public, not medical students and whether this
transgresses the boundary between education and entertainment is debatable. Many
will find the practice at least distasteful but it should be noted that the new legal
framework does allow for the possibility of public display of human bodies or
body parts [See Human Tissue Act 2004, Schedule 1, Part 1, Purpose 5 is Public
Display].

The Crucial Nature of Consent

Consent is at the centre of ethical considerations of the transfusion or grafting of
human material. This centrality is derived from the concept of “the inherent dignity
and the equal and inalienable rights of all members of the human family. (UDHR)”
Human beings are not to be subjected to procedures without having given their
consent. According to the Shorter Oxford Dictionary, the word “consent” signifies
a voluntary agreement to, or acquiescence in, what another proposes or desires.
Thus, the giving of consent is a deliberate voluntary act based on an understand-
ing the issues involved. The writers of the Nuffield Council on Bioethics report [4]
argued that, because description can never be exhaustive and may be incompletely
understood, the terms “informed consent” and “fully informed consent” should be
avoided. To quote,
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The ethically significant requirement is not that consent be complete but that it be genuine.
Ensuring that consent is genuine is mainly a matter of care in detecting and eliminating
lack of consent. Both in law and in ethics, consent requirements are not met whenever any-
thing rebuts or defeats the presumption of consent. The ascription of consent is defeasible:
the presumption of consent can be defeated by any of numerous circumstances, including
violence, coercion, deception, manipulation, tendentious misdescription of action, lack of
disclosure of material facts or of conflicts of interest and the like.

The North American so-called “objective standard” of informed consent was
rejected by the House of Lords [5]. But, granting that complete understanding is
unattainable, it is nevertheless a requirement that the person giving consent has
sufficient understanding for all those involved to be satisfied that the decision was
soundly based. In this chapter the term “valid consent” will be used to describe such
consent. The essence of valid consent is that there may be no coercion or mani-
pulation of the person giving consent, and the person seeking consent must provide
a description that honestly attempts to meet the needs of the person who is being
asked to make the decision.

The Question of Ownership

Many situations that require consent do so because the person who is asked to give
their consent is the owner of the material or the process involved. Is ownership the
basis of consent in tissue grafting? There is a variety of attitudes to these matters
in western society as illustrated by the several letters to the Editor of the Guardian
newspaper that were printed on July 10th 1999 [6] under the heading “My body
belongs to me.” Some correspondents regarded their body as their personal prop-
erty to be dealt with in the manner of their estate . .. according to their will. These
wishes may include specifying a particular use of their tissues, or some characteris-
tics (religion; race) of the recipient of a graft. Others argue that when they die and
their body is no longer of any use to them, that it should become the property of
the community to be used for the greatest good of the greatest number — a sort of
“utilitarian nationalization of corpses”. However, the traditional legal position has
been that there can be no property rights in bodies or body parts and that therefore
there can be no requirements that are based on ownership. Confusingly, there have
been some legal decisions in which it was held that when tissue had been processed
in some significant way it then became the property of the person or organization
that carried out the processing. It is difficult to define an ethical basis for that view
and it would create all sorts of anomalies; an unprocessed femoral head would not
be the property of the Tissue Bank but a cryopreserved heart valve would. So would
tissue processed for histological examination, even though it has been conceded that
such tissue is not the property of the Pathology Department that processed it. But in
fact there is no need to invoke the concept of property; there is a distinction between
ownership and legal possession. (I am in legal possession of my library book but it
is the property of the library). Tissue Banks are in legal possession of donated tissue
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but are not, and do not need to be, its owner. The requirement for consent comes
from Human Rights considerations not ownership.

Living donors

Donors may be alive at the time of donation or they may have died. Tissue from
living donors may be incidental to a surgical procedure carried out for the benefit of
the donor, such as the replacement of a hip joint by a mechanical prosthesis which
incidentally makes the femoral head available for grafting. Alternatively the dona-
tion may have no therapeutic benefit to the donor but be a voluntary and deliberate
gift, usually to a relative, for example of a kidney or part of a liver. Living donors of
either type give consent for the donation and the specified use of their own tissues.
As we have discussed, valid consent is required for three separate aspects of tissue
donation; the act of donation itself, the use to which the tissue will be put and any
consequences of donation. The Human Tissue Authority independently scrutinises
all donations from living donors in order to ensure that donors are fully aware of any
risks they may be exposing themselves to and to ensure that there is no coercion.

