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Abstract

Background and Obijectives: Electronic medical records (EMRs) are often composed
of multiple interlinking systems, each serving a particular task, including transfusion
ordering and administration. Transfusion may not be prioritized when developing or
implementing electronic platforms. Uniform guidelines may assist information tech-
nology (IT) developers, institutions and healthcare workforces to progress with
shared goals.

Materials and Methods: A narrative review of current clinical guidance, benefits and
risks of electronic systems for clinical transfusion practice was combined with feed-
back from experienced transfusion practitioners.

Results: There is opportunity to improve the safety, quality and efficiency of transfu-
sion practice, particularly through decision support and better identification proce-
dures, by incorporating transfusion practice into EMRs. However, these benefits
should not be assumed, as poorly designed processes within the electronic systems
and the critically important electronic-human process interfaces may increase risk
while creating the impression of safety.

Conclusion: Guidelines should enable healthcare and IT industries to work construc-

tively together so that each implementation provides assurance of safe practice.

KEYWORDS
decision support, electronic medical records, patient identification, transfusion

Highlights

o Incorporating transfusion into electronic medical records may provide opportunities to
improve practice through implementation of decision support and robust patient identifica-
tion procedures.

e There are risks if implementation does not consider and integrate with local workflow and
culture.

o Guidelines should assist healthcare organizations and vendors to develop and implement sys-
tems to ensure electronic systems and their integration into clinical environments mandate

safe practice.
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INTRODUCTION

The transfusion of blood and blood products are common proce-
dures required in a diverse range of medical and surgical specialties.
Systems have been developed to improve the quality and safety of
blood transfusions. The integration of blood product administration
into institution-wide electronic medical record (EMR) systems has
the potential to improve safety. However, variability in electronic
systems and their integration into institutions may pose risks. Guid-
ance on how information systems should be designed and
implemented to retain and maximize transfusion safety can assist
software developers and institutions to build and maintain safe
transfusion infrastructures.

Double independent checking of patient identification and of
blood products is recommended immediately prior to transfusion
[1]. There is evidence for this approach from medication adminis-
tration, particularly where calculations of doses and rates are
required. However, it is acknowledged that the evidence base for
this approach in transfusion is weak. By contrast, the evidence sug-
gests that patient safety is improved with the use of electronics-
facilitated identification.

In 2019, transfusion practitioners of the Australian and
New Zealand Society of Blood Transfusion (ANZSBT) expressed con-
cern about the implementation of transfusion practices into EMRs [2].
Electronic systems were sometimes perceived as sub-optimal, being
mostly sourced from the United States with variable adaptation to
local healthcare systems. Frequently, serious concerns were raised
regarding the discrepancy between the expectations of clinician users,
what was provided by software vendors and the implementations of
these systems within institutions. Electronic systems may be pur-
chased as ‘solutions’, but their implementation must account for vari-
ances in clinical workflow practices and human factors, and integrate
into human systems.

Limited guidance creates difficulties for the implementation and
maintenance of information technology (IT) solutions. Vendors devel-
oping products may be unclear of the expectations and standards they
need to fulfil. Hospitals may inadvertently overlook the importance of
their own processes and human components of the system in achiev-
ing the desired outcomes. Both may underestimate the importance of
integrating clinical workflow practices and the need to invest to
ensure safe patient care.

For these reasons, local ‘Guidelines for the Implementation of
Electronic Medical Records for Transfusion’ were proposed by the
ANZSBT. A draft guideline was developed by the Clinical Practice
Improvement Committee, which was then subjected to widespread
consultation, including an online forum facilitated by the Australian
Red Cross Lifeblood. Through this process, common themes emerged
in different institutions regarding problems with IT solutions for trans-
fusion practice. It was apparent that practicing clinicians were con-
cerned that safety gains in transfusion may be lost and that despite
the best intentions, poor implementation could embed risk-prone
practices, leaving room for significant variability in the information

documented.

EVOLUTION OF MEDICAL RECORDS

Medical records are primarily used to record information about
patients so that healthcare practitioners can maintain continuity of
care serving as an aid memoire to individual clinicians and the transfer
of information to other practitioners. Although a blank paper patient
progress note serves this purpose with a high level of flexibility, an
organized platform for cumulative measurements, such as observa-
tions or fluid balance, enables clinicians to compare and detect
changes not easily seen among free text. Similarly, having specific pro-
cesses for recording medications or infusions provides a single loca-
tion to check treatments and alerts, improving prescribing and
administration safety in an institutional setting. The recording of infor-
mation also has secondary purposes, whereby it provides indelible evi-
dence of that episode of patient care. This may be for internal audit,
research, legal proceedings or for demonstrating compliance with clin-
ical standards.

With dedicated processes for recording certain information, insti-
tutions can standardize procedures around these to improve patient
care. In the case of observations, early warning systems to detect
deteriorating patients can be implemented by using the forms record-
ing data to help interpret and guide clinicians at the bedside [3, 4]. In
the case of transfusion, unique processes for prescription or adminis-
tration may be opportunities to ensure that consent has been
obtained, to remind administering staff of transfusion processes or to
detect and manage transfusion reactions. The medical record is there-
fore evolving to facilitate or enforce best practice to improve patient
care rather than simply record the events as they occur.

The development of EMRs has often involved harnessing these
benefits by individual clinical areas with technology tailored to their
particular needs. These may allow systems to be developed that opti-
mize specialty-specific functionality; however, procedures such as
transfusion, which cross many clinical areas, may not be well served.
Transfusion-specific software has therefore been developed [5, 6],
which may increase the complexity of the information systems
required in a work environment.

CURRENT GUIDANCE FOR TRANSFUSION
IN EMRs

In the United States, blood bank IT systems are regulated by the Food
and Drug Administration (FDA), whereas EMRs are specifically
excluded from FDA regulation [7, 8]. FDA advises that users validate
systems and not just their software [9]. The former includes the trans-
fer of information between software components and the integration
into the human environment. Despite concerns regarding the risks
associated with electronic prescribing of blood products, they are yet
to come under FDA oversight [10]. The Office of the National Coordi-
nator for Health IT provides certification of the technical require-
ments of EMRs, but they are unable to assess the safety of these
systems when integrated into clinical environments [8]. Outside the

United States, there is even less regulation or guidance. Japanese
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guidelines for blood product administration using EMRs have been
published and require double independent checking of blood products
prior to transfusion [11]. This may discourage the use of point-of-care
identification technologies, which have proven ability to reduce iden-
tification errors [6, 12-18].

OPPORTUNITIES

EMRs potentially enable access to patients’ clinical histories from mul-
tiple locations in an organized and rapidly accessible format, with data
access restricted by appropriate delegation. Information may be
recorded instantaneously and indelibly and accessed without the need
to trace paper-based notes. EMRs have been implemented in many
centres, and as technology progresses, their continuing adoption

appears inevitable.

Decision support

The provision of advice about the appropriateness of transfusion at
the time of request may be used to support best practice and has
been implemented in paper-based formats. Electronic decision sup-
port has also been used for transfusion prescribing, comparing the
clinical details, typically the haemoglobin concentration, with accepted
transfusion guidelines and allowing or requesting further information
before ordering blood [19-23]. Decision support should guide appro-
priate care but needs to be carefully implemented so as not to prohibit
practices that may be appropriate under some circumstances, or to
allow dangerous practices. These processes may be used to indicate
to prescribers when product modifications, such as irradiated or
washed products, are required. Linking this to comprehensive EMRs
opens the possibilities to improve patient safety, for example,
suggesting irradiation when there is a history of purine analogue pre-
scription or Hodgkin lymphoma, as situations where failure to irradiate
has been commonly reported [24].

Decision support may also be applied at the point of care to assist
in other aspects of transfusion, such as the investigation and manage-
ment of adverse transfusion reactions [25]. Paper-based systems may
already suggest appropriate investigations of suspected transfusion
reactions and these may be mirrored in electronic systems. There may
be opportunities in fully integrated systems to capture changes in
patients’ observations and suggest interventions [26]. The use of elec-
tronic systems in this way is not new to healthcare and has been used
in a variety of settings [27]. Bringing these quality management pro-
cesses into clinical transfusion practice offers potentially further

improvement in patient safety.

Identification safety

Incidents of wrong blood in tube are a significant source of error in

transfusion practice and have been refractory to many interventions
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[28]. Transfusion of blood to the wrong patient is an uncommon, yet
recurring, system failure. Both these events can lead to transfusion of
ABO-incompatible blood and the risk of acute haemolytic transfusion
reactions, and even death. Invariably, ABO-incompatible transfusions
result from human error. Electronic identification using patient-
specific barcodes or radio frequency identification may minimize
errors both at the point of collection and the point of transfusion
[14-16, 29, 30). Systems have shown reliability, and there are products devel-
oped primarily to verify patient identity and the blood product specificity for
patients. These systems may also help track blood outside the transfusion labo-

ratory and monitor time out of refrigeration.

RISKS
Patient identification

Correct patient identification is seen as a benefit of electronic sys-
tems, but it may also pose risks. Positive patient identification is
essential for safe transfusion practice and is an ongoing concern for
most transfusion practitioners [2]. It needs to be acknowledged that
electronic processes are not able to identify patients—only their iden-
tification bands. Misplaced wristbands are a well-recognized cause of
misidentification errors [31]. Positive patient identification must
therefore remain the first essential step in the process wherever pos-
sible. Relying on the wristband may transfer the site of human error
from the transfusion process to an earlier process, such as the admit-
ting person placing the wrong identification band on the patient.

Electronic processes may also fail. Wristbands may become wet,
worn or displaced [32]. The implementation of EMRs needs to include
clear guidance on how electronic process failures are managed.
Where systems, such as barcode scanning, are overridden or
bypassed, this must be acknowledged and additional safety measures
may be required to establish and record patient identification. Ideally,
process failures should be tracked, and causes investigated and
addressed.

Feedback from end users during our consultations highlighted
specific examples of risk. Patient identification was assumed by clini-
cians using one system that had no linkage between the EMR and the
transfusion laboratory information system [2]. In this process, a blood
bag barcode was scanned to record it as transfused within the EMR.
This was misconstrued by clinical staff, thinking it had electronically
verified that the laboratory had issued to the patient. As the electronic
process had no capability to do that, it created a risk with the manual
independent check seen to be unnecessary.

Another institution reported concerns about sample identification
in the emergency department where long-standing processes had
developed for nurses to place a cannula and collect blood before a
medical practitioner had requested investigations. Samples were being
taken unlabelled to a central area to print labels, which was a common
cause for wrong blood in tube collections. An electronic ordering pro-
cess with label printing at the patient’s side was proposed; however,

examination of the workflow suggested the electronic system could
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increase errors, as no labels would be available because they are
printed only for tests already requested. Similar issues arise when
labels are not immediately printed at the point of collection or when

scanning and printing devices are not taken to patients in isolation.

Multiplicity of systems

The different vendors of EMRs who include patient-side blood trans-
fusion checking processes have different strengths and weaknesses
that institutions need to consider, both in the software and support.
Where a transfusion package is implemented in conjunction with a
revised EMR, the transfusion component may only have a single func-
tion and ensuring safe transfusion practices may not be prioritized
among other EMR features. This highlights the need for an accepted
minimum standard for all systems.

Within hospitals, there may be multiple systems used in different
departments, as each clinical unit seeks electronic systems to optimize
their own workflow using vendors specializing in their field. Further-
more, even when a software vendor is the same, there may be differ-
ences in the way it is seen and operates between institutions. For a
health workforce that is mobile between facilities, this may create
confusion. A particular software package could be interfaced to the
laboratory information system in one institution and not in another,
for example, creating differences in how transfusions are administered

through the software.

Alert fatigue

There is an advantage in electronic systems being able to detect
potential errors or risks and alert the user; however, excessive alerts
may lead to staff dismissing these as routine [33, 34]. Importantly, the
alerts do not have to relate to transfusion processes to induce
reduced attention to issues during the transfusion process. Setting
alert levels to draw attention to appropriate risks may be difficult.
There is no standardized approach, and it requires ongoing review
[34]. For example, in medication prescribing, theoretical drug interac-
tion alerts based on pharmacopoeia-reported interactions are com-
mon even with combinations that are known to be safe. Too frequent
and irrelevant alerts were implicated as a source of misidentification
error in our feedback, as was practitioner bias. Having selected a
patient (unwittingly incorrectly) in the electronic system, the alert was
interpreted as ‘not logical’ and ignored [2]. Affected healthcare pro-
fessionals suggested that critical processes should have barriers to

progression until serious errors are corrected.
Unfamiliar terminology and processes
Many information systems are developed for larger markets, particu-

larly the United States and Europe. Other jurisdictions have similari-

ties, but the differences can lead to risks. These may be minor but

confusing, such as different terminology and purposes for billing-
associated numbers. However, others may have a more substantial
impact, such as the supply of fractionated blood products through
blood banks or pharmacies, which may cause significant difficulties for
integrating software into the workflow. These variations are also seen
between institutions within the same jurisdiction, and a failure to
account for them may lead to misinterpretation and unnecessary
ambiguity and risk.

The combination of these issues has led to a perceived increase
in errors and near-miss events in our feedback. Electronic systems
were seldom isolated as a cause for these errors by institutions.
Despite the complexity of changes being faced as new processes were
implemented or trialled, the tendency was to see the failure as due to
healthcare professionals not following procedures. Proposed correc-
tive actions therefore may seek to address the staff as ‘the problem’,
with education frequently identified as the remedy. Examining human
factors would identify the need for electronic and human systems to
integrate [35]. Clinicians need to keep pace with advances in their
own fields. An EMR that creates additional training needs in order to
be used safely poses an additional risk. Electronic systems may remind
and prompt correct practice to improve safety; however, if poorly
implemented, they may make the task more complex, prevent appro-
priate care or increase the risks. System design, as we have come to
expect from many of our personal electronic tools and devices, should

make safe operations easy and intuitive.

IMPLEMENTATION RECOMMENDATIONS
Co-design

Known risks of using an EMR to facilitate an ‘end-to-end’ transfusion
process can be mitigated by ensuring that intended users are included
during the design process and pilot phases of implementation. Failure
to address this and ensure adequate engagement can lead to failure,
which is as high as 50% for all new EMR implementations [36]. The
inclusion of end users in the design process and the need to tailor sys-
tems have been reported as crucial by one hospital, and simplification
of some pathways was needed to enhance the user experience [37].
However, they did report a reluctance of the program design team to
modify the program, and this may create a barrier for organizations
implementing ‘straight out of the box’ systems [37]. Options for tai-
loring and creation of bespoke modules should form part of negotia-
tions to ensure that any program is fit for the purpose. Having
accepted standards for vendors and hospitals could reduce the need

for excessive design changes.
Education and training
The provision of adequate education and training is also of impor-

tance to support the uptake of any new system. Traditional models

may not be appropriate for EMR systems, which are inherently
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TABLE 1 Summary of Australian and New Zealand Society of Blood Transfusion practical guidelines

Transfusion process

Decision to transfuse

Consent

Blood product
prescription

Electronic requests

Storage and collection

Blood product
administration

Special circumstances

Adverse events

Summary of guidance

Prescription of blood products through an EMR is an opportunity to offer decision support.
Decision support, standardized prescription protocols and product information need to be regularly reviewed and updated
by transfusion professionals.

EMRs must have a process for documenting informed consent or refusal in line with institutional policies.

Prescriptions must be in accordance with national guidelines.

The EMR must have a complete and up-to-date list of blood products, to be prescribed by the product form (e.g., units of
red cells) or weight.

EMRs should alert prescribers to special transfusion requirements.

Special transfusion requirements should be communicated between clinical and laboratory systems.

EMRs may use standardized prescriptions for rates of administration but need to maintain flexibility for individual patient
needs.

Requests may include requests for blood sample collection and testing, requests for blood products to be prepared or
requests for blood to be delivered.

Sample collection requires positive patient identification and labelling at the bedside immediately after collection.

Where EMRs assist with patient identification, they must be identified by a barcode or radio frequency identification chip
specific to the patient and distinguishing them from the patient record.

Where blood is issued to a refrigerator external to the laboratory, processes for blood product tracking, identification and
collection are required.

Positive patient identification is required prior to administration of blood products.

Independent confirmation of patient and product identification needs to be performed by a second practitioner or the
EMR. If performed by the EMR, it must be able to identify the patient, confirm the blood product and group and that it
has been specifically issued to the patient.

Processes must be in place for issuing un-crossmatched emergency blood for critical bleeding and massive transfusion.

Adverse events should be recorded in the EMR and warnings provided to clinicians where a patient has special transfusion
risks.

Decision support for adverse transfusion reactions should be considered.

The role of EMRs in adverse events should be captured and evaluated to determine whether systemic improvements are
required.
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Abbreviation: EMR, electronic medical record.

TABLE 2 Summary of clinical governance recommendations for EMRs

User roles
Common functions and

processes

Overrides

Implementation

Validation and
maintenance

User roles must be defined and limited to functions for which users are qualified and authorized.
EMRs must record the fate of blood products and maintain traceability of each unit.

Sample and product labels must always have written identification in addition to machine-readable identification.
Each process should be indelibly recorded. Where a process has more than one operator, all should be recorded.

Overrides should be recorded when they are needed.

All overrides should be evaluated to determine whether systemic improvements are required.

Wherever possible, overrides should not create a process that is easier for the electronic process to avoid shortcuts that
may affect safety.

Implementation must include integration into human healthcare systems, including the following:
e Clear policies and standard operating procedures;
o Directions within the EMR to guide correct performance of processes;
Involvement of users in design and implementation;
e Maintaining downtime procedures.
Systems must be designed for safety, mandating best practice where possible.
Appropriate education and training should be provided, but critical safety features should be designed and not
dependent on EMR-specific training to maintain safety.
Integration between electronic systems should be bidirectional to minimize the chance of error.

Validation is required for all transfusion processes.

Interfaces between electronic systems must be specifically validated.

Validation needs to consider software, hardware and integration into the healthcare setting, workflow and culture.

Validation should ensure that forcing functions operate within a clinical workflow to achieve the intended aims.

Validation should include override and partial system failure procedures.

Maintenance and review of policies and procedures should occur regularly and involve staff in all stages of the
transfusion process.

Abbreviation: EMR, electronic medical record.
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complex and may not be intuitive to the user. Often, ‘train the
trainer’ processes are relied upon, whereby a small pool of ‘super-
users’ are provided with comprehensive systems training, who are
then responsible for training remaining staff in the use of the EMR
[37]. This has been demonstrated to be insufficient, and organiza-
tions should consider individualized training for all intended end
users to maximize the chances of successful implementation. Alter-
native and customized training that embraces technology should be
considered to help ensure relevant support for end users.
E-learning modules that are clinically relevant and/or videos can
offer a cost-effective way of providing training [36, 38]. However,
it is critical that education and training is not used to replace good

Clinical
governance —
framework I

» Documentation
- Consent

- Prescriber
decision support

Electronic
medical
record

- Electronic secure
identification

« Administration
decision support

system design and that safety requirements should be embedded

into the IT and workflow processes.

Technological support

Further to providing sufficient education and training, support is
needed to assist with troubleshooting and identification of non-
functioning equipment. A systematic review published in 2020
reported widespread agreement in the literature that timely and easy
access to support is critical to the success and correct use of new
EMR systems [39]. Equipment failure or being too cumbersome to

Healthcare
workforce
culture

Laboratory
information
+ Clinical data system
visibility
- Real-time
product
tracking
and event
notification

FIGURE 1 Electronic medical records offer potential benefits of targeted decision support for prescribing and administering, and with
essential linkages to laboratory information systems, can enhance safety through verification of patient identification. Implementation needs to
consider the local workforce culture and be supported by robust clinical governance
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operate encourages reversion to traditional paper-based systems. Pri-
oritization of support to the new system is therefore needed to

ensure functionality and increase confidence of end users [37].

GUIDELINES

Guidelines promote a set of expectations around electronic system
design and clinical practice workflow. Having a set of standards
enables vendors to design IT fit for purpose rather than having indi-
vidual institutions bear the onus and costs of meeting minimum safety
design. A summary of key practice points from the ANZSBT is
included in Table 1. Guidelines can also create expectations around
implementation into the clinical environment, enabling organizations
to understand the scope required when considering implementation

plans and clinical governance (Table 2).

CONCLUSION

EMRs have many potential advantages to improve hospital efficiency
and safety. An inexorable movement to an increasingly sophisticated
approach where the data are not simply stored but are interpreted
and flagged in order to improve the quality and safety of patient care
is to be expected. There are benefits to the introduction of EMRs for
transfusion practice. Just as blood bank information systems have
transformed blood issuing through the electronic cross-match, wide-
spread adoption in clinical areas is expected also to improve safety
and efficiency. However, the software packages themselves are not
the complete solution. Vendors and institutions need to incorporate
safe system design, understand variances in clinical workflows and the
human element in healthcare, and design and implement processes
that guide safe and appropriate patient care, while warning and at
times prohibiting processes that may be unsafe (Figure 1).

These are goals the transfusion community should embrace. As
more holistic systems are developed, transfusion practices will be a
small part of larger systems. Institutions and vendors need guidance
on how systems should be built and implemented in order that the
goals of more efficient and safer transfusion practices are incorpo-
rated into all stages of the development process. Guidelines have
been developed by the profession for blood banking systems in order
to drive change appropriately in the laboratory. Guidelines for EMRs
to facilitate clinical transfusion should likewise signpost the future of

digitally assisted practice improvement.
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Abstract

Background and Objectives: Timely and adequate access to safe blood forms an inte-
gral part of universal health coverage, but it may be compromised by natural or man-
made disasters. This systematic review provides an overview of the best available scien-
tific evidence on the impact of disasters on blood donation rates and safety outcomes.
Materials and Methods: Five databases (The Cochrane Library, MEDLINE, Embase,
Web of Science and CINAHL) were searched until 27 March 2020 for (un)controlled
studies investigating the impact of disasters on blood donation rates and/or safety.
Risk of bias and overall certainty of the evidence were assessed using the Grading of
Recommendations, Assessment, Development and Evaluation (GRADE) approach.
Results: Eighteen observational studies were identified, providing very low certainty
of evidence (due to high risk of bias, inconsistency and/or imprecision) on the impact
of natural (12 studies) and man-made/technological (6 studies) disasters. The avail-
able evidence did not enable us to form any generalizable conclusions on the impact
on blood donation rates. Meta-analyses could not detect any statistically significant
changes in transfusion-transmissible infection (TTI) rates [hepatitis B virus
(HBV), hepatitis C virus (HCV), human immunodeficiency virus (HIV)-1/2, human
T-lymphotropic virus | and Il (HTLV-1/11) and syphilis] in donated blood after a disas-
ter, either in first-time or repeat donors, although the evidence is very uncertain.
Conclusion: The very low certainty of evidence synthetized in this systematic review
indicates that it is very uncertain whether there is an association between disaster
occurrence and changes in TTI rates in donated blood. The currently available evi-
dence did not allow us to draw generalizable conclusions on the impact of disasters
on blood donation rates.

KEYWORDS
blood collection, blood safety, donor health, donor motivation, transfusion-transmissible
infections
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hepatitis C virus (HCV), human immunodeficiency virus (HIV)-1/2, human T-lymphotropic
virus | and Il (HTLV-I/Il) and syphilis] in donated blood.
o The currently available evidence does not allow us to draw any generalizable conclusions on

the impact of disasters on blood donation rates.

INTRODUCTION

Transfusion of blood and blood components helps save millions of
lives each year. As a result, blood and blood components are included
in the Model List of Essential Medicines of the World Health Organi-
zation (WHO), which is a list of medicines that need to be available in
a functioning health system at all times, in appropriate dosage forms,
of assured quality and at prices individuals and the community can
afford [1]. Blood services have the important task of maintaining a
sufficient and safe blood supply [2]. A voluntary non-remunerated
donation system is the best way to maintain a continuous, sustainable
and safe supply of blood [3]. To minimize the risk of transfusion-
transmitted infections (TTIs), a rigorous donor selection process is in
place. The WHO recommends deferring high-risk blood donors based
on the results of general donor assessment, donor medical history and
TTI risk assessment [2]. In addition, blood donors (or donations)
should be screened for, at a minimum, the most common TTIs: human
immunodeficiency virus (HIV)-1/2, hepatitis B virus (HBV), hepatitis
C virus (HCV) and syphilis.

Blood services must be prepared to respond quickly to changes in
the everyday world, such as the occurrence of disasters. The United
Nations Office for Disaster Risk Reduction defines a disaster as ‘a
serious disruption of the functioning of a community or a society at
any scale due to hazardous events interacting with conditions of
exposure, vulnerability and capacity, leading to one or more of the
following: human, material, economic and environmental losses
and impacts’ [4]. These events are actualizations of hazards, which
can be natural (e.g. seismic, meteorological, biological), man-made
(e.g. technological, inter-human relationships such as terrorist attacks
or war) or mixed (e.g. health-related, deforestation or drought) [5].

When disaster strikes, the blood supply chain may be affected in
different ways. Blood supply may be disrupted, for example, because
of damaged donor centres or staffing issues, or reduced donor avail-
ability. Depending on the disaster type and magnitude, blood demand
may increase as a result of higher blood transfusion requirements.
Such a scenario could result in blood shortages. Conversely, altruistic
responses of potential blood donors, often donating for the first time,
may lead to unnecessarily high stocks of blood, which may need to be
destroyed because of their limited shelf-life [6]. Blood services should
therefore have emergency plans in place to alleviate the stress in case
of a disaster. The needs for blood should be assessed, and appeals to
the community should be made only if absolutely necessary [7, 8]. Ide-
ally, regular protocols for donor deferral should be maintained in order
to ensure blood (component) safety. However, in response to certain

types of emergencies where the risk of failure to provide blood would

result in greater adverse health outcomes than the risk of issuing (par-
tially) unscreened blood, blood services and the relevant regulatory
authorities, governments and stakeholders may choose to deviate
from standard procedures [9].

Currently, there is no systematic overview of the literature on the
impact of disasters on blood donation rates, and in particular the num-
ber of first-time donors. Furthermore, it is unclear whether a disaster
would adversely affect the TTI rates. Therefore, we conducted a sys-
tematic review to answer the following question: ‘In (candidate) blood
donors (Population), does the occurrence of a disaster (Intervention/
exposure) compared to no disaster (Comparison), affect blood dona-

tion rates and/or blood safety (Outcome)?’

MATERIALS AND METHODS

This systematic review was not prospectively registered, nor was a
protocol prepared. It was carried out according to the pre-defined
methodological standards of the Centre for Evidence-Based Practice
[10]. Its reporting adheres to the PRISMA 2020 checklist
(Table S1) [11].

Eligibility criteria
Study design and publication type

Studies using an experimental [randomized, quasi- or non-randomized
controlled trials, (un)controlled before-after studies or (un)controlled
interrupted time series] or observational design [cohort, case-control,
(un)controlled before-after, cross-sectional studies and (un)controlled
interrupted time series] were eligible for inclusion. Other designs
including computational modelling studies, case reports/series, narra-
tive reviews and non-original studies (e.g. editorials, book reviews,
and commentaries) were excluded. Conference abstracts were
included if the data were not covered by a peer-reviewed publication.
Other non-peer-reviewed publications and letters to the editor were

excluded.
Population
All (candidate) whole-blood/plasma/platelet donors visiting or con-

tacting blood collection centres were eligible for inclusion, regardless

of donor status (i.e. first-time or repeat donors) and the blood
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donation system used (i.e. voluntary non-remunerated, family/

replacement or remunerated).

Intervention

Studies were included if they investigated the impact of any natural disas-
ter (including, but not limited to cyclonic storms, droughts, floods, ava-
lanches, earthquakes, landslides, tsunamis, tidal waves, acid rain, volcanic
eruption, wildfires, storms, hurricanes, typhoons, blizzards, cyclones, heat
waves, cold waves, extreme weather, rodent or insect infestation), tech-
nological or man-made disaster (including, but not limited to work-place,
transport, biological accidents, acts of terrorism, warfare, armed conflicts,
displacement of populations, starvation and famine) [12]. Studies were
included regardless of whether they were accompanied by an active call
to donate or not to donate blood (components). Studies investigating out-

breaks (including epidemics and pandemics) were excluded.

Comparison

Studies were included if they compared donation rates and/or safety
outcomes during a disaster scenario to those during a non-disaster
scenario (e.g. pre-disaster).

Outcome

Studies containing quantitative data on outcomes reflecting blood
donation rates and/or blood safety were eligible for inclusion.

For blood donation rates, these included the units of blood
donated and the number of blood donors showing up at the blood
bank either spontaneously or in response to an active call. Signs of
willingness to donate blood in response to an active call to donate or
an active call not to donate blood immediately (number of new donor
registrations, website visits, phone calls to the blood bank centres)
were also included. The number of blood units transfused, blood
transfusions performed and patients requiring blood transfusion were
not of interest.

Blood safety outcomes eligible for inclusion were positive screen-
ing reactivity rates or confirmed infection rates for TTls, including all
bacterial infections by blood-borne bacteria and all viral infections
transmissible through transfusion: hepatitis B virus (HBV; hepatitis B
surface antigen [HBsAg] and/or anti-hepatitis B core antibody [anti-
HBc]); hepatitis C virus (HCV; anti-HCV antibody); human immunode-
ficiency virus 1 and 2 (HIV-1/2; anti-HIV-1/2 antibodies, HIV p24
antigen); human T-lymphotropic virus | and Il (HTLV-1/11; anti-HLTV-I/
Il antibodies) and syphilis (rapid plasma reagin [RPR] and/or syphilis
antibody). Also, studies containing information on blood donor referral
rates due to infectious diseases were included. The number of
post-transfusion TTls in transfused patients and positive screening
reactivity for non-specific infectious disease markers (e.g. alanine

aminotransferase) were not of interest.
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Other selection criteria

No date restrictions were applied. Publications in any language were

included, provided that an English abstract was available.

Data sources and searches

Five databases were searched from the date of inception up to
27 March 2020: The Cochrane Library (both The Cochrane Database
of Systematic Reviews and The Cochrane Controlled Register of Con-
trolled Trials), MEDLINE (using the PubMed interface), Embase (using
the Embase.com interface), CINAHL and Web of Science. Search
strings comprising index terms and free-text words in title or abstract
were tailored to each specific database (Table S2). Furthermore, refer-
ence lists and the first 20 related citations in PubMed of the included

records were scanned for additional studies.

Study selection and data collection

A team of two reviewers (JL + DO/Luke Delfosse) independently
screened titles and abstracts and subsequently full texts guided by the
eligibility criteria, using EPPI-Reviewer Web [13] and EndNote [14].
Discrepancies were resolved by discussion, and, where necessary, a
third reviewer was consulted (EDB).

Data extraction was performed independently by two reviewers
(JL 4+ DO). For each study, the following data were extracted: study
design, description of the population, intervention, comparison and
outcome(s) of interest. In case of insufficient or ambiguous data, study
authors were contacted if contact details were available.

Dichotomous outcome data were expressed as risk ratios (RRs)
with a 95% confidence interval (Cl). If possible, effect measures were

calculated from raw data using Review Manager 5.4 [15].

Risk of bias and GRADE

For each individual study, the quality was appraised by two reviewers
independently (JL 4 DO). Risk of bias was assessed using the Grading
of Recommendations, Assessment, Development and Evaluation
(GRADE) key criteria for observational study limitations (‘Inappropri-
ate eligibility criteria’, ‘Inappropriate methods for exposure variables’,
‘Not controlled for confounding’, ‘Incomplete or adequate follow-up’,
‘Other limitations’) [16]. Discrepancies between both reviewers about
individual assessments were resolved through discussion.

Next, GRADE was used to assess the overall certainty of the body
of evidence for each outcome as ‘high’, ‘moderate’, ‘low’ or ‘very
low’. Observational studies receive an initial grade of ‘low’ and subse-
quently can be downgraded [based on the risk of bias, imprecision,
inconsistency, indirectness and publication (i.e. non-reporting) bias] or
upgraded (based on large effect, dose-response gradient and plausible

confounding) [17].
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Data synthesis

If at least two studies provided data on the same outcome within the
same treatment comparison, and we did not suspect large heteroge-
neity in outcome definitions and measurements, random effects
meta-analysis was performed using Review Manager 5.4 [15]. Hetero-
geneity was assessed through visual inspection of the forest plot and
by using the X ?-test and 1? statistic. To investigate whether TTI rates
varied with donor status (i.e. first-time or repeat donors), subgroup
analyses were performed. The threshold for statistical significance
was set at 5%.

In case a meta-analysis was not possible (i.e. data were reported
by only a single study) or warranted (i.e. heterogeneity in outcome
definitions was observed or suspected), outcome data were presented
in a single forest plot (without calculating a total effect size) as a visual
aid for result interpretation. Statistical synthesis of these results was
deemed inappropriate, and no statements about the consistency of
effects across studies or outcomes were made to avoid unintentional

vote counting [18].

RESULTS
Search results

Figure 1 shows the detailed PRISMA study selection flow diagram.
The primary searches yielded 5621 records. After removal of dupli-
cates, titles and abstracts of the remaining 3813 records were
screened. After full-text screening and resolving disagreements,
18 records reporting on 18 unique studies were included.

Study characteristics

A concise overview of the included studies is provided in Table 1.
Detailed information on their characteristics is listed in Table S3.

All the 18 included studies [8, 19-35] were observational in
nature. Seventeen were uncontrolled before-after studies, whereas
the 18th adopted a cross-sectional design [33]. Eleven studies were
conducted in Asia (Iran [19, 25, 26, 31], China [23, 27, 29],
Irag/Afghanistan [33], Turkey [32], Taiwan [28] and Sri Lanka [8]). The
remaining seven were conducted in North America (United States [21,
22, 30, 34], Haiti [20]), South America (Chile [35]) or Africa
(Egypt [24]).

Of the 12 studies providing insight into the impact of natural
disasters, the vast majority (n = 10) reported on earthquakes hitting
Iran (2003 Bam earthquake [19, 26], the 2017 Kermanshah earth-
quake [25, 31]), China (2008 Sichuan earthquake [23, 29]), Haiti [20],
Turkey (1999 Marmara earthquake [32]), Chile (2010 earthquake [35])
and the United States (1989 San Francisco Bay earthquake [21]). The
other two studies provided data on the 2004 Indian Ocean earth-
quake and tsunami [8] and the 2017 typhoon cyclone number 8 warn-

ing in Hong Kong [27].

Six studies contained data on the effect of man-made or techno-
logical disasters, which included the 9/11 terrorist attacks [22, 34]
and the 2013 Boston Marathon bombing [30], the 2011 three-day
Egyptian Revolution [24], the 2014 Kaohsiung gas explosions in
Taiwan [28] and deployment to combat in Iraq or Afghanistan [33].

Risk of bias and certainty of evidence

The risk of bias in the individual studies is presented in Figure 2. The
majority of the studies (12/18) did not adequately control their find-
ings for confounding factors such as logistic issues (e.g. the collapse of
blood collection sites during earthquakes) and differences in popula-
tion demographics (e.g. more first-time and female donors after a
disaster). Four studies [21, 23, 29, 33] applied inappropriate eligibility
criteria (e.g. comparing a 10-day period after disaster to a 6-month
period before disaster), whereas 10 studies did not report sufficient
information (mainly on population demographics) to make an appro-
priate judgement. Follow-up was judged complete and adequate in all
but one study [35]. The methods used to measure exposure and out-
come variables did not raise any cause for concern in any of the
studies.

Based on the risk of bias assessment, the overall certainty of the
body of evidence was downgraded by one level for each outcome of
interest. For the outcome of proportion of first-time donors, the evi-
dence was further downgraded by one level because of inconsistency
due to high levels of unexplained heterogeneity. For the outcomes of
HCV, HIV-1/2 and HTLV-I/1l reactivity, the evidence was downgraded
by one level because of imprecision due to the low number of events
and wide 95% Cls around the effect estimates. The outcome of
syphylis reactivity was downgraded by one level because of impreci-
sion (wide 95% Cls around the effect estimates and lack of data) and
by another level because of inconsistency. As a result, a very low cer-
tainty evidence level was assigned to all outcomes of interest, indicat-

ing that we are uncertain about these effect estimates.

Synthesis of results
Blood donation rates

Two studies provided effect estimates on the impact of disasters on
blood donation rates. In a first study, daily donations displayed a sta-
tistically significant increase of 72.6% after the 2008 Sichuan earth-
quake [29]. In a second study, the mean number of donation attempts
was significantly lower after the Boston Marathon bombing, com-
pared to before, but only in the group of donors who had never
received a transfusion themselves [30]. The other 14 studies with data
on blood donation rates after natural [8, 19-21, 23, 26, 27, 31,
32, 35] or man-made disasters [22, 24, 28, 34] reported only absolute
numbers of donations before and after the disaster. As the means and
standard deviations were not available and could not be calculated,

mean differences could not be estimated and statistical significance
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FIGURE 1 PRISMA study selection flow diagram

could not be judged. However, in all but three studies [8, 20, 27], the
absolute number of donations after the disaster greatly exceeded the
number before the disaster. The same was true for the study that pro-
vided data on plasma and platelet donation rates before and after the
2017 Kermanshah earthquake [25].

Owing to very high unexplained heterogeneity (further addressed
in Discussion), a meta-analysis on the data of the effect of disasters
on the proportion of first-time donors (i.e. the number of first-time
donors divided by the total number of first-time and repeat donors)
was not warranted. Therefore, the results are presented in Figure 3
and a narrative overview is provided in the paragraphs below.

A first study showed a statistically significantly higher proportion of
first-time donors during the 10 days after the 1989 San Francisco Bay
earthquake, compared to the 13-day period before the earthquake, both
in the immediately affected area of San Francisco Bay and the unaffected
area of Los Angeles/Orange Counties [21]. Two studies investigating the
impact of the 2008 Sichuan earthquakes revealed a statistically significant
increase in the proportion of first-time donors during the week after the

earthquake, compared to the corresponding week in the following year

[23], and in the proportion of daily donations made by first-time donors
during the 6-day period after the earthquake, compared to the other
52 weeks of the same year [29]. Similarly, Kasraian et al. showed a statis-
tically significantly higher proportion of first-time donors during the
3-day period following the 2003 Bam earthquake, compared to the
corresponding 3 days in the previous month [26]. In the same way, there
was a statistically significant increase in the proportion of first-time
donors during the 16-day period following the 2017 Kermanshah earth-
quake, compared to the corresponding period of the previous year [31].

In contrast, during the 4-day period following the 1999 Marmara
earthquake, the proportion of first-time donors was statistically signif-
icantly lower, compared to the corresponding 4-day period in the pre-
vious year [32]. According to Vasquez et al., there was no statistically
significant increase in the proportion of first-time donors during the
5 days after the 2010 Chile earthquake, compared to the 5 days
before the earthquake [35].

Following 9/11, there was a statistically significant increase in the
proportion of first-time donors during the first, second, third and

fourth week after the attacks, compared to the week prior to the
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TABLE 1 Concise overview of the included studies

Author, year, country
Observational before-after studies
Abolghasemi, 2008, Iran [19]
Bjork, 2017, USA [20]
Busch, 1991, USA [21]

Glynn, 2003, USA [22]

Guo, 2012, USA [23]

Hussein, 2012, Egypt [24]
Jalali Far, 2018, Iran [25]

Kasraian, 2010, Iran [26]

Kuruppu, 2010, Sri Lanka [8]
Leung, 2019, China [27]
Lin, 2015, Taiwan [28]

Liu, 2010, USA [29]

Rios, 2014, USA [30]
Salah, 2018, Iran [31]

Sénmezoglu, 2005, Turkey [32]

Tran, 2010, USA [34]

Vasquez, 2011, Chile [35]

Observational cross-sectional studies
Spinella, 2007, USA [33]

Disaster

2003 Bam earthquake

2010 Haiti earthquake
1989 San Francisco Bay earthquake

9/11 2001 terrorist attacks

2008 Sichuan earthquake

Egyptian Revolution
2017 Kermanshah earthquake

2003 Bam earthquake

2004 tsunami
2017 typhoon cyclone No. 8 warning
2014 Kaohsiung gas explosions

2008 Sichuan earthquake

2013 Boston Marathon bombing

2017 Kermanshah earthquake

1999 Marmara earthquake

9/11 2001 terrorist attacks

2010 Chile earthquake

Deployment to combat in Iraq/Afghanistan

Outcome measure(s)

Daily average # donations
# whole-blood units collected

# donations collected
Proportion of FTD
HBsAg reactivity

# donations collected

Proportion of FTD

Weekly infectious disease marker
prevalence (anti-HIV, anti-HCV, HBsAg)

Weekly anti-HCV prevalence

# donations collected
Proportion of FTD
HBsAg reactivity

Daily average # donations
Proportion of FTD

# plasma and platelet donations collected

# donations collected
Proportion of FTD
HBsAg reactivity

# donations collected
Blood donor attendance

# donations collected
Proportion of FTD

Increase in daily donations

Proportion of daily donations made by FTD

Overall infectious disease marker reactivity
(HBsAg, anti-HCV, anti-HIV-1/2,
syphilis antibodies)

# donation attempts

# donations collected
Proportion of FTD
Confirmed TTI seropositivity

# donations collected
Proportion of FTD
HBsAg reactivity

# donations collected
Infectious disease deferral rates

# donations collected
Proportion FTD

HBsAg reactivity
Anti-HCV reactivity
Anti-HIV reactivity
Anti-HTLV-1/1l reactivity

Note: ‘# indicates ‘number of’.

Abbreviation: FTD, first-time donors; HBsAg, hepatitis B surface antigen; HCV, hepatitis C virus; HIV, human immunodeficiency virus; HTLV-I/Il, human T-

lymphotropic virus | and Il.

attacks [22]. Similarly, there was a statistically significantly higher pro-
portion of first-time donors during the 3-day Egyptian Revolution,
compared to the month before [24]. Finally, Lin et al. showed a statis-
tically significantly higher proportion of first-time donors during the
first week after the 2014 Kaohsiung gas explosions, compared to the
corresponding week in the previous year [28].

Blood safety outcomes

There is limited evidence showing a lack of association between the
occurrence of a disaster and overall infectious disease marker reactiv-
ity. A meta-analysis combining data from four studies showed that
disaster occurrence was not associated with a statistically significant
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FIGURE 2 Risk of bias in the individual studies. Review authors’
judgements about each risk of bias item for each included study. @
Low risk of bias. 2 Unclear risk of bias. @ High risk of bias

increase in overall infectious disease marker reactivity (Figure S1)
[23, 31, 32, 34]. In an additional study, the authors failed to report
the number of blood donations investigated and reported only the
prevalence rates of overall infectious disease marker reactivity
(i.e. HBsAg, HCV, HIV-1/2 and syphilis) before and after the 2008
Sichuan earthquake [29]. Because of its lack of raw data, this study,
in which a statistically significant increase in reactivity could not be
demonstrated, was not included in the meta-analysis. Similarly, a

study reporting the weekly infectious disease marker prevalence

Vox Sanguinis q%_% ey | 775

rates (i.e. HBsAg, HCV, HIV) could not demonstrate a statistically
significant increase after 9/11 [22].

In the following paragraphs, the findings for the individual TTls
(HBV, HCV, HIV-1/2, HTLV-I/Il and syphilis) are presented.

HBV. In a meta-analysis summarizing results of six studies, a sta-
tistically significant increase of HBsAg reactivity in case of a
disaster could not be demonstrated (Figure 4a) [21, 23, 24, 26, 32,
33]. Similarly, in the 2008 Sichuan earthquake study, which was
not included in the meta-analysis, a statistically significant
increase of HBsAg reactivity could not be demonstrated [29].
Similarly, another study could not detect that the 1989 San Fran-
cisco Bay earthquake was associated with a statistically signifi-
cant increase of anti-HBc reactivity in the unaffected area of Los
Angeles/Orange Counties, although it did demonstrate a statisti-
cally significant increase in the immediately affected area of San
Francisco Bay [21].

HCV. In a meta-analysis of five studies, a statistically significant
increase of anti-HCV reactivity in case of a disaster could not be dem-
onstrated (Figure 4b) [23, 24, 26, 32, 33]. In an additional study, which
reported only the prevalence rates (therefore not included in the
meta-analysis), a statistically significant increase of anti-HCV reactiv-
ity after the 2008 Sichuan earthquake could not be demonstrated
[29]. Similarly, a study reporting weekly infectious disease marker
prevalence rates could not demonstrate a statistically significant
increase in anti-HCV reactivity after 9/11 [22].

HIV-1/2. In a meta-analysis combining data from six studies, a statisti-
cally significant increase of anti-HIV-1/2 reactivity in case of a disas-
ter could not be demonstrated (Figure 4c) [21, 23, 24, 26, 32, 33]. In
the 2008 Sichuan earthquake study, which reported only the preva-
lence rates (therefore not included in the meta-analysis), a statistically
significant increase of anti-HIV-1/2 reactivity could not be demon-
strated [29].

HTLV-I/Il and syphilis. In a meta-analysis summarizing results of two
studies, a statistically significant increase of anti-HTLV-I/Il reactivity
in case of a man-made disaster could not be demonstrated (Figure S2)
[21, 33].

Similarly, in a meta-analysis of four studies, a statistically significant
increase of RPR or anti-syphilis reactivity in case of a disaster could
not be demonstrated (Figure 4d) [21, 23, 24, 32]. In an additional
study, which reported only the prevalence rates (therefore not
included in the meta-analysis), a statistically significant increase of
anti-syphilis reactivity after the 2008 Sichuan earthquake could not
be demonstrated [29].

To investigate whether TTI reactivity rates varied with donor sta-
tus, three subgroups were created: (1) first-time donors only, (2) repeat
donors only and (3) mixed donor status (first-time + repeat). None of
the performed subgroup analyses revealed between-subgroup hetero-
geneity, indicating that TTI reactivity rates in first-time donors and
repeat donors are not differentially impacted by the occurrence of a

disaster.
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Disaster No disaster Risk ratio Risk ratio
Study or subgroup Events Total Events Total M-H, random, 95% CI M-H, random, 95% CI
1.1.1 Natural disasters
Busch 1991 - Affected area 2293 5133 14,013 45,305 1.44 [1.40, 1.49] t
Busch 1991 — Unaffected area 8049 20,317 49,003 185439 1.50 [1.47, 1.53] ¥
Guo 2012 5147 7295 3176 5281 1.17 [1.14, 1.20] t
Kasraian 2010 484 1694 35 239 1.95 [1.42, 2.67] kK
Liu 2010 796 1151 420 685 1.13[1.05, 1.21] b o
Salah 2018 2404 6696 582 3342 2.06 [1.90, 2.23] +
Sénmezoglu 2005 — Red Crescent 5236 8055 714 992 0.90 [0.87, 0.94] ¥
Sonmezoglu 2005 — University Hospital 216 450 36 56 0.75[0.60, 0.93] —
Vasquez 2011 445 547 53 64 0.98 [0.87, 1.11] = =
1.1.2 Man-made disasters
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Hussein 2012 2274 3425 2443 3889 1.06 [1.02, 1.09] u
Lin 2015 909 3425 171 1973 3.06 [2.63, 3.57] .o
0.2 0.5 2 5

Higher before disaster Higher after disaster

FIGURE 3 Forest plot on the proportion of first-time donors before and after disasters. The proportion of first-time donors presenting
themselves to a blood bank in the aftermath of a disaster, compared to prior to the disaster. Events, number of first-time donors; Total, total

number of donors
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FIGURE 4 Meta-analyses on transfusion-transmissible infection marker reactivity rates before and after disasters. Meta-analysis on (a) HBV,
(b) HCV, (c) HIV-1/2 and (d) syphilis marker reactivity rates in donated blood in the aftermath of a disaster, compared to prior to the disaster

DISCUSSION

This systematic review is the first to collect and synthetize the best

available evidence on the impact of disasters on blood donation rates

and blood safety outcomes, provided by 18 observational studies.

Unfortunately, the available evidence did not enable us to form gener-
alizable conclusions on the impact of disasters on blood donation
rates. As for blood safety, meta-analyses could not detect any statisti-
cally significant changes in TTI rates (HBV, HCV, HIV-1/2, HTLV-I/II
and syphilis) in donated blood after a disaster, either in first-time or
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repeat donors, although the evidence is very uncertain (all very low
certainty evidence).

Altruism had been identified by previous systematic reviews as an
important motivator for blood donation [36-38]. Therefore, it is not
surprising that in the vast majority of the included studies, disasters
were accompanied by an increase in the number of people willing to
donate blood. The contrasting decreases observed in four studies
might be explained by the destructive effects of the 2010 Haiti earth-
quake [20] and the 2004 Indian Ocean earthquake and tsunami [8] on
the blood collection centres, by the suspension of the Hong Kong
blood transfusion services while the typhoon cyclone No. 8 warning
was in effect [27], and by the fact that the studied group of donors
was confined to repeat donors who had never received a blood trans-
fusion themselves [30]. As multiple studies indicated that the number
of donations collected largely surpassed the direct needs following
the disaster [6, 19, 22, 24, 29, 32, 39], blood collection services should
first assess the need for blood and determine the ability to meet the
demand before appealing to the community and mobilizing additional
personnel. Discarding unused expired blood units is not only costly
for the blood collection services but also creates a negative public
image [40], and may lead to a temporary donor shortage later on
because of the deferral period after a previous donation. In addition,
asking donors to leave and make an appointment later that week [24]
can have a negative impact on the willingness to become a regular
donor, as donors feel they have been denied the opportunity to help
victims.

To investigate whether a disaster coincided with a higher influx
of first-time donors, data on the proportion of first-time donors
were evaluated. Owing to considerable variation in results and
inconsistency in the direction of effect among the different studies,
no meta-analysis could be performed. In exploring the causes of
this heterogeneity, we considered multiple variables, including the
disaster type (natural vs man-made), whether an active call for
blood donation was made or not, the blood donation system
applied in the corresponding country (voluntary non-remunerated
vs remunerated vs family/replacement donation), study setting
(high- vs low- and middle-income countries) and risk of bias (high
vs low/unclear). None of these variables could be identified as the
(suspected) cause of this variation. Possibly, differences in a num-
ber of variables that are nearly impossible to measure objectively
and accurately, such as the impact level of a certain disaster on
society, lie at the root of this variation.

Our review was able to synthetize the available evidence on the
influence of disasters on blood safety outcomes. Our meta-analyses
could not detect any statistically significant changes in TTI rates (HBV,
HCV, HIV-1/2, HTLV-I/II and syphilis) in donated blood after a disas-
ter, either in first-time nor repeat donors. However, caution is
warranted, as the results remain uncertain. This does not mean that
measures taken to ensure blood safety [e.g. identification of risk
behaviour in (candidate) blood donors and performing laboratory test-
ing of all donated blood] should no longer be respected in disaster set-

tings. Stringent measures should always stay in place to maintain the
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safe collection and administration of blood (components), unless abso-
lutely necessary to meet immediate needs [9]. Moreover, especially in
low-income and lower middle-income countries, where only 80.3%
and 82% of donations are screened following basic quality procedures
[41], national blood policies and legislative frameworks covering blood
(component) safety should be implemented.

The current systematic review has several strengths. By searching
five relevant databases and adopting comprehensive selection criteria,
the review has captured outcome data on blood donation rates and
blood safety, both in the absence and presence of disasters.

Nevertheless, this review also has some important limitations.
Firstly, we did not consult grey literature, such as research reports and
data compilations. As publishing is often not the primary activity of
blood services, additional relevant data might not have been captured.
Secondly, owing to the observational character of the included stud-
ies, the evidence received an initial low certainty level by default.
Thirdly, thanks to the stringent blood safety measures applied by the
blood services, TTI seroprevalence rates in blood donors are low,
thereby hindering the precision of the results for these outcomes,
which is reflected in wide confidence intervals and consequently more
uncertainty about the findings. Fourthly, because of substantial risk of
bias in study design and execution, the overall certainty of the evi-
dence was judged to be very low. In addition, publication bias could
not be formally tested, as the meta-analyses performed involved only
a limited number of studies. Therefore, the results of these analyses
should be interpreted with caution.

In order to reach higher certainty evidence, further transparent
and active reporting on the impact of disasters on blood supply and
safety is warranted. At the moment, blood collection services seem to
lack the reflex of publishing these readily available data in peer-
reviewed publications or share these in publicly available reports or
data repositories. In addition, the current studies have failed to
provide clear and quantitative information on whether they looked at
voluntary non-remunerated, family/replacement or remunerated
donations (or a combination thereof). As many low-income and lower
middle-income countries still heavily rely on family/replacement dona-
tions, or even on remunerated donations, which have been reported
to be less safe than voluntary donations [3], it would be helpful to
gather further evidence on the potentially differential impact of disas-
ter occurrence across different donation systems.