Consent to Donation

Valid consent to donation requires a complete disclosure of the donation process
and of any risks or ill effects to the donor that could be associated with the act of
donation. This is particularly important if the process of donation is of no medical
benefit to the donor, as is the gift of a kidney.

Consent to Use

Valid consent to use requires a description of those features of possible uses that the
subject needs to reach a decision. A simple description should always be provided
of any of the following general uses that are envisaged:

e direct therapeutic use as a graft
e ethically-approved, academic medical research
e use by commercial medical entities

A leaflet giving more detailed descriptions may be available and should be
offered to the donor. Different donors will need differing amounts and types of detail
to reach a decision and the donors themselves should be helped to grade the amount
of detail that they receive. Sometimes there is no way of knowing at the time of
donation exactly what donated tissue may eventually be used for or when it will be
used. Where this is the case, donors should be made aware. If consent is to be sought
for research or commercial use particular care should be taken to provide sufficient
information. In particular, blanket consent to unspecified research is not considered
to constitute valid consent [4].
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Consent to the Consequences of Donation

Valid consent also requires that the donor understands and accepts any possible
consequences of donation. These include the discovery of infections that could have
implications both for the donor and others, and an awareness of the inevitability of
eventual disposal of all non-transplanted tissue. It is conceivable that a donor may
ask not to be told the results of virological tests, and consequently may be allowed to
make that stipulation at the time of donation. However, that would have implications
for third parties outside the donor/transplanter relationship and, with the exception
of the collection of anonymised tissue for epidemiological studies and the like, the
duty of care to the family of the donor requires that agreeing to be informed should
be a condition of donation. This may deny some potential donors the opportunity to
donate.

The policy of the organization concerning the disclosure to graft recipients of
the identity of the donor, and vice versa, should be explained. This assumes greater
importance if the donor is deceased and is discussed in more detail below.

Situations can arise in which it is impossible to obtain valid consent to donation
in sufficient time, which leads to the question, “Can retrospective consent ever be
valid?” Where the technical processes involve no more than ensuring that tissue
that had already been removed in the patient’s interest would remain suitable for
donation if the donor so wished when asked later, then it is difficult to see why
that would not be acceptable. Examples include the collection of cord blood after
delivery of a placenta or placing an excised femoral head in a sterile container.
In such circumstances donation would not be considered to have taken place until
valid consent was given; if consent was withheld, then the placenta and cord blood
or the femoral head would be disposed of in the normal way. But prior consent, with
adequate time for consideration should be the norm and there should always have
been a good and sufficient reason for not obtaining consent in advance and such
reasons should be recorded at the time.

Withdrawal of Consent

In many situations it is normal to allow a person an opportunity to withdraw their
consent — to provide time for “second thoughts” or a so-called “cooling off period”.
The Convention on Human Rights and Biomedicine stipulates, at Article 5, that any
intervention in the health field may only be carried out with the person’s consent
and that person may freely withdraw consent at any time [7]. This cannot be applied
literally to tissue banking, particularly in view of the differing timescales of dona-
tion and use. It is suggested that it is both logical and ethical to allow consent to
donation to be withdrawn up to the moment when the donation process commences,
but not thereafter. A gift is a gift and the donor should accept that gifts cannot be
reclaimed. The question then arises, “Can consent for use be withdrawn some time
after the donation?” It is obvious that consent cannot be withdrawn after transplan-
tation of a tissue graft or when a recipient has commenced treatment in preparation
for that specific graft, because that would interfere with the autonomy of an innocent
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third party. Nor can there be any basis in property rights (vide supra) for the donor
to withdraw permission for use of tissue that has been donated to, and is held by, a
tissue bank. It seems inescapable that permission for use cannot be withdrawn once
donation has taken place. However, the existence of accurate tissue tracking arrange-
ments means that it would not be difficult to comply with a request to withdraw such
stored tissue and it would be wise, without conceding any rights, for tissue banks to
comply with any such request.