On another note, in light of the global COVID-19 pandemic,
future systematic review teams may wish to consider collecting evi-
dence on the impact of (viral or other) outbreaks on blood supply and
safety. This evidence may provide useful information to blood ser-
vices and national health authorities on how to develop, implement
and activate emergency response plans in dealing with future pan-
demic outbreaks.

In conclusion, the evidence synthetized in this systematic review
indicates that it is very uncertain whether the occurrence of a disaster
is associated with statistically significant changed rates of TTls in
donated blood. Conclusions on the impact of disasters on blood dona-

tion rates could not be made.
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Abstract

This review, written from the perspective of the plasma industry, discusses plasma
procurement and plasma product safety in light of the COVID-19 pandemic. The
COVID-19 pandemic impacted the whole world and, therefore, not unexpectedly,
the pharmaceutical industry too. In spite of this, the plasma protein industry has con-
tinued to provide life saving therapies to critically ill patients. Moreover, companies
have collected COVID convalescent plasma (CP) to support development of investi-
gational therapies, for example, hyperimmune globulins to potentially treat SARS-
CoV-2 infection, and collaborated with those collecting COVID CP for direct transfu-
sion, which has been made available under emergency use in the United States. For
plasma that is fractionated to become a therapy, general knowledge of coronaviruses
and numerous new studies on the structure and function of SARS-CoV-2 provide
reassurance that existing industry precautions, including donor selection, as well as
virus inactivation and removal steps during the manufacturing process are sufficient
to maintain the high standards of virus safety of plasma products. The pandemic also
revealed the vulnerability and inadequacy of the current plasma ecosystem. There is
a need for more plasma to be collected around the world to meet the growing need
for safe and efficacious plasma-derived therapies. This requires outdated regulatory
and policy restrictions to be realigned with current scientific evidence. More coun-
tries around the world should be in a position to contribute to global supply of
plasma so that patients with life-threatening conditions - and often no alternative

therapeutic solutions - have better access to care.

KEYWORDS
COVID-19, pathogen safety, plasma for fractionation, plasma products, SARS-CoV-2

Highlights

e COVID-19 pandemic reemphasized the need for more plasma to be collected around the
world to meet the growing need for safe and efficacious plasma-derived therapies.

o Although SARS-CoV-2 RNA was occasionally detectable in serum samples, the risk of trans-
mission of infectivity by blood and blood products is considered negligible.
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e Standard precautions for donor selection as well as virus inactivation and removal steps dur-

ing the manufacturing process were sufficient to maintain the high standards of safety of

plasma products, even during the COVID-19 pandemic.

INTRODUCTION

The production of plasma products depends on a diligently planned,
complex system of willing donors, donation facilities, global
manufacturing networks and pharmaceutical product distribution
channels, which is largely robust under normal circumstances. How-
ever, since the advent of the coronavirus disease pandemic in late
2019 (COVID-19), the situation has been challenged. From early
2020, the pandemic significantly impacted the balanced and well-
developed system of plasma procurement in ways not previously
experienced, further hindering the industry’s ability to keep pace with
growing patient demand for these life-changing therapies. Challenges
included the disruption of donor networks and blood/plasma dona-
tion, as well as supply chain networks, leading to reduced supply of
plasma and plasma therapies. Local and global travel and trade restric-
tions hampered the acquisition of source plasma and reduced the
available number of blood donations from which recovered plasma is
obtained. In turn, this impacted pharmaceutical manufacturing and
distribution by interfering with global supply channels of raw materials
and devices, and affected the delivery of final drug products to the
patients [1-3]. In parallel, global demand for plasma products has con-
tinued to grow across approved indications as a result of broader
access in more countries and more patients with rare diseases being
diagnosed. The notion that convalescent plasma (CP) and hyper-
immune globulin products could be viable treatment options for
COVID-19 patients has further increased the demand for plasma [4-
6]. Moreover, with only a small percentage of the 3000+ proteins [7]
circulating in plasma being used therapeutically today, research is cur-
rently under way to unlock the untapped potential in plasma to sup-
port treatment for many diseases such as rheumatoid arthritis, sickle
cell anaemia and age-related macular degeneration [8-10]. Cumula-
tively, this is creating additional strain on sourcing this scarce life-
changing resource.

In the early 1980s, recipients of biopharmaceuticals derived from
human plasma were devastated by widespread infections with the
human immunodeficiency virus (HIV) and hepatitis C virus (HCV),
which were transmitted through plasma-derived concentrates sourced
from virus-carrying donors. Recognition of this serious problem led to
major changes in procedures for donor screening and testing and the
validation of new process steps embedded into the manufacturing
processes of plasma derivatives to remove or inactivate blood con-
taminants such as viruses and even prion agents [11]. The occurrence
of new infectious and transmissible agents always alerts recipients,
regulators, prescribers and manufacturers of blood products. This is
what happened with SARS-CoV-2: The potential for transmission by
transfusion and, therefore, blood derivatives prompted serious consid-

erations towards the safety of blood and plasma products.

In this review, we assess the impact of the COVID-19 pandemic,
and particularly the causing pathogenic SARS-CoV-2 on procurement
of plasma for fractionation from the plasma industry perspective and
focus specifically on sustaining supply of safe and efficacious plasma-
derived medicines. Information was collected by literature search in
PubMed® (https://pubmed.ncbi.nlm.nih.gov/; cut-off date, 10 January
2022), web search and personal communication of the authors who

are connected to the specialist network of the plasma industries.

CORONAVIRINAE AND SARS-CoV-2

The severe acute respiratory syndrome (SARS) called COVID-19 is
induced by SARS-CoV-2, which belongs to the group of p-cor-
onaviruses. The virus has a single-stranded genome of about 26-
32 kb (+ssRNA), which is the largest known genome size of an RNA
virus. Coronaviruses belong to the order Nidovirales, family
Coronaviridae and the subfamily Coronavirinae, which consists of «-,
B-, y- and &-coronaviruses [12]. Coronavirus was first isolated from
chicken in 1937. Before the SARS outbreak in February 2003, corona-
virus was not considered highly pathogenic to humans [13]. Since
2002, three zoonotic outbreaks have been caused by p-coronaviruses:
SARS-CoV in 2003 [14], MERS-CoV in 2012 [15] and the latest out-
break of SARS-CoV-2 at the end of 2019 [16]. There is ongoing
debate about the origin of SARS-CoV-2 and a final assessment has
not been made, but it seems likely that SARS-CoV-2 is a new evolu-
tionary branch of coronaviruses originating from bats [17]. Despite
their genomic differences, coronaviruses share a common structure.
Human coronaviruses contain phosphorylated nucleocapsid (N) pro-
tein with genomic RNA as core enveloped by phospholipid bilayers to
form spherical or pleomorphic particles of 80-120 nm size and outer
surface-projected spike (S) proteins [18].

SARS-CoV-2 is a respiratory virus and primarily infects the air-
ways. There is no reported evidence for the transmission of respira-
tory viruses, including the influenza viruses and the coronaviruses
responsible for SARS (SARS-CoV) and Middle East respiratory syn-
drome (MERS) (MERS-CoV), by blood and blood components includ-
ing plasma and plasma-derived medicinal products (PDMPs) [19-21].

BLOOD AND PLASMA DONATIONS

Testing of blood donations for the absence of infectious agents plays
a vital role in providing safe blood for transfusion. Blood services are
constantly on alert for the reported detection of emerging pathogens
that may impact the safety of the blood supply [22]. When there is a
risk that an infectious agent may be transmitted by blood transfusion,
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this may trigger the implementation of additional screening of donors
and testing of blood donations. The best example in this regard was
the introduction of HIV testing in the 1980s. Other examples of
potential risks to the safety of the blood supply occurred with the
expanded geographic range of pathogens, including the West Nile
virus (WNV), Zika virus and babesiosis.

To mitigate the impact of these emerging pathogens on the safety
of the blood supply in a timely and effective manner, an effective
interaction between all stakeholders, that is, blood services, regulatory
authorities, public health institutions and industry, has been
established. An example of this was the epidemic occurrence of the
WNV, which first appeared in the United States in 1999 and has since
spread across the entire country, resulting in thousands of cases of
disease. By 2002, it was clear that the virus could be transmitted by
blood transfusion, and by the middle of 2003, essentially all blood
donations were being tested for WNV [23]. Subsequently, the
resulting plasma products like immune globulins were tested for neu-
tralizing antibody titers in plasma-derived intravenous immune globu-
lin released in the United States during 2003-2008. Antibody titers
correlated closely with the cumulative incidence of past WNV infec-
tion in blood- and plasma donors, with the lots released in 2008 indi-
cating a seroprevalence of 1% [24]. Similarly, upon the occurrence of
the corona pandemic, the discussion around testing of blood and
blood derivatives for SARS-CoV-2 started early in 2020 [25].

While there was much uncertainty at the beginning of the pan-
demic, as it had been unclear whether SARS-CoV-2 could be transmit-
ted from those with pre-symptomatic or asymptomatic infection,
some tangible data have become available as of now. In May 2020,
researchers from China found no evidence of SARS-CoV-2 RNA in
the blood of donors in a multi-centre study in the province of Hubei
[26]. They examined 98,342 blood donations including 87,095 whole-
blood donations and 11,247 platelet donations by individual or
minipool testing with the commercially available SARS-CoV-2 real-
time RT-PCR assay from PerkinElmer (SYM-BIO LifeScience, Suzhou,
China). All donations were negative for SARS-CoV-2 RNA over an
observation period of 12 weeks. With a similar set-up, samples from
17,995 minipools of 6 or 16 donations corresponding to approxi-
mately 258,000 donations were tested for viral RNA (VRNA) in the
United States from March to September 2020 [27]. In this study, a
research-use-only transcription-mediated amplification (TMA) assay
was used. Reactive results were confirmed using an alternate target
region TMA assay. To estimate the viral load of reactive minipools,
those were tested by TMA after serial dilution. Additionally, testing
for anti-SARS-CoV-2 antibodies and infectivity was performed. Three
confirmed reactive minipools from 16 donations were identified,
which resulted in an estimated prevalence of vVRNA reactive donations
of 1.16/100,000 (95% Cl 0.40-3.42). The vRNA-reactive samples
were non-reactive for antibody. The estimated viral loads of the pre-
sumed single positive donations within each minipool ranged from
<1000 to <4000 copies/ml. Most importantly though, for all these
TMA-positive samples, no infectivity was observed in inoculated per-
missive cell cultures. At this point, it remains unclear why the study
performed in China did not find any VRNA in blood donors while in

the United States, VRNA could be detected in a few minipools. Most
relevant, though, is the fact that a positive TMA signal did not predict
the presence of infectivity.

Diagnosis of SARS-CoV-2 infections has largely been based on
RT-PCR tests from nose or throat swabs resembling the viral load in
the upper respiratory tract [28]. However, detection of VRNA has also
been reported in blood, serum and plasma [29, 30]. A study in the
United Kingdom aimed to determine whether PCR-positive blood
samples could pose an infection risk by investigating the frequency
and determinants of VRNA detection in blood using 424 samples col-
lected from acutely infected and convalescent patients infected with
SARS-CoV-2 [31]. The study group also attempted virus isolation from
a subset of RNA-positive samples to determine whether RNA detec-
tion could be a marker of infectious virus. The results of this study
reported that among the PCR-positive samples, cycle threshold (ct)
values were high (range 33.5-44.8), suggesting low VRNA copy num-
bers. PCR-positive sera inoculated into SARS-CoV-2-susceptible cell
culture did not produce any cytopathic effect or yield an increase in
detectable SARS-CoV-2 RNA. The authors concluded that vVRNA was
detectable at low viral loads in a minority of serum samples collected
in acute infection but was not associated with infectious SARS-
CoV-2.

These studies and similar other observations resulted in consider-
ations around blood and plasma donor deferral criteria for COVID-19
patients. The US FDA published several points that responsible physi-
cians who evaluate prospective donors for blood establishments may
wish to consider. Among these, the agency suggested individuals diag-
nosed with COVID-19 or who are suspected of having COVID-19,
and who had symptomatic disease, as well as individuals who had a
positive diagnostic test for SARS-CoV-2 but never developed symp-
toms, should refrain from donating blood for at least 10 days after
complete resolution of symptoms or 10 days following the date of the

positive test result, respectively [20].

PLASMA FOR FRACTIONATION

Plasma for fractionation can be obtained as surplus plasma separated
from whole blood (recovered plasma), plasma intended or repurposed
for fractionation collected by apheresis concurrently with a cellular
product (in some regions called concurrent plasma) and as plasma
solely intended for fractionation (source plasma). The assessment of
blood and plasma donor suitability and deferral, where appropriate,
aims to exclude donations from individuals at risk of transfusion-
transmissible infection. All blood components should be obtained
from healthy voluntary donors who are carefully selected using a sys-
tematic and validated process comprising review of the donor’s health
assessment and social behaviour history assessed through a donor
questionnaire, as well as a medical examination. Current guidelines
require a clearly defined list of permanent or temporary deferral
criteria used for potential donors. However, standards for donor
selection have always differed for the different types of plasma

resulting from the circumstances of collection, which is particularly
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relevant for newly discovered pathogens. Emerging infections that
may influence donor and patient safety should be monitored and may
necessitate the revision and modification of donor selection criteria.
Donor acceptance and deferral criteria and blood screening proce-
dures need to be balanced to provide optimal safety for both donors
and recipients while at the same time ensuring an adequate supply of
blood products [32, 33].

Early in the corona pandemic, Chinese authors discussed evi-
dence and understanding of the transmission of SARS-CoV-2
through blood products, and also pathogen inactivation methods on
coronaviruses. Although coronaviruses usually infect the upper or
lower respiratory tract, the presence of VRNA in plasma or serum is
possible, although infectivity has never been detected. Therefore, the
risk of transmission of coronaviruses through the transfusion of
blood products is theoretical. Given that many asymptomatic infec-
tions are found among COVID-19 cases, donor selection would fail
under the current circumstances. So far, donation testing for plasma
has not been implemented. Testing has not even been required for
blood donations, that is, directly transfused components without any
virus reduction before application to recipients. Low amounts of
VRNA were only rarely found in blood donations (~1:100,000) and
did not result in transfusion transmission. No infectivity was
observed in inoculated permissive cell cultures, indicating no risk of
transmission of the infection by blood components including
plasma [26].

In low- and middle-income countries, an increase of blood dona-
tions from voluntary, unpaid donors to cover the unmet demand for
red blood cell concentrates was observed because of global efforts
[34, 35]. However, there is a continuous but slow decline in demand
for red blood cells in high-income countries, and with the economic
developments across the world, the decline in blood collection will
likely continue [36]. Consequently, the amount of available recovered
plasma used for plasma fractionation appears to decline. Simulta-
neously with the rise of the first wave of infections of the corona pan-
demic, a substantial decrease in the blood supply was observed. For
example, in the Hubei province in China, the number of donations
was 86% lower in February 2020, dropping from 34,059 to 4778. In
some cities in the province, the reduction could reach 90% or even
95% [26]. Until April 2020, the number of donations gradually recov-
ered but did not reach the numbers of the corresponding period of
the earlier years. Similar observations were reported from all parts of
the world but with varied numbers [37-39]. This caused a dramatic
call to action by the International Foundation of Patient Blood Man-
agement (IFPBM) and the Society for the Advancement of Blood
Management (SABM) Work Group, urging regional and national short-
age plans worldwide and, more vitally, dissemination of knowledge
and immediate implementation of patient blood management to opti-
mize medical and surgical patient outcomes by clinically managing and
preserving a patient’s own blood [40]. Along that line, the UK National
Blood Transfusion Committee provided a framework and triage tool
to guide the allocation of blood for patients with massive
haemorrhage during severe blood shortage. The goal of this document

was to provide blood transfusions in an ethical, fair and transparent
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manner to ensure that the greatest number of life-years were
saved [41].

Reduced or constant availability of recovered plasma before the
corona pandemic was compensated by a steady increase of source
plasma collections, which had improved by a factor of 3.4 from 2000
to 2017 [42]. Plasma supply and demand are held in fine balance. If
demand exceeds supply, or in cases of disruptions in the supply chain,
shortages of plasma-derived products can occur [43]. In the past,
shortages of plasma-derived coagulation factors and albumin concen-
trates have altered medical practice. In recent years, intravenous
immunoglobulin has been in short supply [44, 45], with the corona
pandemic introducing additional stress on plasma supply and creating
constraints across geographies ([46] and personal communication
from plasma industry representatives).

At the same time, in absence of specific therapies, PDMPs have
been proposed for the treatment of COVID-19, thereby further
increasing plasma demand. Transfusions of CP have been used and are
under investigation in approximately 200 studies worldwide with
mixed results [47]. Some preliminary observations of treatment with
CP therapy resulted in a clinically relevant increased risk of severe
adverse events, prompting uncertainty whether CP would be beneficial
for people admitted to hospital with COVID-19 [48]. In contrast, other
studies have shown that CP could provide a safe and efficacious ther-
apy, improving outcomes in severe SARS-CoV2 infection (e.g., [49]). A
recent systematic review and meta-analysis of randomized clinical tri-
als investigated the association between CP treatment and mortality
and concluded that CP treatment of patients with COVID-19 did not
reduce all-cause mortality [50]. Commonly, all studies have shown that
most CP donations had high neutralizing antibody titers. Pre-testing of
donations by ELISA which correlated to the neutralization titre with a
certain threshold could be used to eliminate lower titre units, thus
enabling an adequate pooling strategy of CP to level out variations of

antibody titres and quality in the therapeutic units [51].

NEW PLASMA PRODUCTS AND SUPPLY

As plasma concentrates are the preferable alternative to whole plasma
for safety, efficacy and convenience reasons, hyperimmune globulins
(H-Igs) derived from CP have been produced for research use in clini-
cal trials. Several attempts have been made around the world to pro-
duce such H-Igs, and studies on their use have been conducted in
different centres. One global initiative was the CoVIg-19 Plasma
Alliance, which comprised global and regional plasma product
manufacturers who combined knowledge, resources and existing
infrastructure to accelerate the collection of CP to produce a non-
branded H-lg. In parallel, two other plasma producers initiated similar
development programmes independently. The four resulting investiga-
tional H-Ig products were clinically tested for safety, tolerability and
efficacy in adult hospitalized patients at the onset of clinical progres-
sion of COVID-19 under the guidance of the National Institute of
Allergy and Infectious Diseases (NIAID), one of the National Institutes
of Health (NIH) (ClinicalTrials.gov Identifier: NCT04546581).
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Regrettably, the trial did not meet its endpoint to show meaningful
improvement in the clinical status of hospitalized adult COVID-19
patients through treatment with an H-lg when given with standard of
care including remdesivir [52]. Importantly, this outcome should not
be interpreted as negating the value of plasma in approved indica-
tions. The particular study design did not prove a clinical benefit of an
H-Ig for this targeted COVID-19 patient population in a hospitalized
setting. However, it has significantly contributed to scientific under-
standing and mirrors mixed experience with CP [53]. The antibody
treatment approach has thus far demonstrated efficacy at an earlier
stage, namely pre-hospitalization, of the disease through trials with
monoclonal antibodies. This was not something that was so apparent
when the clinical trial was designed and warrants more research for
better understanding [54-57].

The plasma industry’s response to the pandemic has forced new
ways of thinking and greater collaboration, bringing into sharp focus
what must change if we are to improve access to essential plasma-
derived therapies for people with rare and complex diseases who
often have few alternative treatment options, regardless of the

pandemic.

PLASMA PRODUCTS

The COVID-19 pandemic has further exposed the gap between
plasma supply and demand, as well as the fragility of a system that is
dependent on a scarce resource and heavily reliant on plasma dona-
tions from relatively few countries.

Throughout the pandemic, we have seen challenges to plasma
donation across the industry, fluctuating in line with restrictions on
the movement of people and travel. In spite of significant industry-led
investment in new donation and production facilities, as well as major
awareness campaigns, industry donation volumes are still lagging pre-
pandemic levels. Ultimately, this shortfall is impacting the supply of
plasma-derived therapies, particularly immunoglobulins, those plasma-
derived therapies that are in highest demand and for which demand
grows year on year. This risks potentially compromising patient care.
Many of those patients with life-long, life-threatening conditions who
rely on immunoglobulins—and who are more vulnerable during a pan-
demic—have no alternative treatment option. Hundreds of donations
are required to keep just one patient on treatment for one year and it
takes several months to make these therapies, from donation through
to delivery to the patient [58]. There is a lack of global infrastructure
for collecting and fractionating plasma across the world and highly
restrictive regulatory and legislative frameworks are in place based on
limited understanding of the unique profile of plasma and the extent
of its potential therapeutic value. Currently, source plasma collection
for manufacturing plasma-derived medications is limited to very few
countries, predominantly the United States, because of these con-
straints. For example, the plasma volume collected in Europe meets
only approximately 63% of the European clinical need for PDMPs,
with the rest being imported from the United States. Only six coun-

tries in Europe account for about 80% of all plasma donations to be

used for fractionation in Europe to manufacture PDMPs (Germany,
France, Italy, Austria, Czechia and Hungary). However, since lItaly,
France and Spain use their collections exclusively for their own
domestic clinical needs, only four countries (Austria, Czechia, Ger-
many and Hungary) actually contribute more than 55% of the total
plasma collected in Europe for use in manufacturing PDMPs [59].
Moreover, many of the policies and regulations that impede increased
supply have not kept pace with current scientific understanding and
should be revisited. The solution to increased availability lies in
active collaboration between scientific researchers, the industry,
policymakers and regulatory authorities to foster environments that
encourage source plasma donation and support sustainable supply
solutions. To this end, plasma fractionators are engaging broadly
across the blood and plasma industries, with peers, researchers, pro-
fessional associations, patient organizations, regulators and govern-
ments, to emphasize scientific developments and the critical
importance of plasma sourcing for ensuring continuous supply of ther-
apies for patients with chronic and complex conditions. Sustainable
solutions include establishing or reviewing regulations to better
encourage and incentivize donation as well as better global regula-
tions, allowing collection and manufacture of plasma in a global net-
work. lllustrative examples of changes in the scientific, societal, and
regulatory environment of plasma collection can be found in the
recently updated US guidance for reducing the risk of HIV transmis-
sion by blood and blood products [60]. As described in the document’s
background, the acquired immune deficiency syndrome (AIDS) was
first identified in men who have sex with men (MSM). When it was
recognized that AIDS could be transmitted through the transfusion of
plasma-derived clotting factor concentrates, it was decided to indefi-
nitely defer MSM from donating blood or plasma. Based on the imple-
mentation of pathogen inactivation and removal procedures for
products manufactured from pooled plasma from the 1980s [61] and
nucleic acid testing for HIV, HBV and HCV [62], it was concluded in
2015 that the indefinite deferral could be changed to a 12-month
deferral. In 2021, with additional data on the effectiveness of the
measures accumulated, the MSM deferral period was further short-
ened to three months, acknowledging though that it may not be possi-
ble to implement the change for all plasma collected in the United
States, as it may be destined for fractionation elsewhere and thus dif-
ferent regulations may apply. Scientific advances have led to similar
changes for other blood-transmissible infectious-agent risk factors,
such as receipt of tattooing and piercing. In summary, regulations that
are not harmonized across major geographies and not fully consistent
with current science may still limit effective plasma collection. The
ability to expedite the CoVIg-19 programme (explained above) in just
one year was made possible only by temporary regulatory exemptions
across the plasma value chain, which were granted by regulators and
governments in the United States and European Union, in view of the
urgent need and the available supporting scientific evidence. These
included rapid approval of protocols to collect CP and to pool it for
manufacture, regulatory exceptions to allow for faster processing and
manufacture, for example, reduced inventory hold period, and facili-

tated import/export between the United States and the European
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Union. CoVIg-19 serves as an important illustration of how the cur-
rent plasma landscape in many countries cannot support rapid
response with a potential plasma-derived therapy solution in times of
crisis and, more importantly, limits access to potential life-saving and
life-sustaining therapies for people with rare diseases. It is why the
world relies so heavily on the United States to meet the growing need
for plasma and plasma-derived therapies. This situation is likely not
sustainable. It is hoped that heightened awareness of plasma-derived
therapies and the positive engagement there has been with regulators
and governments will help foster recognition and support for the
urgent need to update laws and regulations supported by science that
govern the donation and processing of human plasma for the produc-
tion of these essential medicines. This will be vital towards ensuring
sustainable patient access to safe and efficacious therapies for which
demand is expected to grow for at least the next decade while new
alternative synthetic solutions are being investigated to address the

full gamut of approved indications.

PATHOGEN SAFETY

Safety of plasma-derived products relies on three complementary
measures: (1) donor selection; (2) testing individual plasma donations
and mini-pools and manufacturing pools using immunological and
nucleic acid amplification technologies (NAT) and (3) manufacturing
processes that include specific virus inactivation and removal steps.
This is known as the Safety Tripod (Figure 1). The Safety Tripod effec-
tively addressed safety concerns of plasma products, and today
plasma products feature significant virus safety margins. The concept
has proven so successful that it is now equally applied to and codified

for cell-based biotechnology manufacturing platforms and increasingly

PATHOGEN SAFETY

Plasma Donor
Selection
Testing
Plasma and Pool

Pathogen
Inactivation
Pathogen Removal

TRIPOD

FIGURE 1 The so-called Safety Tripod best describes the safety
of plasma-derived products relying on three complementary barriers:
(1) selection of donors and plasma sources; (2) testing of individual
plasma donations, and mini-pools and manufacturing pools using
immunological and nucleic acid amplification technologies (NAT) and
(3) manufacturing processes that include dedicated virus inactivation
and removal steps
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so for advanced therapy medicinal products, such as cell and gene
therapies [63]. What does the Safety Tripod mean for SARS-CoV-2?
Selection of lower-risk donors would be virtually impossible but also
not necessary, as we have learned that blood donations and therefore
also plasma would not transmit SARS-CoV-2. Consequently, also test-
ing would not be required and would also not be helpful, as even the
presence of SARS-CoV-2 vRNA would not result in infectious blood.
Nevertheless, blood and plasma donor deferral criteria for individuals
having recovered from COVID-19 have been applied as described
above.

Coronaviruses are large lipid-enveloped viruses. Despite differ-
ences in their antigens, the main structural features regarding the size
and lipid layer are conserved among all coronaviruses, meaning that
their biochemical and physical properties are quite similar. Current
regulations for plasma products require the use of at least two
effective orthogonal virus reduction steps to eliminate infectious
agents. The leading viral inactivation/removal technologies used
today are solvent/detergent (S/D) treatment, heat treatments and
nanofiltration. Given their envelope of phospholipid bilayers, cor-
onaviruses are subject to effective inactivation by S/D treatment. A
virus size of the spherical or pleomorphic particles of 80-120 nm size
provides effective removal by nanofiltration with <35-nm virus-reduc-
tion nanofilter membranes.

To our knowledge, virus reduction validation studies for dedi-
cated virus inactivation or removal steps for plasma products have not
been performed with SARS-CoV-2. Nevertheless, the current situa-
tion with SARS-CoV-2 is comparable with the situation observed with
other newly emerging pathogens. One recent example was the Zika
virus (ZIKV), which caused large outbreaks in the Americas in 2015
and 2016, resulting in an increase in travel-associated cases in US
states, which also raised concerns around the potential for ZIKV trans-
mission via blood products. Before systematic virus inactivation and
removal studies during the manufacture of PDMPs had been per-
formed, risk assessments were made building on similarities between
viruses, the so-called model virus concept. In the case of SARS-CoV-
2, we do know its structure and function. As explained, the relatively
large size and lipid envelope make SARS-CoV-2 highly susceptible to
steps with virus inactivation and removal capacity used during the
manufacturing processes, such as S/D [64], low-pH incubation, cap-
rylate, pasteurization [65] or dry-heat treatments [66], nanofiltration
or fractionation processes and others [67]. The effectiveness of these
processes has been demonstrated on other lipid-enveloped model
viruses that are quite similar to SARS-CoV-2, for example, human
coronavirus 229E and OC43, SARS-CoV, and porcine coronavirus
TGEV [68, 69]. In a recent publication, an array of effective coronavi-
rus reduction steps during the manufacture of PDMPs was evaluated
and discussed [70]. The authors concluded that, together with earlier
reports that SARS-CoV and TGEV are effectively inactivated by pas-
teurization and standard S/D treatment conditions, these studies pro-
vide further evidence that various low-pH incubation and non-
standard S/D treatment steps are also effective at inactivating cor-
onaviruses, which, taken together with other safety measures, provide

assurance of a high margin of virus safety against SARS-CoV-2 for
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PDMPs. Thus, the Plasma Protein Therapeutics Association (PPTA)
issued a statement in February 2020 - updated in April 2020 - that
the SARS-CoV-2 outbreak is not a concern for the safety of plasma

protein therapies manufactured by PPTA member companies [21].

DISCUSSION AND SUMMARY

Building on the historical use of plasma in earlier pandemics, the
corona pandemic has substantially increased public awareness of the
therapeutic use of plasma, although broader understanding of its use
remains low. Use of CP and the potential for H-lgs made from CP to
treat those at risk of serious complications from COVID-19 have been
widely recognized, and this has drawn attention to the importance of
blood and plasma as the source of life-saving human therapies.

Data obtained by in-depth investigations of the SARS-CoV-2
virus and derived from studies with highly similar viruses such as the
human coronavirus 229E and OC43, SARS-CoV and porcine coronavi-
rus TGEV confirmed that SARS-CoV-2 is not an issue for the safety of
plasma derivatives. Several studies have suggested that infectivity will
not be found in plasma donated by those individuals undergoing rou-
tine selection based on their health status.

There is a need for more plasma to be collected around the world
to meet the growing need for safe and efficacious plasma-derived
therapies—and this was evident even before the pandemic [71]. As an
example, demand for immunoglobulin products is anticipated to grow
steadily over the next few years, with an expected increase of 33%
from 2017 to 2025. A key factor behind this growth is the growth in
the use of immunoglobulins to treat secondary immunodeficiencies,
or even cancer [72]. An increase in collections requires outdated regu-
latory and policy restrictions to be realigned with current scientific
evidence. Specifically, several measures originally implemented with
the intention to enhance the virus safety margins of PDMPs have
now become redundant. This is largely a result of significantly
enhanced and fully validated virus inactivation and removal processes
that have been embedded into manufacturing processes, as well as
advancements in the science of testing for infectious agents. The con-
tinued implementation of these measures limits collection of plasma
for fractionation. By addressing this, as well as over-reliance on the
few countries with regulatory frameworks conducive to effective
plasma collection and shifting towards broader country contribution
to global plasma supply, we can create a more sustainable plasma
landscape. This means more patients around the world with life-
threatening conditions—and often no therapeutic alternative solu-
tion— would be able to count on more reliable supply and, therefore,

be more confident of access and continuity of care.
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Abstract

Background and Objectives: Actions are needed to improve access to safe plasma-
derived medicinal products (PDMPs) in low- and middle-income countries (LMICs).
Materials and Methods: The International Society of Blood Transfusion (ISBT) Work-
ing Party for Global Blood Safety organized an on-line workshop during 21-23
September 2021 to advance access to safe plasma proteins in resource-constrained
countries, consistent with recent World Health Organization (WHO) guidance
documents.

Results: The meeting drew attention to the considerable unmet needs for access to
essential PDMPs in LMICs, in particular coagulation factors and immunoglobulins,
and stepwise actions to address these deficits. First, improved access to safe plasma
protein therapies requires blood component separation with prevention of wastage
of recovered plasma. Quality and safety of collected blood and plasma must be
assured so that plasma in excess of transfusion needs can be processed into safe
plasma proteins. Second, local production of safe plasma proteins can be
implemented using available technologies to locally obtain pathogen-reduced plasma
and prepare pathogen-reduced cryoprecipitate and immunoglobulins from small
plasma pools. Third, when a sufficient, stable volume of quality-assured plasma is
available (approximately 50,000 L/year), contract or toll fractionation by a foreign
plasma fractionator can expand the supply of PDMPs. Fourth, when the national
infrastructure supports high-technology industrial production and stable volumes of
quality plasma reach at least 200,000 L/year, technology transfer for domestic frac-
tionation can be considered.

Conclusion: Action is needed including commitments of the organizations that made
the workshop possible (WHO, ISBT, World Federation of Haemophilia [WFH],
Plasma Protein Therapeutics Association [PPTA], International Plasma Fractionation
Association [IPFA], International Patient Organization of Primary Immunodeficiencies
[IPOPI] and International Federation of Blood Donor Organizations [FIODS]).
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Highlights

INTRODUCTION

A 3-day on-line workshop was organized by the International Society
of Blood Transfusion (ISBT) Working Party on Global Blood Safety
(WP GBS) during 21-23 September 2021 to discuss ‘Stepwise Access
to Safe Plasma Proteins in Resource-Constrained Countries’. Dele-
gates from 84 countries attended the workshop, which gathered
major stakeholders in the plasma product field, including representa-
tives from the World Health Organization (WHO), patient organiza-
tions, blood donor organizations, plasma fractionation organizations
and technology and equipment suppliers.

Data indicate that unlike in high-income countries, in most low-
and middle-income countries (LMICs) patients’ access to plasma-
derived medicinal proteins (PDMPs) essential for their treatment is
still poor or absent due to unavailability or unaffordability of the prod-
ucts. To identify and facilitate new avenues for the supply of plasma
protein products, in 2017 the WP GBS published recommendations
on pathogen-reduced cryoprecipitate and on plasma for fractionation.
More recently, the WHO launched an ‘Action framework to advance
universal access to safe, effective and quality-assured blood products
2020-2023’ under which it published ‘Guidance on increasing sup-
plies of plasma-derived medicinal products in low- and middle-income
countries through fractionation of domestic plasma’ [1] and ‘Guidance
on centralization of blood donation testing and processing’ [2].

The aim of the WP GBS workshop was to ‘identify pragmatic
technical options for stepwise access to safe plasma protein therapies
in resource-constrained countries to support implementation of these

WHO guidance documents’.

UNMET NEEDS FOR PDMPs IN LMICs

Significant imbalances exist in global plasma collection, with 65% from
the United States, and the need for more regionally balanced collec-
tion towards global PDMP sufficiency. To reach ‘Treatment for All’ as
an ultimate goal, additional innovative strategies and actions are nec-
essary. Patients with bleeding disorders (haemophilia A and B, von
Willebrand disease and other rare haemorrhagic diseases) and a vari-
ety of immunodeficiencies suffer from similar problems: under-
diagnoses of patients and short supplies of safe and effective
therapeutic products. Inherited bleeding disorders (IBDs) are present

e Patients’ access to plasma-derived medicinal proteins (PDMPs) essential for their treatment
is still poor or absent in low- and middle-income countries (LMICs) due to the unavailability
or unaffordability of the products.

o Stepwise technological actions to process domestic quality plasma can advance the access to
safe plasma protein products in LMIC, consistent with recent WHO guidance documents.

e Practical pilot projects to address deficits in PDMPs in LMIC are now planned; implementa-
tion will require the continued commitments of the international organizations that contrib-

uted to the workshop and the support from technology and equipment suppliers.

worldwide, but in LMICs only 8% of those are identified because of
lack of awareness, inadequate diagnoses and unavailability of treat-
ment products. A striking imbalance between the developed and
developing world exists, with 82% of total factor VIII (FVIII) products
being used in the Americas and Europe, which comprise only 29% of
the global population. In the World Federation of Hemophilia (WFH)
Global Survey 2019, the mean FVIIl usage reported per capita was
6.01 IU (international units) in high-income countries versus 0.06 IU
in LMICs. This gap reflects that many patients are not diagnosed and
suffer from early-life haemorrhage or do not have access to treatment
including from barriers of cost, leading to the high morbidity and mor-
tality among haemophilia patients in LMICs. The WFH has taken steps
to mitigate this unsatisfactory supply situation, which globally affects
70%-80% of haemophilia patients with no improvement in the past
20 years. WFH activities in LMICs aim to improve the level of knowl-
edge through capacity building and data collection, enhance advocacy
capacities of different stakeholders and facilitate access to care under
a Humanitarian Aid Program (HAP). The HAP provides consistent and
predictable access to PDMPs in LMICs through product donations by
industry, representing a fine example of solidarity with patients. Mak-
ing use of optimal treatment paradigms, the HAP provides evidence
of the benefits that can motivate governments to support the pur-
chase or production of clotting factor concentrates (CFCs). However,
as HAP donations cover less than 1% of global CFC consumption, this
programme alone will not resolve shortages in LMICs.

To prevent serious infections, patients with primary immune
deficiencies (PIDs) require life-long immunoglobulin (Ig) replacement
therapy with individualized product selection and dosages. Access
to Igs in the world varies widely, with about 50% of the worldwide
Ig consumed in North America alone. The International Patient
Organization for Primary Immunodeficiencies (IPOPI) estimates that
80% of PID patients worldwide do not have access to appropriate
therapies. Significant disparities exist in PID diagnosis rates and
patient access to Ig therapies between regions. Prevalences of dis-
eases differ between regions. Based on a conservatively estimated
PID prevalence of 1/1200-1/5000, at least 1.4 million people live
with PID worldwide, most of whom require Ig therapy. In 2018,
211 tons of Ig was used worldwide (up from 19.7 tons in 1992),
whereas at least 305 tons of Ig are needed to cover PID patient
needs only. Demand for Ig is growing at 6%-8% yearly across a

broad range of indications, in particular for secondary

85U8017 SUOIWIOD BAEaID 3(edlidde 3y} Aq peusenoh ase SSpe YO ‘85N JO S9N 10} A%iq1T8UIIUQ AB|IAN UO (SUONIPUCD-PUR-SLLBYLIOD A 1M ARIq 1 BU1UO//SANY) SUORIPUOD PUe SWiB | 8L} 88S *[5202/20/62] U0 ARIgITauluO A8|IM ‘Wewiedeq SLS 7 $80IN0say-3 AISRAIUN [BUI0D AQ £9ZET XONTTTT 0T/I0P/WO0D A8 |imAreIq1pU1|UO//Sd1Y WO1S pepeolumod ‘9 ‘2202 ‘0TYOEZT



ISBT WORKSHOP ON PDMP ACCESS IN LMICs

immunodeficiencies, and is not forecasted to decrease for years to
come. Improved global PDMP sufficiency with better Ig access in
LMICs requires collaboration guided by patient needs, donor care,
safety of PDMPs, and a better understanding of patient-centred Ig
therapies. To overcome existing product shortages, the IPOPI aims
to increase the availability of high-quality plasma for fractionation,
by improving good manufacturing practices (GMPs) in blood and

plasma collection and processing and preventing plasma wastage.

OPTIONS FOR THE FRACTIONATION
OF DOMESTIC PLASMA

World Health Assembly Resolutions 58.13 (2005) and 63.12 (2010)
urge countries to ensure adequate availability of safe quality blood,
blood components and PDMPs. In particular, several PDMPs, includ-
ing clotting factors and Igs, are included in the WHO Model List of
Essential Medicines. Therefore, ensuring a safe, secure, sufficient and
ethically obtained supply of essential PDMPs in LMICs is regarded as
an important public health responsibility. Plasma collected to improve
the sufficiency of PDMPs should meet quality requirements for frac-
tionation. However, a substantial volume of recovered plasma, a valu-
able source of clotting factors and having, in some LMIC countries, a
high content in immunoglobulins, is discarded because quality require-
ments for industrial fractionation are not met. This wastage is due to
deficiencies, which include a fragmented blood collection system,
absence of regulations to assure plasma quality and safety, deficien-
cies in testing, and inadequate infrastructure for plasma freezing, stor-
age and transport. Corrective actions are urgently needed, as the
steady increase in whole-blood collection in LMICs to provide for red
blood cells may increase the volume of wasted plasma. Thus, the
WHO published a high-level guidance document entitled ‘Increasing
supplies of PDMPs in LMICs through fractionation of domestic
plasma’. The guidance provides a strategic framework to assist mem-
ber states in increasing the volume of quality plasma suitable for frac-
tionation and understanding stepwise approaches for providing safe
plasma protein products by local small-scale processing and through
industrial fractionation. This guidance is complementary to WHO
guidance on centralizing blood donation testing and processing, which
is intended to assist member states in deciding whether to centralize
blood donation testing and processing. Such centralization can help
LMICs gradually increase the availability of quality plasma for fraction-
ation and access to safe plasma protein fractions including PDMPs.
The possibility for fractionation of plasma into PDMPs depends
on assurances that the plasma meets international quality standards.
Measures are needed to correct non-conformities in quality manage-
ment systems and/or deficiencies in GMPs as required by plasma frac-
tionators. Key steps and changes can be implemented by blood
services to improve the quality of their plasma. A strong commitment
from government agencies and adequate funding for GMP implemen-
tation are needed. Improvements need to be made throughout the
manufacturing chain, from donor selection to shipping of frozen

plasma and fractionation. Plasmapheresis as a source of additional
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plasma for further processing into plasma fractions can be introduced
after GMP compliance is established in blood establishments.

Contract or toll plasma fractionation through an agreement with
an established plasma fractionator is a pragmatic and feasible way to
obtain PDMPs from domestic plasma. Domestic plasma recovered
from whole blood or obtained by plasmapheresis is sent to a fraction-
ator to obtain PDMPs under different contractual agreements.
Domestic plasma should comply with mandatory quality requirements
from the plasma fractionator and relevant regulatory authorities. This
requires implementation of quality management systems for blood,
blood components and plasma collection, resulting in a win-win situa-
tion for both blood collection and plasma fractionation organizations.
With consistent volumes of quality plasma sufficient to be industrially
fractionated (estimated to be 50,000 L/year), the decision to initiate
contract manufacturing can be made, involving all stakeholders (blood
establishments, local authorities, fractionators, the ministry of health
and dedicated funding organizations if needed). The PDMPs man-
ufactured through contract fractionation abroad should obtain a
license by local or regional competent authorities supervising the
country. A quality agreement between blood establishment organiza-
tions and the fractionator is a building block that defines all quality,
technical and contractual conditions. Such quality management sys-
tems can be implemented at the regional level to increase quality
plasma volume, perform contract manufacturing and contribute to the
availability of PDMPs in the world.

Understanding the complexity of the plasma fractionation indus-
try would help make optimal technical and financial decisions. Plasma
fractionation is a complex technology with benefits and limitations.
The original process based on ethanol precipitation developed
75 years ago to fractionate albumin is still the core technology today.
Countries interested in building a fractionation plant to improve
PDMP supplies should consider the WHO guidance recommendations
to ensure success and sustainability. Economic considerations, some-
times underestimated, include costs of complex engineering, heavy
capital investments, and, typically, technology transfer with a long-
term endeavour. For a domestic facility, a minimum targeted annual
volume of 200,000 L, ideally expandable to 300,000 L of plasma, is
needed.

Thailand is one example where a domestic plasma fractionation pro-
gramme was implemented to resolve issues of variable costs and insuffi-
cient supplies of imported PDMPs and address inequitable access to
treatment for patients. The country was running a small-scale plasma frac-
tionation facility, and in 2011 it decided on an industrial plasma fraction-
ation plant to meet increasing local demands for FVIII, intravenous Ig
(IVIG), and albumin. In 2013, a technology transfer agreement was signed
with Green Cross Corporation (GCC). Construction of the plasma frac-
tionation facility began, followed by technology transfer, qualification, val-
idation and production batch trials. Clinical studies of locally made
PDMPs were conducted in university hospitals. The first licensed prod-
ucts were released in 2016, which showed a quality comparable to that
of imported products. Critical factors in their success included royal and
government support, good diplomatic relationships between Thailand and

South Korea, fruitful cooperation among various local health
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organizations, the availability of local technical expertise and experienced
staff, and a reliable domestic plasma supply. Building such a domestic
facility is very costly and requires complex technology transfers. Thus,
careful assessment and feasibility studies are needed.

The Hemoderivatives Laboratory (HL) of the National University
of Cordoba (UNC), Argentina, was established in 1965 to fractionate
plasma from Argentina. In-house plasma fractionation technologies
were developed, allowing HL to produce a range of PDMPs. Domestic
blood centres supply plasma and receive PDMPs in return as well as
equipment and supplies for enhanced blood/plasma quality collection.
In addition, HL signed plasma fractionation agreements with Uruguay,
Chile and Paraguay. A percentage of the produced PDMPs is returned
to the plasma suppliers, while HL keeps excess products to compen-
sate for the fractionation cost, thus improving the availability of
PDMPs in Argentina. Insufficient political will for plasma fractionation
and insufficient plasma quality initially impeded the development of
the plasma fractionation programme. Implementation of the Plasma
Quality Assurance Program by HL, which focused on compliant
plasma collection procedures and GMP implementation, and better
organization of the national blood collection system were vital to the
eventual success.

Thus, both sufficient quality and volume of plasma are needed for
industrial-scale processing. However, many LMICs struggle to make
enough safe blood available, while for small countries the minimum
plasma volume needed for a plasma fractionation programme is out of
reach, justifying the need to identify pragmatic solutions to increase

PDMP supplies at the national or regional level.

OPTIONS TO IMPROVE THE ACCESS TO SAFE
PLASMA PROTEIN PRODUCTS IN LMICs

The International Federation of Blood Donor Organizations (FIODS)
emphasizes the fundamental role of safe blood and plasma donors in
every blood programme. Up-to-date strategies for recruitment and
retention of safe blood and plasma donors include “social marketing”
with culturally sensitive promotion of donations that focuses on
donors’ natural desire to enhance their standing in their own social
networks. Thus, the safety and security of the blood supply and vol-
untary unpaid donations should be priorities, targeting low-risk
populations, promoting blood and plasma donation as part of a
healthy lifestyle, and protecting donors’ health and rights. Blood donor
organizations and associations can play an important role, making a
significant contribution to their respective national blood organiza-
tions and healthcare systems.

The French Blood Establishment (EFS) reported on the successful
use of quarantine/release as an alternative to pathogen reduction
(PR) to ensure the safety of plasma for transfusion. Fully tested
plasma from whole blood or apheresis is held in quarantine for at least
60 days and released for transfusion on days 61-160 of storage based
on a subsequent donation with negative infectious disease test
results. Plasma quarantine/release mitigates the infectious risk associ-

ated with a donation in an infectious ‘window period’ for tested

agents. However, the practice is feasible only if a large proportion of
donors returns for donation during the defined period. The efficiency
of plasma quarantine/release depends on multiple factors, including
the ability to identify and engage with donors willing to undergo sub-
sequent donations. A robust infrastructure capable of dealing with
large volumes of cryopreserved plasma should be available, as well as
a robust system of product information and traceability. The sensitiv-
ity of donation screening tests (which governs the necessary duration
of the quarantine) and the incidence of transfusion-relevant patho-
gens in donors are relevant elements to consider. Rules and proce-
dures for disposition (i.e., fractionation or destruction) of plasma for
which quarantine/release was unsuccessful should be defined. Plasma
quarantine in LMICs might not be easily implementable as donor
return rates are generally low.

Pathogen reduction (PR) is an option to improve the safety of
plasma. Several companies presented their respective PR technologies
for blood components. Intercept/Cerus uses amotosalen + ultraviolet
A (UVA) to treat plasma (and platelets); at the workshop, feasibility
was also claimed for PR of cryoprecipitates and cryo-poor plasma.
Mirasol/TerumoBCT uses riboflavin + UVB/A spectra to treat plasma
(and platelets); at the workshop, PR of cryoprecipitate was also
described. Theraflex/Macopharma uses methylene blue + UVC to
treat plasma and cryoprecipitate. VIPS/VIPS uses solvent-detergent
(SD) for mini-pool PR of plasma and cryoprecipitate and caprylic acid
for mini-pool purification and PR of Ig. At this time, only VIPS offers a
PR method for the preparation of Ig. All presenting manufacturers
emphasized the safety and efficacy of their technologies. Each of the
technologies offers highly significant inactivation of major enveloped
viruses relevant to blood safety (human immunodeficiency virus [HIV],
hepatitis B virus [HBV] and HCV) but lesser reduction of non-
enveloped viruses (i.e., parvovirus B19). Chemical characteristics of
treated plasma and cryoprecipitate conform to internationally recog-
nized standards. The companies claim that implementation of their
technologies is reasonably quick, with training of staff being critical.

In Jeddah, Saudi Arabia, coronavirus disease 2019 (COVID-19)
convalescent plasma (CCP) was successfully prepared using plasma-
pheresis and Intercept PR. Challenges encountered during implemen-
tation of CCP production included regulatory approval for the
production of a novel pharmaceutical, labelling of the CCP product,
implementation of a plasmapheresis system, operator training, on-site
validation of the plasmapheresis system, adjustments of the PR pro-
cess and on-site validation of the overall process. Additional difficul-
ties specific to the COVID-19 pandemic included scarce resources
(supplies, budgets and human resources) and limited availability of
sets for plasmapheresis and PR (due to interrupted distribution
because of flight cancellations and supply shortages).

Experience from Cairo, Egypt, demonstrated that Mini Pool
Plasma Fractionation developed with CE-marked medical devices can
enable high-end blood transfusion centres in LMICs (like the national
blood transfusion centres) to produce safe alternatives for CFCs and
IVIG at affordable costs. Specifically, in Cairo, production of PR
cryoprecipitates and Ig was implemented using VIPS technologies to

address unmet needs for plasma protein products of patients with
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haemophilia A and immune deficiencies. The technology enables pro-
duction of protein concentrates on a scale that can be adapted to
blood transfusion centres in LMICs. To make anti-haemophilic factor,
a series of CE-marked sterile medical devices is used to generate
approximately 400-ml mini-pools of cryoprecipitate, which are sub-
jected to PR using SD and filtration (F) to produce safe coagulation
factors as cryo-SD/F. The product contains concentrated FVIII, von
Willebrand factor (VWF), fibrinogen and factor XIlIl (FXIIl). Remark-
ably, one-third of all FVIII used in Egypt is being produced as cryo-
SD/F. A comparable approach was developed to produce safe IVIG
fractions. The production process, which models scaled-down frac-
tionation, differs from that for cryo-SD/F but is similar in principle:
pooling of plasma, precipitation to get the cryo-supernatant, PR, Ig
purification (with caprylic acid), several filtration steps, and condition-
ing of safe Ig to treat patients with immunodeficiencies. Products
have demonstrated both clinical safety and efficacy in the absence of
significant adverse reactions. At the same time, recovered plasma is
utilized, thus reducing wastage of this valuable resource. All VIPS
products are CE-marked as medical devices and comply with local
blood bank regulations.

LMICs should implement PR on plasma, cryoprecipitate and cryo-
supernatant as part of local production of safe plasma protein prod-
ucts when industrially manufactured clotting PDMPs are unavailable
or unaffordable. To render plasma proteins virus-safe, complementary
measures are needed, including selection of low-risk blood/plasma
donors, testing for specific blood-transmissible agents, and use of vali-
dated technologies for virus inactivation/removal. Robust methods
for virus inactivation/removal such as SD treatment, pasteurization,
dry heat and (nanoffiltration have been successfully applied against
relevant blood-transmitted viruses such as HIV, HBV and HCV. While
there is no single inactivation/removal method that reliably clears all
kinds of viruses, a combination of methods offers a high degree of
safety against a wide range of potential contaminants that may
include unknown or unexpected viruses. Available methods for virus
inactivation/removal vary with respect to their range of ‘viral kill’ as
well as to their critical process parameters. Considering that individual
inactivation steps could be overloaded by highly viremic donations, it
may be preferable to apply virus inactivation on pooled/homogeneous
plasma pools rather than to individually treat units for virus inactiva-
tion. Nucleic acid testing (NAT) of donations might not be required
when the implemented pathogen/virus reduction treatment has dem-
onstrated robustness against viruses of concern.