Deceased Donors

The three elements of valid consent that apply to living donors also apply to cadaver
donation but with the fundamental difference that consent is being sought from a
relative with only indirect access to the wishes of the deceased donor. The crucial
question is whether the relatives are acting independently of the deceased or are
acting as proxy for him. It was the clear intention of both the 1961 legislators and
the 2004/2006 legislators of the current Human Tissue Acts, to give primacy to the
donor’s wishes and in practice it is rare for a family to object when there is clear
evidence that the deceased had chosen to donate. But most people do have powerful
feelings about the bodies of their relatives and the process of obtaining valid con-
sent to cadaver donation is necessarily and properly influenced by the attitude of
the acutely bereaved relatives. However, we must also be concerned that, when the
donor was a legally competent adult, his own wishes should receive proper attention.
It is true that a donor may not always fully understand what is involved in donation
when he completes a donor card or puts his name on the donor register. He may not
have discussed these matters within the family and nor may he have considered how
his relatives will react. The question then arises, “Do these considerations affect the
validity of consent?” In as much as the information was available to the donor if
he chose to seek it the voluntary registration as a potential donor would be valid.
Although only about 20% of potential donors carry donor cards, the card and the
register have great value in making the wishes of the deceased clear to the relatives.

The structure of the interview in which consent is sought should draw the atten-
tion of the relatives to the wishes of the deceased if those are known or can be
presumed. It is civilised and ethically sound to respect the last wishes of a fellow
human being and it is also true that some people object strongly to the possibility of
their relatives over-riding their wishes after death. Nevertheless, in situations where
the wishes of the surviving relatives and the deceased are in tension and it is impos-
sible to satisfy both, then the balance should be allowed to tip in favour of those
who are still alive, always providing that the relatives concerned have addressed the
issue squarely. It is also important to note that without the family’s cooperation it is
not possible to obtain a reliable medical and behavioural history.

The interview procedures in current use are very detailed and cannot reasonably
be criticised for withholding or limiting the information that is available to relatives.
On the other hand it may be asked whether so much detail is always necessary to
establish valid consent. One wonders just how much information relatives actually
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absorb, particularly concerning possible research uses of donated tissue when the
justification for the request may be difficult to explain in non-technical terms. The
demand from potential research users of tissue is already considerable, is increasing
and is likely to increase further, but at the present time, some up to 50% of relatives
do refuse consent for tissue to be used for research. In some cases a Research Ethics
Committee may have specified the extent of information to be given. It is crucial
that information be put across in a way that is understood and that each interview is
tailored to the needs of the individual relative. As with living donors, it seems good
practice to provide some of the more detailed information in a leaflet.

Accurate recording of consent is particularly important for cadaver donation
since the interview is not usually face-to-face but over the telephone. Voice record-
ing does not affect the validity of consent, which depends solely on the content of the
discussion between the coordinator and the person being interviewed. Recordings
can be valuable to both parties if subsequently there were to be uncertainty as to
what had been agreed. Training of the interviewer is very important and signed
“consent forms” that have been obtained by untrained hospital staff do not consti-
tute valid consent; they are dangerous because they may be taken as authorisation
for tissue retrieval by pathologists and mortuary staff.

Disposal of Tissue Obtained from Deceased Donors

Relatives are often concerned about what will be returned to them for burial and
this should be clearly explained. It must also be explained that all tissue that is
not transplanted, whether surplus tissue from processing, outdated unused tissue or
tissue that has been used for research, cannot be returned but will be disposed of.
Where relevant, the relatives should also be aware that the processes used in tissue
banking may necessitate the disposal of some tissue on several occasions over a
prolonged time period. At the present time such tissue is disposed of by incineration
as clinical waste and it may be that the practical realities of such disposal methods do
not meet the concerns of some relatives. The term “respectful disposal” is sometimes
used in this connection but the precise meaning is unclear. It is axiomatic that all
phases of handling donated tissue should be respectful and that includes eventual
disposal; the problem is that attaching the word “respectful” to the word “disposal”
may, for some, imply solemn ceremony which, to others, seems both unnecessary
and inappropriate. In view of its different implication, use of the word “respectful”
is perhaps best avoided in this context.