Regulatory approval of medical devices for pathogen inactivation
of plasma from the design phase to clinical use is complex. Objective
evidence related to the performance, safety, and efficacy (PS&E) must
be provided to a notified body (NB), and the national regulatory
authority (NRA). When chemicals are used for pathogen inactivation,
the device may be certified either as an integrated set including the
chemicals or separately. Certification typically takes several years and
is increasingly costly and knowledge-intensive, thus, unfortunately,
limiting the availability of medical devices for pathogen inactivation in

resource-constrained countries.
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SCALE-UP FOR DOMESTIC PROCESSING OF
PLASMA: TECHNOLOGICAL OPTIONS,
EQUIPMENT AND OVERSIGHT

Small-scale processing technologies in single-use devices and equip-
ment from industry suppliers may help fill technical gaps in locally sup-
plying safe plasma proteins. Validated protein purification and virus
reduction methods adapted to small-scale plasma processing fit a
stepwise approach for preparing virus-safe plasma products such as
FVIII/VWEF/fibrinogen, and Ig. This ramp-up phase can help familiarize
local stakeholders and the workforce with specific requirements of
plasma processing.

Industry suppliers representing Sartorius, Merck Millipore and Asahi
Kasei Medical presented examples of pragmatic, scalable single-use tech-
nologies for various types of chromatographic processing, filtration, tan-
gential flow filtration and virus removal by nanofiltration. Single-use
processing can increase the flexibility and efficiency, lower contamination
risk, avoid heavy capital investment, and facilitate process implementation
and scale-up for domestic plasma processing, including for purified virus-
inactivated Igs and cryoprecipitate. Suppliers indicated that they have
technical support teams dedicated to LMICs to assist process implemen-
tation and performance optimization.

Within a short time frame, Intas Pharmaceutical, India, implemented
a dedicated purification process of severe acute respiratory syndrome
coronavirus (SARS CoV)-2 Ig from CCP collected by local blood banks.
This process included steps for virus inactivation and removal. A concrete
example of the production of plasma-derived Igs from small plasma pools
was given from the angle of the manufacture of antivenom polyclonal
IVIGs in Costa Rica. Antivenom manufacture uses GMP-compliant
processing methods analogous to those used in the human plasma frac-
tionation industry to purify Igs. The experience developed by several
LMICs in the fractionation of antivenom Igs illustrates the feasibility of
domestic production of plasma-derived biologicals that may provide a

roadmap for the supply of human plasma fractions in LMICs.

THE WAY FORWARD

The workshop concluded with a presentation of models for technical
assistance and technology transfer followed by a panel discussion
which focused on identifying practical next steps.

Consistent with WHO guidance documents [1], access to plasma
protein products can be approached stepwise (Table 1). First, and most
fundamental, is to ensure the quality of blood and plasma collection and
processing. Second, as plasma is increasingly generated from component
separation of whole blood, it becomes important to eliminate wastage of
plasma that is not utilized for transfusions. Local production of small-scale
virus-inactivated cryoprecipitate and Igs can be considered using available
technologies. Third, as more stable, quality-assured plasma becomes avail-
able (approximately 50,000 L/year), collaboration with a plasma fraction-
ator through contract or toll fractionation becomes possible to expand

the supply of plasma protein products. Subsequent technology transfer
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TABLE 1 Stepwise access to safe plasma protein products in
resource-constrained countries where commercial concentrates are
unavailable or unaffordable

Volume of quality

Step  plasma (L) Safety measures

1 <50,000 e Quarantine or holding period of
plasma donations
e Validated pathogen reduction
of plasma, cryoprecipitate and
cryo-poor plasma

2 <50,000 e Validated preparation of mini-
pools of virus-inactivated
cryoprecipitate or
immunoglobulins

e Small-pool, scalable, plasma
fractionation

3a >50,000 e Consider contract/toll
fractionation by a licensed
fractionator abroad

3b 2200,000 e Consider domestic or regional
plasma fractionation

for the development of domestic fractionation is an option when stable
volumes of quality plasma reach a level of 200,000-300,000 L/year and
there is a national infrastructure to support high-technology industrial
production. Establishment of a national fractionation plant may eventually
lead to collaboration with other countries of the region to provide con-
tract or toll fractionation, enabling economies of scale for a national frac-
tionation plant while expanding access to industrially prepared plasma
protein concentrates across the region.

A key issue in advancing access to plasma protein products is jus-
tification for promoting plasma production when collections of whole
blood are insufficient to meet patient needs for transfusion. A major
barrier in LMICs exists from the under-diagnosis of rare disorders,
since authorities face difficulties prioritizing budgetary needs of very
small patient populations. Awareness should be raised of public health
decision makers through scientific-evidence-based advocacy about
the importance of plasma collection to care for patients whose lives
depend on plasma protein products. The WHO could play a larger role
in advancing this message globally. For example, World Blood Donor
Day could be re-invented as World Blood and Plasma Donor Day.
Advocacy for plasma quality also advances the quality and safety of
blood components for transfusions and is linked to promotion of a
safe and stable blood donor base. Raising awareness of the need for
plasma proteins helps to increase the willingness of donors to donate.

Wastage of plasma and failure to generate plasma and
cryoprecipitate by component separation from whole blood are mis-
sed opportunities and should be supported in countries where treat-
ment with PDMPs or safe plasma components is lacking. A first step
is improving blood collection systems to meet transfusion needs while
promoting the quality of component separation according to WHO
guidance such that plasma ultimately can fulfil the requirements for
fractionation. Short of fractionation, with the production of quality

plasma, various patient needs can be met through local production of

small-scale plasma protein products. For example, cryoprecipitate has
proven value in treating peripartum haemorrhaging and massive
bleeding in trauma cases, and can also be used to treat patients with
haemophilia A and von Willebrand disease. Ensuring viral safety of
cryoprecipitate is paramount to expanding its use. In general, scientific
evidence of safety and efficacy is central to advocating for the local
production of small-scale plasma protein products. Depending on the
product, with tests in place to prevent transfusion-transmitted infec-
tions and methods of PR, for example, SD treatment, it might be pos-
sible in some settings to obviate the need for NAT to ensure viral
safety. Local patient organizations can support investments in locally
generated treatments.

Technology suppliers have the ability and willingness to provide
technical assistance starting at the early stages of plasma preparation
and throughout the ‘plasma value chain’ from donation to fraction-
ation. Technical assistance at the level of plasma preparation is rela-
tively easy and can include training and help with implementation of
quality standards and controls; equipment set-up, validation, and
maintenance; and material procurement. Assistance at this level can
facilitate operation of blood establishments under GMPs and prepara-
tion of plasma that meets regulatory standards while also improving
the quality and safety of labile blood components for transfusion.

When preparation of quality plasma is managed under a nation-
ally coordinated and well-regulated blood system, contract fraction-
ation becomes an efficient option for access to industrially
manufactured products. The partnering fractionator can take steps to
ensure that locally generated plasma fulfils all requirements for quality
based on GMPs through audits and inspections by both the fraction-
ator and relevant regulatory authorities. This process of assessments
concurrently provides valuable domestic learning on how plasma col-
lection and preparation should be done. Limitations of contract frac-
tionation include the likelihood of a narrow range of products,
dependence on a third party with importation of finished products,
and costs.

Creation of a national or regional fractionation plant can be
considered when there is certainty to provide >200,000-
300,000 L/year of quality-assured plasma as needed to enable
economies of scale. Such plants may eventually provide contract
fractionation services to neighbouring countries in the region.
Building a fractionation plant is a long-term enterprise of 5-
10 years taking at least 3-4 years from planning to operation.
Owing to the skills, time and effort required, as well as the current
regulatory requirements of technology transfer, technology licens-
ing from an established fractionator is preferred over building up a
system from scratch, potentially by expansion of a prior relation-
ship with a contract fractionator. Additionally, there must be the
necessary political, public health, economic and social infrastruc-
ture and commitments. Clinical studies are also needed to support
product registration with competent regulatory authorities.

International plasma fractionators are generally interested in col-
laboration with LMICs to establish contract fractionation and are will-
ing to provide developmental assistance. In general, it is futile to

pursue contract fractionation when the country lacks sufficient blood
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collection to satisfy transfusion needs. Under the Achilles Project, the
WHO focused on providing assistance to Indonesia and South Africa
as individual countries with large populations that could generate
large volumes of plasma recovered from whole blood. The approach
was comprehensive, including restructuring of the blood supply sys-
tem, for example, through centralization of some functions, advance-
ment of blood regulation, and implementation of quality systems at
blood establishments. However, fractionators can accept pooling of
plasma volumes from multiple countries in a region when the coun-
tries have common quality standards and the regulators mutually
agree on acceptance criteria for plasma and final products.

The way forward from the guidance provided in the founda-
tional WHO documents and the knowledge shared during the
workshop is to launch practical pilot projects based on a stepwise
approach in line with recent WHO guidance and available plasma
resources (Table 1) [1]. In a country with severe shortages of
plasma proteins, a pilot project for local production of viral-
inactivated cryoprecipitate is an option. Other countries may
additionally benefit from small-scale production of Igs. Pilot pro-
jects for the local production of small-scale plasma protein prod-
ucts can simultaneously be pursued in multiple countries with
consideration of local conditions and overall lessons learned. Suc-
cessful pilot programmes can lead to expansion through replica-
tion of strategies that have worked. In yet other countries, pilot
projects for plasma fractionation comparable to the Achilles Pro-
ject in Indonesia and South Africa may be feasible. To make these
pilot projects possible, the local situation should be supportive.
First, the pilot project needs a person who is trusted in the local
environment and has good connections with key local and inter-
national stakeholders. Support from stakeholder organizations is
needed, including the scientific and medical communities. In all
countries, including high-income countries, development of frac-
tionation is a gradual and stepwise process. Hence, the appropri-
ate time to begin considering small-scale local plasma processing
and/or contract fractionation is when a country identifies its need
for PDMPs.

In conclusion, practical solutions are needed to resolve problems
in LMICs where patients with haemophilia and PIDs are not diagnosed
and plasma protein products are unavailable or unaffordable. There

are many hurdles, but action is urgently needed. The continued
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collaboration of organizations that made the workshop possible
(WHO, ISBT, WFH, IPOPI and FIODS) can be a great help in
supporting stepwise improvements for patients who depend on treat-
ments with plasma proteins. At all stages of such an effort, govern-

ment support is mandatory and crucial.
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Abstract

Background and Objectives: Di(2-ethylhexyl) phthalate (DEHP) must be removed
from blood bag sets in Europe by 27 May 2025. DEHP is known to interact with the
red blood cell (RBC) membrane, resulting in reduced haemolysis and thus prolonging
shelf-life. Current non-DEHP alternatives result in increased haemolysis requiring
reconsideration of the RBC shelf-life. Although the immediate impact of eliminating
DEHP is to the European community, the non-DEHP movement could affect blood
bag set availability globally. The purpose of this survey is to understand blood centre
readiness regarding the transition to non-DEHP blood collection and storage systems.
Materials and Methods: A 24-question on-line survey was completed by members of
the Biomedical Excellence for Safer Transfusion Collaborative research network.
Results: Responses were obtained from 16 blood collection or processing institutions. A
majority of respondents (12/16) indicated that both shelf-life and haemolysis were equally
important in selecting non-DEHP blood bag sets. Six respondents would accept a lower
RBC product shelf-life compared to current practice. Respondents were not clear on the
best non-DEHP vinyl material or RBC storage solution. Three European blood centres indi-
cated they have developed non-DEHP transition plans. One challenge identified regarding
the transition to non-DEHP is the extensive validation testing that will be required.
Conclusion: Blood centres in Europe are concerned with meeting the sunset date for
DEHP, considering that limited non-DEHP blood bag and RBC storage solutions are cur-
rently available. Banning DEHP in Europe, which may have global ramifications, repre-

sents a major challenge not yet fully understood by the transfusion medicine community.

KEYWORDS
blood storage, DEHP, plasticizer

Highlights

e Blood centres in Europe are concerned with meeting the sunset date for removal of DEHP
from use.

e Currently there is no clarity regarding the best combination of non-DEHP vinyl material and
RBC storage solution.

o Extensive validation testing of all blood products represents a major challenge to blood cen-

tres during the transition to non-DEHP.
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SURVEY - BLOOD CENTRE READINESS FOR NON-DEHP

INTRODUCTION

The reproductive toxicity and possible endocrine disrupting activity of
phthalates have been debated for years [1-3]. Consequently,
phthalates have been banned from industrial applications such as cos-
metics, foods and toys by the European Union [1-3]. Although
phthalates, including di(2-ethylhexyl) phthalate (DEHP), were identi-
fied as a substances of very high concern, they were granted excep-
tion for use in medical devices [1, 4]. The European Medical Device
Regulations (EU MDR 2017/745) limits phthalate use only when there
is an acceptable risk-benefit assessment [5]. Recently, the European
Chemicals Agency (ECHA) has proposed to the European Commission
to terminate the medical device exemption for DEHP [6]. As a result,
DEHP must be removed from blood bag sets in Europe, with an effec-
tive sunset date of 27 May 2025 [6]. There is minimal interest in non-
DEHP blood bag sets in other world areas, with the exception of
South Korea.

DEHP is known to interact with the red blood cell (RBC) mem-
brane, enhancing osmotic stability and reducing haemolysis during
storage, which facilitates an extended RBC shelf-life [7, 8]. A longer
shelf-life helps blood centres to manage inventories especially during
shortage periods when collections are low (e.g., holidays). Conversely,
shelf-life can be shortened to provide RBC products with lower
haemolysis. Current non-DEHP alternatives result in increased
haemolysis during blood storage, requiring reconsideration of the RBC
shelf-life [9-12]. In order to mitigate this impact, research is moving
towards ‘alternative combinations’ of new plasticizers with new RBC
storage solutions [12, 13]. Nevertheless, RBC shelf-life may be short-
ened to ensure acceptable level of haemolysis with the understanding
that haemolysis and RBC quality will be compromised compared to
current combinations of DEHP blood bag sets and RBC storage
solutions.

Transition to non-DEHP blood bag sets used in the collection and
storage of blood will impact blood establishment processes and blood
product validation. Lack of preparedness for the sunset date may
impact the availability of blood bag sets and consequently the avail-
ability of blood for transfusion. Although the immediate impact of
removing DEHP from medical devices and all other industrial applica-
tions is currently only mandated for the European community, the
non-DEHP movement could affect availability of products globally as
DEHP or DEHP-plasticized materials could become scarce and/or
expensive worldwide. The purpose of this survey is to understand
blood centres’ expectations and requirements regarding the transition
to non-DEHP blood bag sets.

METHODS

An on-line survey was distributed to the Biomedical Excellence for
Safer Transfusion (BEST) Collaborative research network, a scientific
group of professionals from transfusion medicine, blood centres, and
blood bag set manufacturers working in the field of blood transfusion [14].

The survey was tested by two blood bank professionals prior to
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distribution to optimize questions and response options. The survey
consisted of 24 questions categorized as current state, future state,
validation and/or implementation and expected manufacturing sup-
port. Some questions were multiple choice, whereas others were
free text.

The survey was open from 5 February to 2 May 2021. The survey
was distributed to BEST Collaborative members who then forward
the survey to appropriate blood centre partners; therefore, the total
number of individuals who received the survey link is unknown.
Responses were reviewed to ensure that only one response was
received per blood collection or blood processing organization. No
duplicate responses were received. Data from the survey were com-
piled in Microsoft Excel 365.

RESULTS

In total 16 responses were obtained representing 16 unique blood
collection or blood processing institutions: 9 from Europe, 3 from
Asia-Pacific and 4 from North America. Survey responses originated
from nine different countries. Table 1 summarizes the blood bag set
manufacturers, apheresis devices and RBC storage solutions in current
use for each survey participant.

When asked about the level of awareness at blood collection or
processing institutions regarding the transition to non-DEHP, 4 of the
16 respondents said that non-DEHP is a priority at their organization;
all 4 of these responses were from blood centres in Europe. Three
respondents indicated a high awareness level and six a moderate
awareness level. Three respondents indicated poor awareness of non-
DEHP: one in Europe, one in Asia-Pacific and one in North America.

Survey participants were asked to report their current RBC shelf-
life and the lowest acceptable RBC shelf-life (Figure 1). The longest
reported shelf-life was 49 days and the shortest was 21 days. The
typical RBC shelf-life reported in Europe was 35 days (seven of nine
centres). Six of the 16 respondents would accept a lower shelf-life
compared to current practice, 3 of which were in Europe and 3 in
North America (Figure 1). Of the six respondents accepting a shorter
shelf-life, five would shorten shelf-life by 7 days and one by 14 days
(Figure 1). Only three respondents would accept a shelf-life below
35 days.

Table 2 includes current haemolysis levels as measured at
the end of shelf-life by quality control testing and future accept-
able haemolysis levels reported by the survey participants. The
mean haemolysis reported for all the respondents is around
0.3% in top-and-bottom blood bag sets and a slightly higher
(0.45%) for top-and-top blood bag sets. These values suggest
that there is a slight margin of increase in haemolysis without
having an impact on process compliance or necessity to reduce
the shelf-life.

One respondent in Europe represents a blood processing facility
(e.g., RBC freezing, storage, thawing) not a blood collection facility,
and hence was not included in Table 2. This centre reported a

mean haemolysis level of 0.5% + 0.3% after deglycerolization and
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TABLE 1

Centre

1

10

11

12

13

14

15

16

RAZATOS ET AL

Blood bag set manufacturers and RBC storage solutions in current use by survey participants

World
area

Europe

Europe

Europe

Europe

Europe

Europe

Europe

Europe

Europe

Asia-Pacific

Asia-Pacific

Asia-Pacific

North America

North America

North America

North America

Whole blood collections sets for
preparation of RBCs

Macopharma Top and Top
Macopharma Top and Bottom
Blood processing not blood collection site
Macopharma Top and Top
Macopharma Top and Bottom
Macopharma Top and Top
Fresenius Top and Bottom
Macopharma Top and Bottom
Macopharma Top and Top
Macopharma Top and Bottom
Macopharma Quadruple Bag

Macopharma Quintuple Bag Top and
Bottom

Fresenius Quintuple Bag Top and Bottom

Fresenius Kabi CompoFlow Top and
Bottom

Macopharma Top and Top
Macopharma Top and Bottom

Terumo Top and Bottom

Terumo Top and Bottom

JMS Top and Bottom

Macopharma Top and Top
Macopharma Top and Bottom
Macopharma WB Collection without AC
Kawasumi ABQ

Kawasumi ABQ

Kawasumi ABQ

Terumo Top and Top

JMS Top and Top

Macopharma Top and Top
Macopharma Top and Bottom
Haemonetics Leucotrap WB System
Heamonetics Leucotrap RC System
Terumo Reveos LR Set

Fresenius-Kabi Bio-Flex Red Cell Filter
Fenwal BPU with BioFlex RBC Filter

Fresenius-Kabi Bio-Flex Red Cell Filter
Fresenius-Kabi Bio-Flex Red Cell Filter
Haemonetics RC2D CP2D/AS-3
Haemonetics CPDA-1

RBC storage solution
for whole-blood-
derived RBCs

SAGM

SAGM

PAGGS-M

SAGM
SAGM

SAGM

SAGM

SAGM

SAGM

SAGM

MAP

SAGM

AS-3

AS-1

AS-1, AS-3

RBC storage
solution for
apheresis RBCs

Apheresis devices
used to collect RBCs

No

No
No

No

Not reported
No

Terumo Trima Accel SAGM

No

No

Not reported SAGM

No

No

No

Terumo Trima Accel AS-3

Fresenius Kabi Alyx AS-3

Fresenius Kabi
Amicus

Terumo Trima Accel AS-1, AS-3

Fresenius Kabi Alyx

Note: RBC storage solutions: AS-1, additive solution-1; AS-3, additive solution-3; MAP, mannitol-adenine-phosphate; PAGGS-M, phosphate, adenine,
glucose, guanosine, saline and mannitol; SAGM, saline adenine glucose and mannitol [15]. Anticoagulant (AC): CPD, citrate phosphate dextrose; CP2D,

CPD with high-dextrose; CPDA-1, CPD with adenine; CPDA-2, CPD with adenine and extra dextrose [15].
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FIGURE 1 Survey participants were asked to report (m) the current shelf-life of RBCs at their institutions and () the lowest RBC shelf-life

that their institutions would be willing to accept

TABLE 2 Current haemolysis levels measured at end of RBC shelf-life by quality control testing and highest acceptable average haemolysis

level for future non-DEHP systems

Highest acceptable mean

Mean haemolysis at end of
haemolysis Standard Sample shelf-life for non-DEHP

Centre World area Blood bag sets (%) deviation size (N) system
1 Europe Not specified 0.3 0.2 141 0.50%
3 Europe Not specified 0.304 0.21 612 <0.80%
4 Europe Not specified 0.2 0.4 5000 0.40%-0.50%
5 Europe Top and Bottom 0.01 0.002 14 0.8% in 90% of tested units.
6 Europe Top and Top 0.23 0.13 100 0.80%

Top and Bottom 0.18 0.32 98
7 Europe Whole Blood Filtration 0.46 0.33 382 0.53%

Top and Bottom 0.34 0.28 738
8 Europe Top and Bottom 0.3 0.25 194 0.3% + 0.25%
9 Europe Top and Top 0.55 0.6 83 0.5% to meet 75% <0.8% OR

0.3% to meet 90% <0.8%

Top and Bottom 0.27 0.46 107

10 Asia-Pacific Top and 0.31 0.19 120 0.80%
Bottom

11 Asia-Pacific Not specified 0.23 0.18 2169 <0.80%
13 North America Top and Top 0.3 0.15 960 0.40%

Top and Bottom 0.2 0.12 6180
14 North America Top and Top - WB 0.22 0.01 1662 0.38%

System
Top and Top - RC System 0.19 0.01 1621
Whole Blood Automation 0.29 0.01 328

13-15 days storage in AS-3 (1066 units tested). One blood centre in
Asia-Pacific and two in North America do not routinely measure
haemolysis and were excluded from Table 2.

When asked which is more important to the blood centres, that
is, longer shelf-life or lower haemolysis, 12 of the 16 respondents said

both are equally important, 2 responded lower haemolysis, two

responded longer shelf-life. Higher haemolysis can result in failed
quality control testing. However, a lower shelf-life jeopardizes blood
product availability.

Survey participants were asked if their institutions are currently
using non-DEHP bags for blood collection, processing, or RBC

storage, and only three institutions responded in the affirmative. One
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blood centre responded using BTHC as a platelet storage bag. One
blood centre responded with respect to platelets, using the TACSI
automated blood processing system and the INTERCEPT blood
system, which are non-DEHP. One blood centre in Europe is using
non-DEHP RBC storage bags for paediatrics but the blood collection
system contains DEHP.

The survey asked to identify what is the best non-DEHP vinyl
material for use in blood bags from the following choices: di(isononyl)
cyclohexane-1,2-dicarboxylate (DINCH), tris (2-ethylhexyl)trimellitate,
di-2-ethylhexyl-terephtalate (DEHT), n-butyryl-trihexyl-citrate (BTHC),
other, do not know. Nine of the respondents indicated that they did
not know. Three chose DEHT, two chose DINCH and two chose
BTHC. The survey also asked, ‘which RBC storage solution would you
choose assuming all solutions are available in your country’. Nine
respondents chose PAGGS-M from the following choices: AS-1, AS-3,
AS-5, AS-7, SAGM, PAGGS-M, other, do not know. One chose AS-1,
two chose AS-3 and one chose ‘other’ (MAPS). Several respondents
commented that PAGGS-M was considered a better storage solution,
which is already approved for in use in Germany. Two respondents
commented that AS-7 is interchangeable with PAGGS-M but not
currently available. This trend towards PAGGS-M may have been
influenced by the fact that it is approved and used in Germany with
limited use in the Netherlands and Switzerland, and approval is in
process in France.

The survey included the question, ‘How important is harmonization
(selection of same non-DEHP vinyl and RBC storage solution) between
different manufacturers?” Twelve participants chose ‘important but not
critical’, two chose ‘very important’, and one chose ‘not important’.
Respondents commented that harmonization would allow an interna-
tional collaborative approach to validation testing, which would reduce
the testing burden on individual blood centres. Data could be collected
at multiple centres and pooled to meet regulatory requirements. One
survey participant responded that they are required to have two blood
bag suppliers for emergency and disaster planning.

Only 2 of 16 respondents would maintain a dual inventory for
RBC products with different shelf-lives. The primary reason for the
resistance to dual inventory is because it would be too difficult to
manage by blood centres and hospitals. One respondent would
consider dual inventories if it maximizes the RBC supply, and one
respondent indicated that their organization already manages RBCs
with different shelf-lives.

Regarding validation requirements, 13 of 16 of respondents
selected that a national agency would define requirements for valida-
tion of non-DEHP systems and new RBC storage solutions. Two
respondents selected validation requirements to be defined at the
local blood centre and one respondent selected validation require-
ments to be defined at the international governing level. If the level of
effort required for validation of a new non-DEHP system is significant,
9 of the 16 respondents would be extremely likely or likely to choose
a sole source provider or manufacturer, 5 would be unlikely or
extremely unlikely, while 2 did not know. The decision to go sole
source or carry more than one non-DEHP blood bag set will be made

by local blood centres (four respondents), regional organizations (three

respondents), national agencies (six respondents), in collaboration with
other countries (one respondent), and do not know (one respondent).

Only three blood centres participating in the survey have devel-
oped transition plans to move to non-DEHP blood bags sets. All these
three blood centres are in Europe. The transition plans are currently in
the draft stage.

The survey included an open-ended question regarding the biggest
challenges with the transition to non-DEHP blood bag sets. Several
blood centres responded that non-DEHP systems will require validation
of all three blood products (platelets, plasma and RBC) the scale of
which is ‘daunting’. Because of the challenges with haemolysis of non-
DEHP systems, suppliers of blood collection and processing systems
have not released commercial options for blood centres to evaluate in
order to choose the best option. There is also concern that initial valida-
tion testing by the blood bag manufacturers and blood centres will
focus on routine blood component storage and will not include testing
of secondary processing steps such as irradiation, freezing, thawing,
pathogen inactivation, deglycerolization and washing.

The survey also included questions about data reporting and the
level of support expected by blood centres of blood bag set manufac-
turers. The most common data requested for RBCs was percent
haemolysis, but three respondents would like to see the full panel of
in vitro quality parameters (e.g., ATP, 2,3-DPG, Na™, K*, pH) and there
was one comment about potential regulatory requirement for clinical
studies. The most common data requested for platelets was pH, but
five respondents would like to see additional in vitro quality parame-
ters (e.g., platelet count, platelet activation markers, morphology) and
there was one request for radiolabel recovery and survival studies.
The most common data requested for plasma was FVIII followed by
fibrinogen, with two respondents interested in additional factor levels.
No respondents indicated the need for clinical studies for plasma. All
respondents would like to see the blood bag manufacturers share data
regarding quality of blood products with non-DEHP blood sets. Four-
teen of 15 respondents would also like to see data regarding vinyl
material and bag integrity during routine use, storage and freeze/thaw
conditions.

DISCUSSION

To date, DEHP alternatives have not shown the same level of RBC
quality during storage. Adoption of non-DEHP blood bag sets will
likely result in higher RBC haemolysis or shorter shelf-life. As the
absolute levels of haemolysis in an RBC product will depend on the
RBC preparation methods (e.g., top-and-top, top-and-bottom sys-
tems), the RBC storage solution and the intended shelf-life, this must
be considered when comparing data across blood centres [16, 17]. In
addition, haemolysis data are technique- and time-dependent, making
it difficult to compare or combine haemolysis levels between blood
centres that are likely using different sampling and measuring tech-
niques [18]. Discrepancies in how haemolysis is measured raises ques-
tions about the forthcoming evaluations of non-DEHP systems and

acceptance by the different jurisdictions around the world.
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It is anticipated that non-DEHP systems will result in an increase
in haemolysis measured in stored RBCs [9]. Current regulatory agen-
cies require that the haemolysis at the end of storage does not exceed
0.8% in 90% of units tested (Council of Europe) [19] or does not
exceed 1% in 95% of units with 95% confidence (US Food and Drug
Administration) [17]. Current levels of haemolysis might allow for a
slight increase in average haemolysis (e.g., from 0.3% to 0.5%) without
fear of failing quality control testing (Table 2). However, if the mean
haemolysis increases significantly, there is higher risk of failing quality
control requirements when taking into consideration the standard
deviation of haemolysis measurements due to donor and product
manufacturing factors [16]. The majority of respondents (10/16) were
unwilling to accept a lower shelf-life compared to current practice
(Figure 1). Shorter shelf-life may impact blood availability, especially
when blood collections are low during summer months and holidays.
Shorter shelf-life will also impact the availability of rare blood types.

When asked if blood centres are currently using non-DEHP bags
for blood collection, processing, or RBC storage, only three institutions
responded ‘yes’ even though some blood storage bags in current use
are non-DEHP. In retrospect, the question was poorly worded and
should have specified WB collection versus RBC storage versus platelet
storage. Nevertheless, the response to this question demonstrates that,
in general, there is still a misunderstanding in transfusion medicine about
non-DEHP blood collection and storage systems. For example, BTHC
platelet storage bags are non-DEHP but they are connected to collec-
tion sets that contain DEHP. In order for a blood product to qualify as
non-DEHP, the entire blood fluid pathway must be manufactured from
non-DEHP materials. The ECHA mandates that DEHP must be removed
from the entire system including bags, tubing, connectors, and so on.

Respondents were not clear on the best non-DEHP vinyl material
and RBC storage solution. Responses may have been influenced by stud-
ies showing that haemolysis levels with DEHT or DINCH in combination
with PAGGS-M were similar to those with DEHP [10-12]. Larsson et al.
reported haemolysis values less than the regulatory threshold of 0.8%
for DEHT blood bags with PAGGS-M storage solution; however, these
values were still higher compared to the values for DEHP blood bags
with SAGM storage solution throughout the 49-day RBC storage period
[10]. Similarly, Graminske et al. reported higher haemolysis levels for
DEHT with PAGGS-M compared to DEHP with AS-1 at the end of the
42-day storage period [11]. Both these studies were pool-and-split stud-
ies, which likely contributed to the lower measured haemolysis levels
[10, 11]. An increase in the overall haemolysis poses a risk to meeting
regulatory statistical requirements. Lagerberg et al. reported haemolysis
levels for (i) DINCH with PAGGS-M and (ii) DINCH with AS-3 compara-
ble to those of DEHP with SAGM at 42 days of storage [12]. Dabay
et al. demonstrated the equivalence in a paired pool-and-split study
where DINCH blood bags with AS-7 RBC storage solution were com-
pared with DEHP blood bags with AS-1 [13]. In this study, RBC
haemolysis at 42 days of storage without periodic mixing was equivalent
between the two study arms. The influence of RBC storage solutions is
significant as a means of meeting haemolysis requirements while
maintaining the current conventional storage period with non-DEHP

blood bag sets.
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Removal of DEHP from the entire blood bag set requires valida-
tion of RBC, platelet, and plasma quality by both the blood bag set
manufacturers and the blood centres. One survey participant com-
mented that the validation required to transition to non-DEHP for all
three blood products is daunting. More than half of the respondents
would be extremely likely or likely to choose a sole source provider or
manufacturer. However, a sole source challenges business continuity
plans at the blood centre and country level if no alternative is avail-
able in case a major issue arises with an individual supplier. Only three
blood centres in Europe who participated in the survey have made
progress in terms of validation and transition plans. These blood cen-
tres may emerge as leaders, and the lagging blood centres may follow
in their pathway in terms of validation testing and requirements.

Owing to the magnitude of the change, there is a higher level
of expectation regarding data sharing by blood bag set manufac-
turers regarding blood product quality and vinyl material integrity.
There are also concerns about testing secondary processing of
blood products, such as irradiation, washing, pathogen inactivation
and deglycerolization. These manipulations will require some level
of validation with non-DEHP materials, and it is not clear who is
responsible for this testing.

Survey participants represented blood collection and blood
processing facilities. One limitation of this survey was the lack of rep-
resentation from healthcare providers using the final blood product. It
would be important to conduct a survey of the end users of blood
products to understand their perspective on the impending transition
to non-DEHP. Another limitation of the survey is that it did not
address the cost, cost of the blood bag sets, as well as cost of testing
and validation studies by blood centres who are either government or
nonprofit organizations.

In general, blood centres in Europe are concerned with meeting
the 2025 sunset date, as there are no clear alternatives to DEHP that
perform as well as current DEHP blood bag sets. New non-DEHP
blood bag sets require the CE Mark, which will be a long process espe-
cially if the new EU Medical Device Regulations (EU MDR 2017/745)
up-classify blood bag sets from Class Ilb to Class Il [20]. The CE Mark
is followed by the tender and procurement process, which can take
6-12 months during which blood centres can begin their validation
activities. The transition to non-DEHP in Europe may also have
broader global implications. With respect to blood collection, it may
be cost-prohibitive for manufacturers to maintain two separate inven-
tories (DEHP and non-DEHP) such that all countries will eventually
migrate to non-DEHP products.

Polyvinyl chloride with DEHP has been used for over 50 years
and has proven to be a reliable and robust technology allowing major
improvements in blood component quality, safety, storage and trans-
port compared to the previously used glass bottles. Current environ-
mental concerns are mainly focused on the life cycle of DEHP and its
potential health hazard to donors and recipients. This European effort
is pushing transfusion medicine into a necessary change towards safer
plasticizers with a lower environmental impact. Banning DEHP, the
silent champion of RBC storage, represents a major challenge to

the industry which, as this study shows, is not yet fully understood by
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the transfusion medicine community. Nevertheless, the time has come
for manufacturers, blood suppliers and competent authorities to imple-
ment non-DEHP blood bag sets and work together to share the burden.
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Abstract

Background and Objectives: Red blood cell (RBC) units in hypothermic storage
degrade over time, commonly known as the RBC storage lesion. These older RBC
units can cause adverse clinical effects when transfused, as older RBCs in the unit
lyse and release cell-free haemoglobin (Hb), a potent vasodilator that can elicit vaso-
constriction, systemic hypertension and oxidative tissue injury after transfusion. In
this study, we examined a novel method of washing ex vivo stored single RBC units
to remove accumulated cellular waste, specifically cell-free Hb, using tangential flow
filtration (TFF) driven by a centrifugal pump.

Materials and Methods: The TFF RBC washing system was run under hypothermic
conditions at 4°C, at a constant system volume with 0.9 wt% saline as the wash solu-
tion. The RBC washing process was conducted on 10 separate RBC units. For this
proof-of-concept study, RBC units were expired at the time of washing (60-70 days
old). Cell-free Hb was quantified by UV-visible absorbance spectroscopy and
analysed via the Winterbourn equations. Pre- and post-wash RBC samples were
analysed by Hemox Analyser, Coulter counter and Brookfield rheometer. The RBC
volume fraction in solution was measured throughout the wash process by standard
haematocrit (HCT) analysis.

Results: No substantial decrease in the HCT was observed during the TFF RBC
washing process. However, there was a significant decrease in RBC concentration in
the first half of the TFF RBC wash process, with no significant change in RBC con-
centration during the second half of the TFF cell wash process with an 87% overall
cell recovery compared with the total number of cells before initiation of cell wash-
ing. Utilization of the extinction coefficients and characteristic peaks of each Hb spe-
cies potentially present in solution was quantified by Winterbourn analysis on
retentate and permeate samples for each diacycle to quantify Hb concentration dur-
ing the washing process. Significant cell-free Hb reduction was observed within the
first four diacycles with a starting cell-free Hb concentration in the RBC unit of
0.105 mM, which plateaus to a constant Hb concentration of 0.01 mM or a total
extracellular Hb mass of 0.2 g in the resultant washed unit. The oxygen equilibrium

curve showed a significant decrease in Psg between the initial and final RBC sample
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cell wash with an initial Psg of 15.6 4+ 1.8 mm Hg and a final P5g of 14 4+ 1.62 mm
Hg. Cooperativity increased after washing from an initial Hill coefficient of
2.37 £+ 0.19 compared with a final value of 2.52 + 0.12.

Conclusion: Overall, this study investigated the proof-of-concept use of TFF for
washing single RBC units with an emphasis on the removal of cell-free Hb from the
unit. Compared with traditional cell washing procedures, the designed system was
able to more efficiently remove extracellular Hb but resulted in longer wash times.
For a more complete investigation of the TFF RBC washing process, further work
should be done to investigate the effects of RBC unit storage after washing. The
designed system is lightweight and transportable with the ability to maintain sterility

between uses, providing a potential option for bedside ex vivo transfusion in clinical

applications.
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process.

INTRODUCTION

Red blood cells (RBCs) degrade during ex vivo storage and lead to the
accumulation of toxic haemolysis by-products in the unit such as
haemoglobin (Hb) during the maximum 42-day storage period set by
the US Food and Drug Administration (FDA) [1, 2]. Upon transfusion,
cell-free Hb in the stored RBC unit can extravasate from the blood
volume into the tissue space, where it scavenges nitric oxide, a potent
vasodilator and elicits vasoconstriction and systemic hypertension
within the patient [3]. Additionally, tissue extravasation of cell-free
Hb leads to tissue deposition of iron and inevitably leads to oxidative
tissue injury [4].

Therefore, in light of the accumulation of haemolysis by-products
during ex vivo RBC storage, RBC washing is often employed to
remove accumulated waste products within an RBC unit prior to
transfusion to mitigate any potential side effects [5, 6]. Many com-
mercially available technologies are clinically employed to wash stored
RBC units prior to transfusion [7, 8].

Manual washing of single RBC units is an attractive approach due
to its low cost, but it is laborious, limited in processing volume by the
available centrifuge cup size and exposes the unit to a high risk of bac-
terial contamination [5, 9]. In contrast, automated RBC unit washing
systems are most commonly used in clinical settings to remove toxic
by-products, one example is the COBE 2991 cell processor (Terumo,

diafiltration, haemoglobin, haemolysis, RBC washing, red blood cell, tangential flow filtration

e The use of TFF to wash RBCs can significantly decrease the cell-free Hb concentration in

o Cell washing using TFF did not negatively affect the RBC population. RBCs before and after
washing exhibit basically the same oxygen equilibrium curve.
e The shear stress between RBCs and hollow fibre inner wall does not increase haemolysis

during washing, and the total RBC concentration remains constant throughout the washing

Somerset, NJ) [7, 10]. The COBE 2991 is an open cell processing sys-
tem that utilizes centrifugation to facilitate separation based on differ-
ences in blood component density and can effectively reduce
proinflammatory markers, restoring overall RBC quality near the end
of the unit's ex vivo shelf life [9, 10]. Unfortunately, levels of
haemolysis have been shown to rapidly increase after washing with
the COBE 2991 and often surpass prewashed levels before the 24-h
transfusion window is reached [9]. Additional work investigating the
ability of the COBE 2991 to wash 40- to 42-day stored RBC units
showed that after washing, the COBE 2991 is unable to provide sig-
nificant reduction in total cell-free Hb after the washing process, Hb
being a toxic by-product of the storage lesion [8]. Regarding this limi-
tation, it is clear that there is an urgent need for an innovative, easy-
to-use RBC washing system that addresses the current pitfalls of both
manual and automated washing systems.

Considering the plethora of centrifugation-based RBC washing
systems in existence, there has been substantially less research into
the use of tangential flow filtration (TFF) for RBC unit washing, with
no commercially available system on the market. TFF utilizes a porous
hollow fibre or flat sheet membrane to enable continuous flow purifi-
cation. Molecules larger than the pore size cut-off of the membrane
are retained on the membrane and in the system, while molecules
smaller than the pore size cut-off permeate through the membrane

and are removed from the system. The use of TFF techniques on
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whole blood currently utilize gravity-driven separation, and are pri-
marily focused on the separation of whole blood into plasma and RBC
fractions [11, 12]. Compared with centrifugal separation, TFF systems
can process a wide range of RBC concentrate volumes, allows for easy
storage solution exchange and has the ability to maintain sterility via
the use of autoclavable materials and a closed-loop system. Addition-
ally, the currently designed TFF system is lightweight and easily trans-
portable, with the system as a whole (system vessel, pump, tubing and
hollow fibre filter) weighing less than 2 kg. One study used TFF to
wash RBCs in diafiltration mode, and concentrated a cryopreserved
RBC unit, but resulted in significant RBC lysis (most likely due to use
of a peristaltic pump), and focused on investigating the rheological
properties of the washed unit [13]. Alternatively, in this study, we
explored implementation of a novel TFF system using a low shear
stress inducing centrifugal pump to separate stored RBCs from their
primary haemolysis by-product Hb. This proof-of-concept study
developed a system that effectively washes RBC units as demon-
strated by the successful removal of cell-free Hb and shows negligible
process-induced haemolysis, providing a viable alternative to current
manual and automated RBC washing systems. Because this is a proof-
of-concept study, we evaluated TFF-facilitated RBC washing effec-
tiveness using outdated stored human RBCs and saline as the wash
solution to investigate the absolute worst-case scenario of RBC unit
quality. Future studies will focus on washing unexpired stored RBC
units, using FDA-approved storage solutions as the wash solution, and

expanding the analysis of analytes beyond cell-free Hb.

MATERIALS AND METHODS
Materials

Sodium chloride (NaCl), sodium hydroxide (NaOH) and 0.2-um Titan3
sterile filters were purchased from Fisher Scientific (Waltham, MA).
Hollow fibre TFF modules (S02-E65U-07N, modified polyethersulfone
membrane, 0.65-um pore size, composed of 110 individual hollow
fibres, 0.75 mm internal diameter and 520 cm? total surface area) were
purchased from Repligen (Rancho Dominguez, CA). A biocompatible
centrifugal pump (PuralLev i30SU) that exposes cells to low shear
stresses was purchased from Levitronix (Framingham, MA). A
minicentrifuge (50-090-100, working speed 6000 rpm, max speed
6600 rpm) from Fisher Scientific was used to separate RBCs from the
wash solution. Expired leuko-reduced packed human RBCs (RBC units,
60-70 days old, stored in AS-1) were generously donated by the Trans-
fusion Services of the Wexner Medical Center at The Ohio State Uni-
versity, Columbus, Ohio. The RBC units used in this study were expired

and deidentified and thus required no ethics committee approval.

RBC washing

The TFF-facilitated RBC washing process was performed on individual

stored RBC units expired past the FDA-regulated 42-day storage

Vox Sanguinis qg_j% e

period. All RBC units were stored and washed at 4°C in a chromatog-
raphy refrigerator. A single RBC unit was transferred to a 1-L Nalgene
container by opening and transferring the RBC unit in a sterile bio-
safety cabinet. The haematocrit (HCT) in the total system volume
(which includes the combined fluid volume in the TFF filter, lines and
retentate vessel) was standardized to 45% with 0.9 wt% saline to
decrease variability in the starting HCT between RBC units and was
selected as an appropriate average between male and female HCT
values. Prior to washing, single RBC units were mixed by gentle inver-
sion to yield a homogenous cell suspension. An initial sample of the
RBC unit was taken to establish baseline conditions prior to washing.
Figure 1 shows the general schematic of the TFF-facilitated RBC
washing system. Exactly 0.9 wt% saline solution was diafiltered into
the retentate vessel to maintain a constant system volume. The sam-
ple port in the RBC retentate loop was used to take retentate sam-
ples. The retentate line was connected to a centrifugal pump from the
reservoir, which operated at a constant flow rate of 1000 ml/min and
directed RBCs through the bottom of the TFF filter against gravity,
with RBCs being retained in the retentate, while cell debris, proteins
and other molecules smaller than 0.65 pm passing into the permeate.
The permeate line enters a cell waste container with samples col-
lected directly from the permeate line.

RBCs in the retentate vessel were first acclimated to the system
components via circulation for 2 min with the permeate line closed.
This ensured proper mixing of the RBCs in the system before starting
the constant volume diafiltration cell washing process. During the
acclimatization period, an initial 0x diacycle sample was taken to con-
firm the HCT of 45% was successfully achieved before initiating the
diafiltration process. The total system volume was used to determine
the volume per diacycle (i.e., one complete system exchange volume)
and was measured by collecting permeate leaving the system.
Retentate and permeate samples were taken at the end of each dia-
cycle and stored at 4°C for analysis. RBC units were washed with
standard 0.9 wt% saline washing solution for the entirety of the pro-
cess and were not stored ex vivo after the washing process was com-
pleted. Instead, newly washed RBCs were utilized for haemoglobin
purification based on published procedure. A total of 10 diacycles
were completed per RBC wash for each individual RBC unit, with a
total of 10 individual RBC units being subjected to the TFF RBC wash-
ing process. The scope of this work focuses primarily on establishing
the feasibility of washing expired RBC units as a proof of concept of
the TFF-facilitated RBC washing approach; however, preliminary
results from a limited study of TFF-facilitated RBC washing of

unexpired units is included in Supporting information section.

HCT analysis

The HCT was determined by injecting 65 pl of each retentate sample,
including an initial sample from the RBC unit, into a mylar-wrapped
75-mm capillary tube (Drummond, Broomall, PA) followed by centrifu-
gation in a Sorvall Legend Micro 17 Microcentrifuge (Fisher Scientific)
for 5 min to pellet the RBCs. After centrifugation, the capillary tubes
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FIGURE 1 Process flow diagram for the red blood cell (RBC) washing process. Exactly 10 single RBC units were processed using the
tangential flow filtration (TFF) RBC washing system. (1) Reservoir containing 0.9 wt% saline; (2) sample port used for retentate sampling;
(3) retentate vessel, 0.65-um TFF filter used to wash RBCs; (4) centrifugal pump; (5) permeate waste from the process (contains species <0.65 pm

in size) and (6) cell waste. Arrows indicate the direction of flow

were quantified using a standardized HCT graph to obtain the HCT of
RBCs in the retentate.

Total Hb quantification

The cell-free Hb concentration was quantified via UV-visible absor-
bance spectrometry on a diode-array spectrophotometer HP 8452A
(Olis, Bogart, GA). Retentate supernatants were isolated via centrifu-
gation using a minicentrifuge (Fisher Scientific) at 6000 rpm for 2 min
to pellet the RBCs and analysed after separation. Processed retentate
and permeate samples were sterile filtered through a 0.2-pm Titan3
filter (Fisher Scientific) for UV-visible spectral analysis. Sterile filtra-
tion was employed to reduce light scattering during optical measure-
ments to only quantify cell-free Hb. The Winterbourn equations were
used to determine the total concentration of cell-free Hb in the per-
meate and retentate samples and further used for the cell-free Hb
mass balance [14]. Quantification using UV-visible spectral analysis
examines the absorbance of the various Hb oxidation species that
could be present in a sample. Using the characteristic absorbance
peaks—oxyhaemoglobin at 577 nm, methaemoglobin at 630 nm and
haemichrome at 560 nm—and the defined extinction coefficients of
each species at each wavelength previously described by Winter-
bourn, the quantity of each different species can be found and used
to find the total Hb of the sample. The equations used for each spe-

cies quantification are given as follows:

[Oxyhaemoglobin] =119a577 — 39630 — 89a560 (1)
[Methaemoglobin] = 284577 +307a630 — 554560 (2)
[Hemichrome] = —1334a577 — 1144630 + 233560 (3)

Oxygen equilibrium of RBCs

Oxygen equilibrium curves (OECs) for RBCs pre- and post-wash
were measured using a Hemox Analyser (TCS Scientific Corp.,
New Hope, PA) operated at 37 + 0.1°C. RBC samples were diluted
into 5 ml of Hemox buffer (pH 7.4) with 20-ul additive A, 20-pl
additive B and 20-pl anti-foaming agent (TCS Scientific). Data
obtained from the Hemox Analyser were fit to the Hill equation
using an lgor (Wavemetrics, Portland, OR) script to regress the
oxygen affinity (Pso, pO, at which half of the Hb is saturated with
oxygen) and Hill coefficient (n, cooperativity of O, binding to
Hb) [15].

RBC viscosity
A Brookfield DV3T rheometer with a CP-40 spindle (Brookfield, Mid-

dleboro, MA) was used to measure the viscosity of RBC samples at
37°C and a shear rate of 160 s~ [16, 17].
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RBC cell count

Cell counts for retentate samples were measured using a Multisizer
4e Coulter counter (Beckman Life Sciences, Indianapolis, IN). RBC
samples were diluted x100 prior to addition of 100 pl of the diluted
cells into 20 ml of filtered Isoton solution (Beckman Life Sciences)
prior to Coulter counter analysis.

Data analysis

Results are reported as the mean =+ standard deviation. RStudio (ver-
sion 1.3.1093; RStudio Inc., Boston, MA) was used to analyse all data.
A one-way analysis of variance (ANOVA) was utilized along with
Tukey honestly significant difference (HSD) post-test for data analy-
sis. T-tests were used for Pso and n initial and final comparisons. A
two-tailed p-value <0.05 was considered statistically significant.

RESULTS
Time for each diacycle remained constant

The average time per diacycle remained constant at ~10 min through-
out the RBC washing process for a total of 10 diacycles (Figure 2a).
The entire process takes 100 min to wash one RBC unit (10 diacycles)
or 40 min to remove the majority of cell-free Hb (four diacycles). The
lesser washing time (40 min) necessary to remove the majority of cell-
free Hb in the unit is triple the average 14-min washing time for
processing a single unexpired RBC unit using the COBE 2991 [8].
There was no significant difference in the time per diacycle during the
washing process (p = 0.999, NS) (Figure 2a). The residence time of
RBCs in the retentate reservoir varied slightly due to the variance in
the volume of each RBC unit, but on average, the system volume was
~350 ml. Based on the system volume and the pump volumetric flow
rate, the residence time was calculated to be 0.4 min (i.e., time for the
system volume to complete one circuit in the TFF system).

HCT remains constant throughout
TFF processing

RBCs from a single RBC unit (initial) were standardized to 45% HCT (0x)
in the system from an initial HCT of ~65% (Figure 2b). The effect of
each diacycle on the HCT in the system was analysed using a one-way
ANOVA from Ox to 10x diacycle. The HCT did not change significantly
throughout the course of the RBC washing process (p = 0.124, NS).

RBC concentration remains constant across diacycles

The concentration of RBCs in the retentate vessel was measured

throughout the RBC washing process (Figure 2c). The RBCs were
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FIGURE 2 Time per diacycle during the red blood cell (RBC)
washing process did not vary significantly between diacycles

(p = 0.999, NS) (a). Haematocrit (HCT) was standardized to 45% at
the Ox diacycle and did not decrease significantly over the course of
washing (p = 0.124, NS) (b). Cell count within the tangential flow
filtration (TFF) system was measured across diacycles (c). An analysis
of variance for cell count change from the Ox diacycle to 10x
diacycle was significant (p = 0.0107, *), with additional significance
found between the 0x diacycle to the 4x diacycle (p = 0.031, *).
Exactly 10 single RBC units were processed using the TFF RBC
washing system

measured at a diameter of 4.4 pm, which corresponds to the approxi-
mate spherical diameter of RBCs measured via Coulter counter analy-
sis. The initial RBC concentration is significantly higher than the 0x
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diacycle, due to standardization to 45% HCT. The initial RBC concen-
tration measured directly from RBC units was ~7.510 4 0.37 billion
cells/ml and decreased to 4.625 + 0.35 billion cells/ml at the Ox dia-
cycle after standardizing the HCT to 45%. These RBC concentration
values are similar to values in the literature [18]. RBC concentration
differences between diacycles were analysed using one-way ANOVA
comparing the entire RBC wash process from Ox to 10x diacycle and
were found to show a significant decrease in cell concentration over
the entire TFF process (p = 0.0107, *). The RBC concentration
decreased significantly from 4.625 + 0.35 billion cells/ml at Ox to
4.030 4+ 0.27 billion cells/ml at the 4x diacycle (p = 0.031, %)
corresponding to 87% cell recovery at the end of the wash process,
with no significant cell loss after the 4x diacycle (p = 0.356, NS). This
suggests haemolysis of cells with significantly compromised cell mem-
branes occurs early in the TFF washing process and then tapers off as

the process continues.

Hb concentration in the retentate and permeate
decreases over multiple washing diacycles

The retentate cell-free Hb concentration is shown in Figure 3a. There is, on
average, 0.105 mM of cell-free Hb within the RBC unit before processing.
After wash, the cell-free Hb concentration decreases to ~0.0157 mM (at
the end of the 10x diacycle). The TFF RBC washing process significantly
reduces the cell-free Hb concentration after four diacycles (p = 2.8E-7, ***)

and remains constant from 4x to 10x (p = 0.458, NS) diacycles. A Tukey
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HSD test was performed within the Ox to 4x diacycles and found signifi-
cance between the Ox to 1x, 2x, 3x and 4x diacycles (p = 0.001,
29E-5, 1.6E-6 and 7E-7, respectively). No significance was observed
between 1x and 4x diacycles. This suggests that the majority of cell-free
Hb was removed at the beginning of the TFF wash process.