The Passage of Information Between Recipient and Donor

Blood transfusion is anonymous and so is most tissue donation. If the donor is
deceased it is common practice to send a standard letter to the relatives several days
following donation, thanking them for the donation that was made altruistically for
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the benefit of others. However, some of those involved, in organ transplantation
from deceased donors in particular, advocate giving limited information about the
recipient to the donor family: they argue that this gives a measure of consolation to
the donor’s relatives, helps the grieving relatives of the deceased donor and publi-
cises the benefits of transplantation to the general population. If information is to
pass between recipient and donor, this will be an important consequence of dona-
tion that should be declared at the time of obtaining consent. But this writer would
argue against such action. First, the donor family has no right to that information:
the donor family were acting as proxys for the donor, presenting the donor’s wishes
and not making an independent decision. In fact, giving such information can create
feelings of debt, obligation and guilt in the recipient and the donor family may want
to make and maintain contact with the recipient. The fact that a part of the donor
is still alive in the recipient’s body may actually make it more difficult to come to
terms with the death of the donor. There can also be problems in the flow of informa-
tion in the reverse direction — recipient to donor family. Accurate information may
not always be available, some transplants are unsuccessful and there is the practical
problem that tissue from a single donor may be used for numerous recipients over
a relatively long time. All these problems can be avoided by retaining the Blood
Service philosophy of anonymous, altruistic donation for the general good of the
community [8]. But if this policy should change, and recipient details be passed to
the donor family or vice versa, then those giving consent and those receiving grafts
should be made aware that they may receive or be asked to provide such information
at a later date.

The Law

Tissue Banking in the UK is controlled by The Human Tissue Act 2004. and Human
Tissue (Scotland) Act 2006 [9, 10]. These acts provide for the removal, storage or
use of human tissues subject to two conditions: that the purpose is a scheduled pur-
pose; and that appropriate consent (or authorization in Scotland) has been given.
The scheduled purposes are: determining the cause of death; establishing after a
person’s death the efficacy of any drug or other treatment administered to him;
obtaining scientific or medical information about a living or deceased person which
may be relevant to any other person (including a future person); public display;
anatomical examination; research in connection with disorders, or the functioning,
of the human body; and transplantation.

The Westminster Act carefully defines the appropriate persons to give consent as
follows:

Alive: His/her consent.

Deceased: 1f he/she had made a decision before death, his/her consent.
Otherwise, the consent of a person nominated by the donor during life, before
witnesses, to deal with this question, but only if it is reasonably practicable to
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communicate with this person in the available time. Otherwise, the consent
of a person in a qualifying relationship.

Incompetent: If he/she had made a decision while competent, his/her con-
sent. Otherwise, only if it is permitted under Regulations to be made by the
Secretary of State

Presumed: If human tissue that came from a living person who cannot be traced
or who has been consulted but will not make a decision, and if there is no
reason to believe that the person had refused consent, and if the proposed
use of the tissue is to provide medical information that is in the interests of
another person or persons, then the Human Tissue Authority may stipulate
that consent be presumed.

The concept of “presumed consent” is discussed below. Appropriate persons to
give consent for child donors are also specified. Also, the act provides a ranked list
of qualifying relationships, as follows:

(a) spouse or partner;

(b) parent or child,;

(c) brother or sister;

(d) grandparent or grandchild;

(e) child of a person falling within paragraph (c);
(f) stepfather or stepmother;

(g) half-brother or half-sister;

(h) friend of longstanding.

Relationships in the same category have equal ranking. Consent is to be obtained
from the person who has the highest ranking. If the relationship of each of two or
more persons is accorded equal ranking then it is sufficient to obtain the consent of
any of them. But any person’s relationship shall be left out of account if he/she does
not wish to deal with the issue of consent, or he/she is not able to deal with that
issue, or it is not possible to communicate with him/her in the time available. The
Scottish legislation is simpler, though probably no different in intent or practice.

The Westminster Act specifies offences and penalties. To proceed with a sched-
uled purpose in the absence of consent (unless the person concerned reasonably
believed that consent had been given) or to proceed with any purpose that is not
scheduled is an offence. Commercial dealings in human material for transplantation
are prohibited. The penalty may be a fine or up to 3 years imprisonment or both.
Existing holdings of human tissue are exempt from the need for consent. There
are provisions for dealing with museum collections of anatomical, pathological or
archaeological specimens and religious relics and other specimens that are more
than 100 years old. Most importantly the Act set up the Human Tissue Authority
to regulate the use of relevant human tissues for all the scheduled purposes and the
HTA covers Scotland as well as the rest of the UK for licencing purposes. However,
blood and anything derived from blood is excluded. The Authority is issuing Codes
of Practice and is inspecting and licensing premises. One of the Codes of Practice
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deals with the central matter of consent in a practical way. But it does specifically
state that “giving consent is a positive act. The absence of refusal is not evidence of
consent” (para 17). This is interesting in the context of the presumed consent debate.

Presumed Consent

The Department of Health in the UK has recently conducted a survey of opinion
concerning “presumed consent”. The argument is that there is a gross shortage of
organs for transplantation (true) whereas there probably are significant numbers of
potential donors who never become actual donors because they do not, for one rea-
son or another, sign the present opt-in donor register. One proposed action would
be to replace the opt-in register by an opt-out register. According to this philosophy,
consent is presumed if it has not been cancelled by an entry in the opt-out register.
It will be immediately apparent that this would conflict with para 17 of the Code
of Practice on Consent. In fact, the term “presumed consent” is an oxymoron since,
according to the Shorter Oxford Dictionary, “consent” is a voluntary agreement to
or acquiescence in what another proposes or desires. Since consent is a voluntary
act it cannot be presumed: there must always be a deliberate affirmative action by
the person giving consent. In fact, presumed consent is not consent at all! But a
more important point is that the role of consent in medical procedures has received
exhaustive ethical analysis, perhaps most precisely in relation to human tissues, by
the Nuffield Council on Bioethics referred to above [4]. There, it is argued that
the fundamental basis of the requirement for consent is the adage volenti non fit
iniuria — no wrong is done to one who is willing. The authors argue that genuine
consent is restricted to an act that is described in a specific way. Thus, there must
be an exchange of information that meets the requirements of the potential donor or
his relatives in order to establish that valid consent has been given. The absence of
objection can never guarantee that a potential donor is indeed willing to be an actual
donor. There may be many reasons for failure to register an opt-out, any of which
would render the presumption of consent unsafe: ignorance of the issues; miscon-
ception regarding the issues; inability to reach a conclusion; reluctance to cooperate
with Government schemes in general; laziness; forgetfulness; distraction. In fact,
the current trend is to extend rather than limit the rights of the individual to make
decisions that affect themselves; opting out would be a step in the reverse direction.

An important practical point is that there is no proof that adopting an opt-out
system would increase the supply of donors; if the public reaction was negative
it could even reduce the supply. Evidence from other countries is unconvincing
because there are always other confounding factors such as the number and mode of
operation of transplant coordinators. In practice an opt-out scheme would actually
operate as an opt-in system because the relatives would always have to be consulted
for safety reasons and if the relatives objected the donation would not take place. In
fact the experience in other European countries suggests that the adoption of opting
out in itself, has little effect on actual rates of organ donation. On the other hand
is strong evidence that the provision of an extensive and efficient system of organ
retrieval has a major effect.
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It is concluded here that changing to an opt-out system would be ethically ques-
tionable and an unnecessary affront to the rights of the individual. Common sense
suggests that an improved and extended transplant coordinator system and altered
attitudes in hospitals, as proposed in Recommendations 4 and 9 of the first report
of the Department of Health’s Organ Donation Taskforce [11], would do much to
increase the supply of tissues and organs for transplantation. To be effective this
would, of course, require considerable additional expenditure. The working party
has now produced its report which thankfully recommends the retention of the
present opt-in system . The Government has accepted this albeit with the fall-back
position hints from the Prime Minister that if the supply of organs for transplantation
does not increase they may he will want to look again at an opt-out scheme.

The humane resolution of the problem of an inadequate supply of tissues and
organs for transplantation may come from technical developments in tissue engi-
neering and the development of artificial organs and tissues. Improvement in the
supply of living, human material requires, above all, improved public education.
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