The permeate cell-free Hb concentration is shown in Figure 3b.
Significance was found within the 1x to 10x diacycle dataset
(p = 6.2E-15, ***). The overall dataset was then split into two subsets
from 1x to 4x diacycle and from 4x to 10x diacycle, with signifi-
cance found within the 1x to 4x diacycle dataset (p = 1.6E-5, ***). A
Tukey HSD test was performed within the dataset from the 1x to 4x
diacycle and found that there was a significant difference between
the 1x diacycle and the 2x, 3x and 4x diacycles (p = 0.006, 0.0001
and 3.2E-5, respectively). No significance was found between the
other diacycles. The US FDA considers stored RBC units with a
haemolysis level less than 1% to be safe for transfusion. Exactly 1%
haemolysis is roughly equivalent to a cell-free Hb concentration of
0.01 mM in the unit, which is lower than the final cell-free Hb concen-
tration achieved in this study of ~0.0157 mM observed post-wash
[19]. One must, however, remember that the RBC units in this study
were outdated (60-70 days old), which likely contributed to the
higher final cell-free Hb concentration compared with literature values
for washing non-expired RBC units [20]. Again, expired units were
used in this proof-of-concept study, as a worst-case scenario for RBC
unit quality, to demonstrate the feasibility of washing RBCs using this
novel TFF RBC washing process. Future studies will examine the

effectiveness of washing unexpired RBC units via TFF.
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FIGURE 3 Retentate cell-free haemoglobin (Hb) concentration (a) over 10 diacycles of red blood cell (RBC) washing using tangential flow
filtration (TFF). Exactly 10 single RBC units were processed using the TFF RBC washing system. An analysis of variance (ANOVA) test was
performed on the data subsets Ox to 10x diacycles, Ox to 4x diacycles and 4x to 10x diacycles (@ = 0.05, H, = haemoglobin [Hb] concentration
is independent of the diacycle). Significance was found within the Ox to 10x diacycles (p = 8E-16, ***), and Ox to 4x diacycles (p = 2.8E-7, ***)
subgroups. Significance was found between the Ox diacycle and 1x, 2x, 3x and 4x diacycles using Tukey honestly significant difference (HSD)

(p = 0.001, 2.9E-5, 1.6E-6 and 7E-7, respectively). No significance was found within the 4 x to 10x diacycles subgroup (p = 0.458, NS). The dotted
line indicates 1% haemolysis. Permeate cell-free Hb concentration (b) over 10 diacycles of RBC washing using TFF. An ANOVA test was performed
on the data subsets 1x to 10x diacycles, 1x to 4x diacycles and 4x to 10x diacycles (a = 0.05, H, = Hb concentration is independent of the
diacycle). There was significance within the data for 1x to 10x diacycles (p = 6.2E-15, ***) and for 1x to 4x diacycles (p = 1.6E-5, ***). Within the
1x to 4x diacycle subgroup, significant differences were found between the 1x diacycle and 2x, 3x and 4 x diacycles using Tukey HSD

(p = 0.006, 0.0001 and 3.2E-5, respectively). No significance was found within the 4x to 10x diacycle (p = 0.151, NS)

85U8017 SUOIWIOD BAEaID 3(edlidde 8y} Aq peusench ae SSpe YO ‘85N JO S9N 10} A%iqiT8UIIUQ AB|IAN UO (SUONIPUCD-PUR-SLLIBYLIOD A 1M ARIq 1 BU1UO//SANY) SUORIPUOD PUe SWiB | 8L} 88S *[5202/20/62] U0 ARIgITauluO A8|IM ‘Wewiedeq SLRS 7 S80IN0say-3 AISRAIUN |BUI0D AQ 6GZET XONTTTT 0T/I0P/WO0 A8 |iM AreIq1BU1|UO//SIY WO1S pepeoluMOd ‘9 ‘2202 ‘0TYOEZT



THE PROOF-OF-CONCEPT USE OF TFF FOR WASHING SINGLE RBC

TABLE 1 Cell-free haemoglobin (Hb) overall mass balance

Retentate Permeate

Diacycle cell-free Hb (g) cell-free Hb (g)
Initial 2.060 + 1.539

Ox 2196 +1.191

1x 1.052 + 0.834 1.648 £+ 1.100
2x 0.618 + 0.347 0.678 + 0.547
3x 0.363 + 0.187 0.273 + 0.227
4% 0.296 + 0.106 0.173 + 0.130
5x 0.291 + 0.106 0.114 + 0.089
6x 0.245 + 0.084 0.097 + 0.081
7x 0.256 + 0.070 0.100 + 0.071
8x 0.229 + 0.066 0.099 + 0.069
9x 0.218 + 0.056 0.099 + 0.068
10x 0.211 + 0.043 0.094 + 0.069

Total cell-free Hb removed: 1.849 g.

Total cell-free Hb mass balance

The total cell-free Hb for each diacycle was quantified in order to per-
form an overall cell-free Hb mass balance and provides a complete
understanding of the fate of the cell-free Hb removed via the TFF
washing process. The mass of cell-free Hb for retentate and permeate
samples was averaged for all 10 replicates (Table 1). The initial mass of
cell-free Hb in individual RBC units is, on average, 2.06 g with a Hb con-
centration of 0.105 mM, which corresponds to a haemolysis level of
~10%. After the completion of the first diacycle, the cell-free Hb in the
retentate is ~1.05 g, indicating that ~50% of the extracellular Hb has
been removed at this stage. Cell-free Hb continues to be removed from
the retentate for all subsequent diacycles. The system reached peak
performance at approximately four diacycles, reaching a haemolysis
level of 2.2 4+ 1%, and decreased slightly with the additional six
diacycles. The percent haemolysis at four diacycles for unexpired RBC
units was decreased to 1.3 & 0.6% from an initial value of 4.2 + 2.1%
haemolysis (Supporting information). Therefore, the TFF system is
effective at removing cell-free Hb, but more optimization is necessary
to increase the washing speed and facilitate greater removal of cell-free
Hb to match current accepted practices in RBC washing.

Additionally, a cell-free Hb mass balance analysis on the permeate
samples shows significant Hb removal at the start of the diafiltration pro-
cess (Table 1). The 1x diacycle is the first diacycle with permeate flow
and removes the majority of cell-free Hb. The total mass of cell-free Hb
continually decreases in the permeate as washing proceeds, supporting
the theory that the TFF system is not inducing additional shear stress on
the RBCs to cause lysis beyond what is needed to enable separation of
cell-free Hb from the remaining RBCs in the retentate.

RBC mechanical quantification

The viscosity of RBCs in unprocessed RBC units and final post-wash
RBCs (10x diacycle) was measured to be 9.252 4+ 1.477 cP and
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3.928 + 1.766 cP, respectively. A significant change in RBC viscosity
was observed due to the initial dilution of the RBC unit to 45% HCT,
followed by removal of cell debris, proteins and smaller molecules.
The final washed RBC concentrate viscosity was higher than fresh
RBCs (2.9 cP at 160 s~* and 37°C) and is indicative of the advanced
age of the RBC units used in this current study [17]. This viscosity is,
however, a significant improvement from the aged RBC unit's initial
viscosity of 9.252 cP.

At low shear rates, blood behaves as a Casson fluid and is

~1 it behaves

shear thinning, whereas at shear rates above 100 s
as a Newtonian fluid [21]. The following equation was used to cal-
culate the shear stress on the inner wall of the TFF hollow fibre
lumen with the assumption that the RBC suspension behaves as a

~1 and does not

Newtonian fluid above a shear rate of 100 s
require additional analysis based on the Casson fluid model. In
Equation (4), P, is the pressure at the inlet and P, is the pressure
at the outlet of an individual hollow fibre in the TFF cartridge. R is
the inner radius of the hollow fibre and L is the effective length of

each hollow fibre.

Tw:(Po;LPL)R~ (4)

1 from

The shear rate value was extrapolated to 3670s™
manufacturer-provided values of 4000 s~ at a flow rate of 1.09 L/
min. The pressure drop within the TFF system from the inlet to the
outlet of the hollow fibre cartridge was measured at an average value
of 2 psig over 10 diacycles. From this value, we calculated the shear
stress to be 12.9 Pa, which is not significantly higher than physiologi-
cal conditions, and significantly lower than haemolytic shear stress
levels of ~400 Pa [22, 23]. By exposing the aged RBC unit to signifi-
cant shear stress prior to transfusion, RBCs with weakened cell mem-
branes are lysed and removed from the system. From the applied
shear stress, we obtained the theoretical viscosity of 3.5 cP for the
washed RBC suspension, which corroborates our experimentally mea-

sured viscosity using rheometry.

Oxygen equilibrium measurements

To confirm that TFF-facilitated RBC washing does not negatively
affect the oxygen delivery characteristics of RBCs, the OEC of RBCs
pre- and post-wash was measured. The OEC of RBCs directly from
the unprocessed RBC unit (initial) and after the 10x diacycle (final) is
shown in Figure 4a. The left shift of the curve after washing is indica-
tive of the higher oxygen affinity of washed RBCs versus
unwashed RBCs.

The OEC provides key details about the ability of the Hb encap-
sulated in the RBC to bind and release oxygen, which is represented
by the regressed Psq and n. A direct comparison between Psq values
of the initial unwashed RBCs and the final washed RBCs shows that
the Pso decreased from an initial value of 15.6 +£ 1.8 mm Hg to
14 4+ 1.62 mm Hg post-wash (p = 0.0493, *) (Figure 4b). The Hill
coefficient (n) comparison between the initial unwashed RBCs and
final washed RBCs shows an increase (p = 0.0497, *) from
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FIGURE 4 Oxygen equilibrium curve (OEC) of both the initial red blood cell (RBC) unit and 10x dicycle sample (a). Exactly 10 single RBC
units were processed using the tangential flow filtration (TFF) RBC washing system. The OEC of the initial RBC unit is shown in blue with a dark
grey 95% CI. The OEC of the final 10x sample is shown in red with a dark grey 95% CI. Psq values (b) of the initial sample from the RBC unit and
the final sample (10x diacycle) after the TFF wash process (p = 0.0493, *). Hill coefficient (n) (c) of the initial sample from the RBC unit and the

final sample (10x diacycle) after the TFF wash process (p = 0.0493, *)

2.37 £ 0.19 to 2.52 + 0.12 (Figure 4c). 2,3-Bisphosphoglycerate, the
allosteric effector, that decreases Hb-binding affinity to oxygen by
stabilizing the tense quaternary state of Hb is significantly depleted
during ex vivo RBC storage, which shifts the OEC to the left, increas-
ing the oxygen affinity of the RBCs [24]. A left shift in the OEC sug-
gests increased oxygen affinity and tighter binding of oxygen by
Hb [25].

DISCUSSION

In conclusion, a novel RBC washing technique utilizing TFF for remov-
ing haemolysis by-products in a single RBC unit was proposed, with
the primary goal of this study to determine the effectiveness of the
system in removing extracellular cell-free Hb without inducing further
cellular damage. Quantification and characterization of pre- and post-
wash RBC units was centred around the presence of cell-free Hb due

to equipment availability at The Ohio State University and does not

include the full extent of analytical methods or analytes that could be
used to characterize RBC washing effectiveness. While there was no
direct comparison between TFF and manual or automated RBC wash-
ing systems, comparisons could be drawn between the results from
this study to results in the literature. A recent review of RBC washing
technology focusing on manual washing and open and closed auto-
mated washing systems compares the removal of immunogenic com-
ponents within RBC units and the resulting long-term storage impacts
[26]. Compared with manual and automatic systems, the proposed
TFF system uses more wash solution volume, but shows improved
removal of Hb and comparable RBC recovery. The wash time is longer
for the TFF process in part due to the increased wash volume. Results
show that successful removal of free Hb plateaus after four diacycles,
allowing for the potential for optimization of the number of diacycles
beyond the standard 10 that was utilized. A major shortcoming of the
current study is the limited information about long-term storage after
the TFF wash process. This proof-of-concept study was focused on

an immediate comparison between the RBC unit pre- and post-wash
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and aimed to only verify that the TFF process can remove the major-
ity of cell-free Hb from expired RBC units. Preliminary data, presented
in Supporting information section, show the effectiveness of the TFF
RBC washing system in removing cell-free Hb from unexpired units
and presents similar results. To provide a more complete comparison
between RBC washing by the TFF system and traditional washing
procedures, further work characterizing more analytes post-wash is
necessary along with optimization of the pump flow rate and back-
pressure regulation for potential process time improvements. Despite
the need for an expanded investigation into post-wash storage of
RBC units, the designed system has the potential to revolutionize
RBC washing systems in part due to its small physical footprint and
sterilizable components. This allows the system to easily be trans-
ported for potential bedside ex vivo RBC washing and with the imple-
mentation of sterile conditions, could allow for direct transfusion of
the post-wash RBCs to mitigate increases in potentially immunogenic

by-products derived from ex vivo storage.
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Abstract

Background and Objectives: Frozen-thawed red blood cells (FTRCs) are useful blood
components to patients with rare blood phenotypes. However, frozen red blood cells
(FRCs) sometimes cause significant haemolysis after thawing due to the freeze/thaw
process. In this study, we aimed to focus on the former process and reduce process-
related haemolysis.

Materials and Methods: Five-day-old red blood cells (RBCs) (5D) or 9-week-old
RBCs (9 W) were glycerolized, pooled and split into two aliquots. RBCs were frozen
using either the programmed freezer (PF) method or the deep freezer (DF) method.
After 4-8 weeks, the FRCs were thawed and washed. In vitro characteristics were
compared between the PF and DF methods. Nine week were used as a starting
material for FTRCs with the assumption that they can mimic disqualified FTRCs with
respect to Hb recovery.

Results: The PF method resulted in a significantly higher Hb recovery rate than the
DF method (5D: 859 +2.1 vs. 81.1% + 3.5%, p <0.001) (9W: 56.8+4.0
vs. 52.4% £ 3.5%, p < 0.001). Both 5D and 9W-derived FTRCs immediately after
preparation prepared by the PF method were more resistible to haemolysis than
those prepared by the DF method. On the other hand, there were no significant dif-
ferences between PF and DF methods in Adenosine 5’-triphosphate (ATP) and
2,3-diphosphoglycerate (2,3-DPG).

Conclusion: The PF method was more suitable for RBC freezing than the DF method
in terms of Hb recovery in FTRCs. Although it was only 4%-5%, the improvement in

the Hb recovery rate will contribute to a more stable supply.

KEYWORDS
deep freezer, freeze-thawing, haemoglobin recovery, haemolysis, programmed freezer

Highlights

e The programmed freezer (PF) method improved the Hb recovery rate by approximately 4%-
5% compared to the deep freezer method.

e The FTRCs prepared by the PF method can be expected to further the blood transfusion

effect compared to the deep freezer method.

812 © 2022 International Society of Blood Transfusion.
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PF VS. DF METHODS IN MANUFACTURING FRCs

INTRODUCTION

Red blood cell (RBC) products with rare blood phenotypes can be pre-
pared from registered rare blood donors if the pool size of such
donors is adequately large [1]. However, arranging for registered
donors to donate blood on demand is not easy with such a small
donor pool. Therefore, frozen RBC (FRC) products are often used for
transfusion in patients with rare blood phenotypes [2].

Upon receipt of an order, FRC products are thawed, washed and
then shipped as frozen-thawed red blood cells (FTRCs). The method for
preparing FTRCs varies from country to country. According to the Mini-
mum Requirements for Biological Products in Japan, FRCs from RBCs
should be prepared within 5 days after the blood collection and stored at
less than —65°C. The storage life of FRCs is defined as up to 10 years.
The standards for total Hb content also vary by country. For example, in
Japan, there are no standards for haemolysis but there is a visual inspec-
tion and a haemoglobin (Hb) content test where 28 g total Hb weight or
more was required until August 2020, and 24 g or more thereafter, when
FTRCs are prepared from 400 ml of whole blood. In our centre, 18.6%
(29 out of 156) of all FTRCs prepared between April 2012 and March
2020 did not meet the standards for total Hb content. Notably, the Hb
recovery rate was 69.7% + 9.0% (54.2%-89.0%) in the acceptable prod-
ucts, while the disqualified ones represented a lower Hb recovery of
44.9% + 8.2% (20.8%-53.2%). Thus, newer technical advances for FTRC
preparation to obtain higher Hb recovery may be critical to achieve a sta-
ble supply and optimal clinical effects of FTRCs.

To guarantee higher Hb recovery, erythrocyte membrane dam-
age, one of the main causes of haemolysis, should be reduced as much
as possible during the freeze/thaw/wash process. Currently, two
types of freezing methods with different freezing rates are used to
freeze FRCs, namely, slow freezing and rapid freezing methods [3-5].
The slow freezing method is presently used in many countries, includ-
ing Japan, because it allows glycerolized RBCs to be frozen and stored
in a <—65°C deep freezer (DF). By contrast, the rapid freezing method
requires liquid nitrogen and the FRCs are stored at <—150°C.

The increase in osmotic pressure due to the concentration of intracel-
lular electrolytes that occurs during freezing is thought to be the most sig-
nificant cause of haemolysis [6-8]. At the cellular level, to suppress
haemolysis, it is important to rapidly pass the freezing point that concen-
tration of intracellular electrolytes occurs by rapid freezing and to minimize
the increase in intracellular osmolarity. At the product level, Kobayashi
et al. [9] reported that making ice crystals homogeneous and fine is possi-
ble by quick freezing after reducing the temperature difference between
the central and surface parts of the sample by precooling. Thus, the rapid
freezing method may reduce membrane damage; however, this method is
not adopted in many countries because it requires liquid nitrogen.

In this study, we aimed to develop an alternative freezing method
using a programmed freezer (PF) by regulating the freezing speed with
agitation to allow uniform temperature distribution in the RBC prod-
ucts. The proposed method comprises of two freezing steps with agi-
tation. In the first step (precooling step), glycerolized RBCs were

gradually cooled down close to the freezing point with agitation to
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limit the temperature difference between the central and peripheral
parts of the bag. In the second step (rapid freezing step), the gly-
cerolized RBCs were quickly frozen so that both the central and
peripheral parts of the bag went through the freezing point rapidly,
mitigating the temperature difference between them. The target tem-
perature was —120°C to avoid damage to the bag due to freezing.
We compared the characteristics of the FTRCs frozen using the new
method to those frozen using the well-known, slow-freezing method
with 5-day (5D)-old (standard) RBCs and 9-week (9-W)-old (old) RBCs.
We hypothesized that the FTRCs derived from old RBCs may mimic
disqualified products with respect to low Hb recovery as starting
materials for FTRCs [10, 11].

MATERIALS AND METHODS

Source of RBCs, preparation of RBC products and
research ethics

Whole blood (400 £ 46 ml) was collected in polyvinyl chloride bags con-
taining 56 ml citrate phosphate dextrose solution and was leuko-depleted
by in-line filtration. The leuko-depleted whole blood was centrifuged at
4780g, for 12 min at 22°C with a centrifuge (9942; Kubota Shoji, Ltd.,
Tokyo, Japan) and the plasma was removed using an automatic separation
device (AC-215; Termo BCT, Ltd., Tokyo, Japan). The resultant erythro-
cyte sediment was suspended in 95 ml of mannitol-adenine-phosphate
(MAP) solution [12]. The volume range of RBCs was 220-320 ml. The
RBC-MAP products were irradiated with 15 Gy of x-rays (MBR-1530A-
TW; Hitachi Healthcare Systems, Ltd., Tokyo, Japan) and then stored at
4°C (MPR-415R; Panasonic, Ltd., Osaka, Japan). The 5D-old RBCs were
used as standard RBCs, and 9-W-old RBCs were used as old RBCs.

This study was approved by the institutional review board of the
Ethics Committee of the Japanese Red Cross Society, Blood Service

Headquarters (ethical review number: 2019-015).

Glycerolization

RBCs were incubated at room temperature for 3 h and 100 ml of
60% glycerol solution (SF-60; Fuso Pharmaceutical Industries, Ltd.,
Osaka, Japan) was slowly added over 2 min. The mixture was
stored at room temperature for 5 min and a further 300 ml of 60%
glycerol solution was added. The final concentration of glycerol in
the RBCs was calculated to be 33%-39%, depending on the RBC
contents of the original whole blood. These manufacturing pro-
cesses were performed in a closed system using a glycerolization
kit (225j; Haemonetics, Inc., Boston, Massachusetts) and ACP215
(Haemonetics, Inc., Massachusetts). The glycerolized RBCs were
centrifuged at 3250g, for 10 min at room temperature, and the
supernatant comprising of the MAP solution and excess was
removed manually using an extractor to yield a glycerolized RBC
unit with a Hct of 80% + 5%.
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DF method and freezing point of glycerolized RBCs

In the DF method, the target freezing temperature of glycerolized
RBCs was set at —80°C using a freezer (MDF-594; Panasonic, Ltd.,
Osaka, Japan). The freezing point of glycerolized RBCs was measured
by monitoring the blood bag (average volume: 240 ml) using a
thermo-recorder (TR-81; T&D, Ltd., Nagano, Japan) to monitor the

internal transition temperature of the products.

PF method

The CM-21 (Taiyo Nippon Sanso, Ltd., Tokyo, Japan) is a PF that
can control not only the freezing speed but also the agitation
speed. At the first step of freezing, the target temperature of the
PF was set at —20°C (rate = —40°C/min), approximately 5°C higher
than the freezing point of the glycerolized RBCs, and the duration
time were set to 30 min. For the second step of freezing, the gly-
cerolized RBCs were quickly frozen until —120°C (rate = —33.3°C/
min), and the duration time were set to 15 min. The agitator on the
PF agitates at 120 rpm for both steps (Table 1). In addition, the
internal transition temperature of the glycerolized RBCs was

measured.

Preservation, thawing and washing

In the preservation process, the glycerolized RBCs were stored in a
freezer (MDF-594) at —80°C for 4 to 8 weeks in both methods. After
preservation, thawing and subsequent washing of the products were
performed according to Meryman’s method [8, 13] (three-component
washing method) adopted by Japanese Red Cross Society using
ACP215. Pairs of RBCs frozen using the DF or PF method were simul-
taneously thawed and subjected to the following processes. The FRCs
were thawed in a 37°C water bath (personal-11; Taitec, Ltd., Saitama,
Japan) and then washed using a washing kit (235j; Haemonetics, Inc.,
Massachusetts, CA) with 100 ml of 8% sodium chloride, followed by
450 ml of 1.6% sodium chloride and finally, with 1L of 0.8%
sodium chloride and 0.2% dextrose solution (Fuso Pharmaceutical
Industries, Osaka, Japan). The three-component washing method is
shown in Figure 1. After washing, they were centrifuged at 2690g, for
12 min at 22°C and the RBC pellets were resuspended in 95 ml of
MAP solution.

TABLE 1 Programmed freezer protocol

Step 1 Step 2
Precooling Rapid freezing
Target temperature (°C) -20 —-120
Time (min) 1 29 3 12
Target cooling rate (°C/min) -40.0 0? -33.3 o

@Maintained at target temperature.

Criteria for appropriate storage period as ‘old RBCs’

Three bags of RBC products with the same ABO blood type were
pooled and split to obtain three equivalent RBC units. Each RBC unit
was stored at 4°C for 6, 8 or 10 weeks, and was then glycerolized, fro-
zen using DF, thawed after 4-8 weeks and washed. Hb recovery was
calculated as follows: Hb recovery rate (%) = FTRC Hb (g/unit)/gly-
cerolized RBC Hb (g/unit) x 100. ‘Old RBCs’ were defined as RBCs

showing an Hb recovery rate of less than 50%.

Study workflow

A schematic diagram of the workflow is shown in Figure 2. Two types
of RBCs were prepared: one was standard RBCs that had been stored
at 4°C for 5 days and the other was old RBCs that were stored at the
same temperature but consequently showed an Hb recovery of less
than 50% after freezing and thawing processes. Two products of stan-
dard RBCs were glycerolized, pooled and divided into 2 units/aliquots.
One was frozen using the PF method, while the other was frozen
using the DF method. The old RBCs were processed similarly. After
4-8 weeks, pairs of RBCs frozen using the DF or PF method were
thawed and washed simultaneously. Finally, in vitro tests were performed,
and the results were compared between the PF and DF methods.

In vitro tests
Test samples

The following samples were used for in vitro tests: [l] glycerolized RBCs
after pooling and splitting but just before freezing, [ll] glycerolized RBCs
after freezing and thawing, [Ill] FTRCs immediately after preparation
(Day 1) and [IV] FTRCs after storage at 4°C for 4 days (Day 4).

In vitro characteristics of the products

Product supernatants were obtained by centrifugation at 1710g for
10 min at 4°C twice to measure either Hb or K concentrations. Hb
concentration was quantified using the leukocrystal violet method
[14, 15] as described previously, and K* concentration was measured
at 22°C on a blood gas and electrolyte analyser (Cobas b 221; Roche
Diagnostics, Ltd., Mannheim, Germany).

Weight was measured using an electronic balance (GX2000R;
A&D Co., Tokyo, Japan), and volume was calculated from the product
weight by taking their specific gravity (glycerolized RBCs: 1.11,
FTRCs: 1.06). Hb and haematocrit (Hct) were determined using an
automated blood cell counter (xs-1000i; Sysmex Co., Kobe, Japan). Hb
conversion per unit is as follows: Hb (g/unit) = Hb (g/dL) x volume
(dL/unit). Haemolysis was calculated as [(100-Hct) x supernatant Hb
concentration (g/L) / total Hb concentration (g/L)]. The osmotic fragility of
RBCs, measured by the procedure of Parpart [16], was defined as the
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Add 8% sodium chloride

Add 1.6% sodium chloride

Add 0.8% sodium chloride
and 0.2% dextrose solution

Centrifugal operation process

Add 100 ml of 8% sodium chloride

2 minutes stationary

Add 200 ml of 1.6% sodium chloride

One minute stationary

Glycerolized RBCs are injected into the bowl

Waste liquid flows out to the waste liquid line

Add 50 ml of 1.6% sodium chloride

Transfer the blood in bowl to glycerolized RBCs bag

Centrifugal stop

Add 200 ml of 1.6% sodium chloride

One minute stationary

Glycerolized RBCs are injected into the bowl

Waste liquid flows out to the waste liquid line

’

First washing: Add 100 ml of 0.8% sodium chloride

Waste liquid flows out to the waste liquid line

Forty-five seconds stationary

Centrifugal stop

Second washing: Add 150 ml of 0.8% sodium chloride

Waste liquid flows out to the waste liquid line

Forty-five seconds stationary

Third washing: Add 200 ml of 0.8% sodium chloride

Waste liquid flows out to the waste liquid line

Forty-five seconds stationary

| Centrifugal stop

Centrifugal stop

Fourth washing: Add 250 ml of 0.8% sodium chloride

Waste liquid flows out to the waste liquid line

Forty-five seconds stationary

Fifth washing: Add 300 ml of 0.8% sodium chloride

Vi

Waste liquid flows out to the waste liquid line

Transfer the blood in the bowl to the FTRCs bag

| Centrifugal stop

Centrifugal stop

FIGURE 1 Three-component washing method protocol. FTRC, frozen-thawed red blood cell; RBC, red blood cell
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Procedure

In vitro test

RBCs

4°C for 5 days (standard RBCs)
or
4°C for 9 weeks (old RBCs)

wwiz/ati’og%

[ Glycerolized RBCs J

| Pooling |

[ Pooled glycerolized RBCs ]

W

DF method

PF method

JIIIIS 7777777

Glycerolized
RBCs

'Gche-r.o.Iized
RBCs

ﬂe‘ezing DF freezing

Preservation

~—__ —80°C for 4—-8 weeks __—

Thawing

Thawed
Glycerolized

RBCs
LLELLLETTLL L,

Washing

Preservation
4°C for 4 days

%% 1

Supernatant Hb and K*
Haemolysis, Hb [ 1]

Supernatant Hb and K*
Haemolysis, Hb [1I]

Supernatant Hb and K*
Haemolysis, Hb, Hb recovery,
ATP, 2.3-DPG
Osmotic fragility [II]

Supernatant Hb and K*
Haemolysis, Hb
ATP, 2.3-DPG,
Osmotic fragility [IV]

FIGURE 2 Study workflow. Red blood cell (RBC) products were stored at 4°C for either 5 days or 9 weeks. Two 5D-old products were
glycerolized, pooled and into 2 units/aliquots. One was frozen using the programmed freezer (PF) method, and the other was frozen using the
deep freezer (DF) method. 9 W-old RBCs were processed similarly. After 4-8 weeks, they were thawed and washed. In vitro tests were
conducted on glycerolized RBCs [I] just before freezing and [Il] immediately after thawing and on frozen-thawed red blood cells (FTRCs) [lII]

immediately after preparation and [IV] after storage at 4°C for 4 days
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FIGURE 3 Difference in internal temperature transition on glycerolized red blood cells (RBCs) between the programmed freezer (PF) and deep
freezer (DF) methods. The internal temperature transition on glycerolized RBC products that were cooled by either the PF (dotted line) or DF (solid line)
method is shown in (a). The cooling temperature curve near the freezing point is shown in (b). The horizontal lines A and B indicate the freezing point
(—24.1°C) and preservation temperature (—65.0°C), respectively. Points C and D indicate the freezing time in the PF method (6 min) and DF method
(107 min). Points E and F indicate the freezing point and supercooling, respectively. Point G indicates the time of supercooling, which was 106 s

concentration of sodium chloride to induce 10%, 30% and 50%
haemolysis. Adenosine 5'-triphosphate (ATP) and 2,3-diphosphoglycerate
(DPG) were measured with commercial kits using enzymatic methods,
Lucifer 250-plus kit (Kikkoman, Ltd., Chiba, Japan), and Roche diagnostic
kit (Roche Diagnostics, Ltd., Mannheim, Germany) respectively, according
to the manufacturer’s instructions.

Statistical analyses
Results are expressed as mean + standard deviation. Statistical differences
between the PF and DF methods were analysed using a two-sided paired

t-test. Statistical analysis was performed using GraphPad Prismé software
(GraphPad, Inc., La Jolla). The significance level was set at p < 0.01.

RESULTS

Freezing point and internal temperature transition of
glycerolized RBCs

The internal temperature of glycerolized RBCs frozen using the DF

method was monitored (solid line, Figure 3a). The cooling temperature

curve near the freezing point is magnified in Figure 3b, which shows a
small transient increase in temperature (point F). We presumed that
point E (—24.1°C) was the freezing point. Based on this observation,
the PF protocol was established so that in the first step, the PF was
set at —20°C, which is approximately 4°C above the freezing point,
for 30 min. In the second step, the PF was set to quickly freeze the
products at —120°C (Table 1). The internal temperature curve of gly-
cerolized RBCs frozen using the PF method is shown as a dotted line
in Figure 3a. The times required to cool from the freezing point
(—24.1°C) to FRC preservation temperature (—65.0°C) were 6 min in
the PF method (point C) and 107 min in the DF method (point D).
Points E and F indicate the freezing point and supercooling, respec-
tively. Point G indicates the time of supercooling, which was 106 s.

Higher Hb recovery rate achieved using the PF
method than using the DF method on standard RBCs

The results were summarized in Table 2. The Hb and K* concentra-
tions in the supernatants and haemolysis rates of thawed glycerolized
RBCs in the PF method were significantly lower than those in the DF
method. No significant difference was found between the PF and DF

methods in total Hb content before freezing and immediately after

85U8017 SUOIWIOD BAEaID 3(edlidde ay) Aq peusench ase SSe YO ‘85N JO S9N 10} A%iq1T 8UIIUQ AB|IAN UO (SUONIPUCD-PUR-SLLIBYLIOD A 1M ARIq 1 BU1 UO//SANY) SUORIPUOD PUe SWiB | 8L} 88S *[5202/20/62] U0 ARIgITauluO A8|IM ‘Wewiedeq SLS 7 S80IN0say-3 AISRAIUN [BUI0D AQ #9ZET XONTTTT 0T/I0P/WO0D A8 imArelq1pUl|UO// Sy WO1S pepeolumod ‘9 ‘2202 ‘0TYOEZT



FUCHIZAKI eT AL

&LVOX Sa n g u i n iS q%_}DF‘U) Lr;teEvlzzgoTna\ S?C\e(y

TABLE 2 Comparison of characteristics between programmed freezer versus deep freezer method using standard RBCs

Glycerolized RBCs

FTRCs on Day 1 FTRCs on Day 4

Freezing Just before Just after thawing

Immediately after After storage at

method freezing [I]  before washing [ll] p value preparation [ll1] p value 4°C for 4 days [IV] p value
Supernatant Hb (mg/dl) PF 95+ 43 1232 + 347 <0.01 39+8 0.42 66 + 11 0.15
DF 2413 + 988 42+ 9 61+9
K* (mEq/L) PF 130+ 2.1 20.3+ 3.0 <0.01 1.6 £ 0.6 032 163+19 0.01
DF 258 £5.1 1.7+£03 18.0 £ 1.9
Haemolysis (%) PF 0.07 £ 0.03 0.9+ 03 <0.01 0.11+0.02 0.18 0.18 £0.03 0.58
DF 1.7+ 0.7 0.12 + 0.02 0.18 + 0.03
Whole bag  Hb (g/unit) PF 519 £33 517+ 33 0.11 413+32 <0.001 413+32 <0.001
DF 518+ 33 392+ 34 393+ 34
10% haemolysis PF NT NT 0.57 +£0.02 <0.01 0.54 +0.02 0.57
EeliiEa e e 0.58 + 0.02 0.53 + 0.06
30% haemolysis PF NT NT 0.51 + 0.02 <0.01 0.49 +£0.02 0.94
el B BE e 0.52 + 002 049 + 002
50% haemolysis PF NT NT 0.49 +0.01 <0.01 046 £0.02 0.42
N 049 + 0,01 0.46 + 002
ATP (pmol/g Hb)  PF NT NT 53+0.5 0.41 49 +04 0.28
DF 53+04 48 +£04
2,3-DPG PF NT NT 48 +2.7 0.55 1.6 +1.2 0.50
(umol/g Hb) 45+21 15+ 10

Note: Data are shown as mean 4= SD (N = 10). Statistical difference between PF versus DF freezing method was with paired t-test.

Abbreviations: DF, deep freezer; NT, not tested; PF, programmed freezer.

(a)
1001
—_ p <0.001
X
2 90+
g °
g <3e
) ° =
g [m]
]
70 T T
PF DF
Mean 85.9 81.1
SD 2.1 3.5

(b)
701 p < 0.001
2 .
Z' 60- e
3 —a e =
§ .
a 501 UE
T °
o
40 ' .
PF DF
Mean 56.8 52.4
SD 4.0 3.5

FIGURE 4 Comparison of Hb recovery between the programmed freezer (PF) and deep freezer (DF) methods. The Hb recovery rate on
standard RBCs (a) and old RBCs (b) were shown. All results were presented as mean & SD (N = 10). The paired t-test was used to determine

statistical significance

thawing in glycerolized RBCs. However, the total Hb content in FTRCs
decreased due to the removal of damaged RBCs that were haemolysed
during the washing process. Because the total Hb reduction in the PF
method was less than that in the DF method, the PF method (85.9% +
2.1%) vyielded a significantly higher Hb recovery rate than the DF
method (81.1% =+ 3.5%) (Figure 4a). FTRCs on Day 1 prepared by the
DF method were more susceptible to haemolysis than those prepared
by the PF method. Significant difference was not noted between the
PF and DF methods in ATP and 2.3-DPG contained in FTRCs.

Higher Hb recovery rate achieved using the PF
method than using the DF method on old RBCs

To prepare old RBCs, we stored RBCs for 6, 8, or 10 weeks, froze
them using the DF method, and measured temporal changes in the
Hb recovery rate. As a result, Hb recovery rates decreased over time
to 58%, 55% and 44%, respectively. Because an Hb recovery rate of
50% could be obtained after 9 weeks, we used 9 W-old RBCs as
‘old RBCs.’
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TABLE 3 Comparison of characteristics between programmed freezer versus deep freezer method using old RBCs

FTRCs on Day 1

FTRCs on Day 4

International Society 819

of Blood Transfusion.

Just after thawing After storage at
Freezing  Just before before Immediately after 4°C for
method freezing [I] washing [I] p value preparation [lll]] pvalue 4days [IV] p value
Supernatant Hb (mg/dL) PF 511 + 157 2740 + 503 <001 117 +19 0.13 176 +29 0.54
DF 5649 + 2066 129 + 23 183 + 43
K* (mEq/L) PF 22.7 £ 0.6 302+12 <0.001 0.7+0.2 0.66 54+1.0 0.33
DF 353+22 0.7+ 0.2 51+06
Haemolysis (%) PF 0.44 +£0.17 23+0.5 <0.001 0.45 + 0.08 0.02 0.68+0.13 0.09
DF 47+14 0.55+0.13 0.77 £ 0.21
Whole bag  Hb (g/unit) PF 502+ 14 50.1+ 1.6 0.07 26.7+25 <0.001 26.7 +£25 <0.001
DF 50.2 £ 1.6 247 £21 247 £22
10% haemolysis PF NT NT 0.67 £ 0.02 <0.001 0.67 +0.03 0.03
selnbEalladl e 0.71+ 0,01 0.70 + 0.02
30% haemolysis PF NT NT 0.54 + 0.03 <0.01 0.54+0.02 <0.01
point (% NaCl)  pp 0.57 +0.02 0.56 4 0.02
50% haemolysis PF NT NT 0.48 + 0.01 <0.01 047 +0.02 0.02
PO FARECD 0.49 + 001 048 4 0.02
ATP (umol/g Hb) PF NT NT 1.0+0.2 0.55 0.8+ 0.2 0.71
DF 1.0+ 0.2 08+0.2
2,3-DPG (pmol/g PF NT NT 0.1 +0.2° 0.72 0.1+0.2° 0.54
Hb) DF 00 +01° 00+ 0.1°

Note: Data are shown as mean =+ standard deviation (N = 10). Statistical difference between PF versus DF freezing method was with paired t-test.

Abbreviations: DF, deep freezer; NT, not tested; PF, programmed freezer.
@Nine out of ten samples were below the detection limit of 0.02 pmol.

The results were summarized in Table 3. The Hb and K* concen-
trations in the supernatants and haemolysis rates of thawed gly-
cerolized old RBCs were significantly lower in the PF than in the DF
method. The total Hb/unit in the PF method in FTRCs was higher
than that in the DF method. The Hb recovery rate in the PF method
(56.8% + 4.0%) was significantly higher than that in the DF method
(52.4% + 3.5%) (Figure 4b). FTRCs prepared by the DF method were
more susceptible to haemolysis than those prepared by the PF
method. No significant difference was found between the PF and DF
methods in the ATP contained in FTRCs. The 2,3-DPG was below the
detection limit of 0.02 umol in 9 out of 10 samples in old RBC-derived
FTRCs regardless of the freezing method because it might have been
depleted quickly in stored red cells [17].

DISCUSSION

In this study, we explored the possible utility of our PF method as a
new freezing method for rare RBCs, particularly focusing on Hb recov-
ery after freeze-thawing procedure, by comparing the in vitro proper-
ties prepared by the current method (DF method) or the new method
(PF method). Results showed that the PF method improved the Hb
recovery rate by approximately 4%-5% compared to the DF method;
this was the case not only for standard RBCs but also for old RBCs.

The PF method has two techniques to ensure uniform product
temperature, the designated two-step temperature control and agita-
tion. The internal temperature of glycerolized RBCs in the latter half
of the first step dropped more slowly in the PF method than in the DF
method (Figure 3a). On the contrary, the time required to be cooled
from the freezing point (—24.1°C) to the FRC preservation tempera-
ture (—65.0°C) was much shorter in the PF method (6 min) than in the
DF method (107 min). This unique temperature change in the PF
method may have reduced the temperature difference between the
central and surface parts of the products [8], making ice crystals more
homogeneous and finer.

Valeri et al. reported that the Hb recovery rate after 14 years in
FRCs produced by the slow freezing method was 80% + 7% [18].
They washed the FRCs after thawing with Valeri's method (two-
component washing method). Lagerberg et al. also reported the Hb
recovery rate of 81% + 5% in FRCs washed by the Valeri's method
after 2 weeks of freezing with slow freezing [19]. These results were
similar to ours.

Preparation of FTRCs in Japan as in other countries use the slow
freezing methods, but there are also manufacturing processes unique
to Japan. RBCs as a raw material are irradiated with x-rays before
freezing, thawed FRCs are washed by the Meryman’s method, the
MAP solution is used as a preservation solution. Turner et al. reported
that the K* concentration in FTRCs at 24 h after production varied
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depending on the raw material, but also reported that Hb recovery did
not depend on irradiation timings [20]. Although we irradiated RBCs
before cryopreservation unlike other countries, a previous study
showed that irradiation timing did not affect Hb recovery. Tamura
et al. compared two washing methods, the Meryman’s and Valeri
methods, and found no significant difference between the two
methods in percent haemolysis 24 h after washing [21]. They also
examined the effect of two additive solutions, the AS-3 and MAP
solutions, on the haemolysis rate of FTRCs. With the exception of
mannitol for preventing haemolysis, the components of the MAP solu-
tion are almost the same as those of additives used in the
United States and Europe such as the AS-3 solution [22, 23]. FTRCs
stored for 7 days in MAP solution showed similar haemolysis inhibi-
tory effects to the additives used in the United States and Europe.
These results suggest the possibility that the manufacturing process
unique to Japan is equivalent to those performed in other countries.

The PF method increased the Hb recovery rates in old or dam-
aged RBC-derived FTRCs by 4.4% (Figure 4b) and in standard RBC-
derived FTRCs by 4.8% (Figure 4a), respectively, compared to the cur-
rent method. Applying the former result to the disqualified FTRCs in
the past 8 years at our institution (29 out of 156), as many as approxi-
mately 34% (10 in 29 units) of the disqualified ones would have satis-
fied the shipping standard. Moreover, these results, indicating a small
but significant difference, also suggest the increased Hb content in
the qualified FTRCs prepared by the PF method, by which further
blood transfusion effect can be expected.

On the other hand, this study has four limitations. First, we used old
RBCs as starting materials which could be an alternative starting material
for “real-world” FRCs that eventually resulted in disqualified FTRCs.
Although the Hb recovery rate of the old RBC-derived FTRCs was as
low as that of “real-world” disqualified FTRCs, our hypothesis could still
be wrong. In the future, we would like to explore the possibility of evalu-
ating the PF method using RBCs of rare blood phenotypes, such as
McLeod phenotypes [24], the standard of which are difficult to meet for
FTRCs by the conventional method. Second, it remains to be clarified
how much of each of the two factors, temperature control and agitation,
contributed to the improvement of FTRC quality in the PF method.
Third, we could not elucidate the biological basis of why the rates of Hb
recovery improvement of old and standard RBCs were comparable when
frozen by the PF method, despite the membrane vulnerability observed
more clearly in old RBCs than in standard RBCs. Lastly, there may be
some difficulties to introduce the unfamiliar PF method in a blood prod-
uct factory, except through having a cord blood bank.
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Abstract

Background and Objectives: The coronavirus disease 2019 (COVID-19) pandemic
has impacted blood systems worldwide. Challenges included maintaining blood sup-
plies and initiating the collection and use of COVID-19 convalescent plasma (CCP).
Sharing information on the challenges can help improve blood collection and
utilization.

Materials and Methods: A survey questionnaire was distributed to International
Society of Blood Transfusion members in 95 countries. We recorded respondents’
demographic information, impacts on the blood supply, CCP collection and use,
transfusion demands and operational challenges.

Results: Eighty-two responses from 42 countries, including 24 low- and middle-
income countries, were analysed. Participants worked in national (26.8%) and
regional (26.8%) blood establishments and hospital-based (42.7%) institutions.
CCP collection and transfusion were reported by 63% and 36.6% of respondents,
respectively. Decreases in blood donations occurred in 70.6% of collecting facili-
ties. Despite safety measures and recruitment strategies, donor fear and refusal
of institutions to host blood drives were major contributing factors. Almost half of
respondents working at transfusion medicine services were from large hospitals
with over 10,000 red cell transfusions per year, and 76.8% of those hospitals
experienced blood shortages. Practices varied in accepting donors for blood or
CCP donations after a history of COVID-19 infection, CCP transfusion, or
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic has created chal-
lenges for many blood establishments (BEs) and transfusion medicine
services (TMS) worldwide. African [1], Asian [2], Eastern Mediterra-
nean [3] and some Western countries [4-6] reported blood supply
challenges. They faced decreased rates of donations [1, 3], public fear
of infection when donating blood [7] and decreased numbers of, or
outright cancellations of, blood drives [3] due to lockdown measures.
In addition, unpredictable clinical demands for blood, linked to cancel-
lations of elective surgeries and non-urgent interventions, were
described, while blood demand for emergency situations and patients
on chronic transfusion support remained relatively unchanged [3, 6é].
Some centres reported lower blood supply in the early stages of the
pandemic, compensated by decreased blood demand for elective sur-
geries and other medical procedures [8].

Many institutions collected COVID-19 convalescent plasma
(CCP) and/or used it for passive immunotherapy on a compassionate
basis or for clinical trials. Guidelines on the collection and use of CCP
in high-income and low- and middle-income countries (LMICs) have
been published [9-13]. During the period covered by the survey, the
World Health Organization (WHO) developed interim guidances,
which underwent updates throughout the pandemic, for maintaining a
safe and adequate blood supply and applying COVID-19-related
donor deferral criteria, temporary deferral after vaccination and CCP
usage [14, 15].

Early in the pandemic, the International Society of Blood Transfu-
sion (ISBT) established a multidisciplinary working group, comprised
of international transfusion experts, to review the impacts of COVID-
19 on blood systems and existing practices on CCP collection and use
from donor, product and patient perspectives [11, 16-18]. This survey

aims to assess the impact of COVID-19 pandemic on BEs and TMS

vaccination. Operational challenges included loss of staff, increased workloads
and delays in reagent supplies. Almost half of the institutions modified their disas-
ter plans during the pandemic.

Conclusion: The challenges faced by blood systems during the COVID-19 pandemic
highlight the need for guidance, harmonization, and strengthening of the prepared-

ness and the capacity of blood systems against future infectious threats.

blood supply, convalescent plasma, COVID-19, pandemic, transfusion

e This article summarizes the impact of the coronavirus disease 2019 (COVID-19) pandemic
on the blood systems worldwide including blood supply challenges, transfusion demand, con-
valescent plasma collection and use, and operational challenges.

o To the best of our knowledge, this is the largest survey conducted to assess the impact of

the COVID-19 pandemic on blood establishments and transfusion medicine services

around the world to summarize the experiences and provide guidance

to prepare for future pandemics.

MATERIALS AND METHODS

A web-based survey was designed using Survey Monkey and piloted
for content validity and avoidance of ambiguity by the working group.
The survey, written in English, was distributed by the ISBT central
office to 1481 ISBT members from 95 countries spanning all WHO
regions. Respondents provided consent through completing the sur-
vey. Data were collected between 25 May and 9 July 2021.

The survey contained 77 questions covering demographics
(n = 13), and questions tailored to BEs (n = 33) and TMS (h = 31) and
others addressing blood supply challenges (n = 10) and demand
(n = 11), and CCP collection (n = 23) and transfusions (n = 15). All
respondents were invited to complete five questions on the opera-
tional challenges faced and to list recommendations for future pan-
demics. Descriptive statistics were performed, and the reported

variables are expressed in numbers and percentages.

RESULTS

Ninety-three ISBT members participated. In total, 82 responses from
42 countries across all WHO regions, including 24 LMICs [19], were
included in the analysis after excluding participants with <75% com-
pletion of the survey (Figure 1; Table S1). At the time of completion
of this survey, most respondents indicated that their countries were
either in the second wave of COVID-19 with a decreasing number of
cases or in the third wave with either decreasing or increasing number

of cases.
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FIGURE 1 Geographical distribution and demographics of survey respondents (n = 82, from 42 countries)

Respondents worked in national (n = 22, 26.8%), regional (n = 22,
26.8%) and hospital-based (n = 35, 42.7%) institutions. These included
respondents who worked in institutions involved in blood donations
(n = 69, 84.1%) and TMS (n = 57, 69.5%). Most institutions involved
in donation activities annually collected 210,000 units (n = 45, 65.2%)
of blood. A majority of respondents working in TMS were from large
hospitals offering medical and surgical services with >500 beds
(n = 36, 63.2%) and 210,000 red blood cell (RBC) transfusions per
year (n = 32, 56.1%).

Impacts of COVID-19 on blood collection and supply

Almost two-thirds of respondents from BEs and hospital-based blood
services indicated a decrease in donations during the pandemic, while
23.5% reported fluctuations (Table S2). Blood donation drives were
either cancelled or decreased in two-thirds of institutions, primarily
due to increased COVID-19 cases and lockdowns. Several institutions
reported blood donors’ fear of visiting hospital-based blood banks.
Other stated reasons were donor deferrals due to infections or quar-
antine requirements.

Some respondents described declines during the lockdown period
in the first wave, while in a few countries, the number of donors
decreased at the start of the pandemic but improved over the following
months. One respondent reported decreased donations at the start of
the pandemic due to increasing imported cases with a lockdown,
followed by a temporary recovery before a drop due to surging numbers
of COVID-19 cases. A respondent from a blood collector in the
United States described a sharp decline in blood donations when

COVID-19 was declared a national emergency and stay-at-home orders
were mandated in multiple states. Free donor testing for antibodies
against severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
was initiated, and donations steadily increased thereafter. Other respon-
dents shared similar experiences, unveiling a decline in blood donations
in the first and third waves of the pandemic, with decreased demand for
elective surgeries and transplants, followed by an increase over the
usual demand thereafter. In contrast, in Italy, donations increased in the

early stages of the pandemic as a result of calls for blood donors.

COVID-19 infection-related deferrals

At the time of undertaking this survey, most institutions were applying a
14- (50.7%) or 28-day (38.8%) deferral period for donors with a history
of COVID-19 infection after full recovery/resolution of symptoms
(Table S2). In one Nigerian institution, testing for COVID-19 was needed
before a blood donation. Policies with regard to donor deferral after a
CCP transfusion varied. Over one-quarter of respondents (27.7%) indi-
cated a 12-month temporary deferral, and 7.7% respondents reported
permanent deferral (from the Netherlands, Malaysia, Congo, Kenya and
one center in Saudi Arabia), while 13.8% were awaiting a policy decision.

In Germany, a 4-month deferral period was applied.

SARS-CoV-2 vaccine-related deferrals

A wide variety of SARS-CoV-2 vaccines were available in the
responding countries, with the commonest being Oxford/AstraZeneca
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and Pfizer/BioNTech. Others included Moderna, Sinovac-CoronaVac,
Johnson & Johnson, Sputnik V, Sinopharm, Covaxin and Verocell
(Table S2).

Post-vaccination deferrals for blood donations varied, with a
majority implementing 14- (33.8%) or 7-day (20.6%) deferrals. A few
reported a 48-h deferral for mRNA or non-replicative vector-based
vaccines (n = 4), or a 72-h deferral period after vector-based or
inactivated vaccines (n = 2). Elsewhere, the practice varied depending
on the vaccine type, including no or 7 days deferral post mRNA,
7 days up to 4 weeks deferral post vector-based vaccines, 48 or 72-
h deferral for inactivated virus vaccines and 1 year deferral if the
donor was enrolled in vaccine-related clinical trials.

In the United States, individuals who received a live-attenuated
viral vaccine had to refrain from donating blood for 14 days, but no
such vaccines were authorized in that country. In Singapore, individ-
uals receiving mRNA or inactivated vaccines were deferred by the
national BE for 3 days post vaccination if free from side effects, for
1 week after resolution of localized pain at the injection site and for
4 weeks after resolution of a fever, generalized muscle aches, rashes,
or lymph node swelling. The deferral period for vector-based or live-

attenuated vaccines was 28 days.

Safety measures to protect blood donors and staff

Safety measures were implemented to protect donors and staff in BEs
and hospital-based blood services (Table S2). Almost one-third of BEs
performed CCP collection procedures in a room separate from stan-
dard donations. Other measures included screening donors for signs
and symptoms of COVID-19 and a relevant travel history, frequent
disinfection of equipment and donation chairs and minimizing snack
consumption post-donation. In addition, social distancing was applied,
as well as installation of an electronic appointment system, extending
working hours, increasing the number of donation sites and setting up

collection areas outside hospital-based blood services.

Challenges in donor recruitment and strategies utilized

The most common challenges were donor fear of contracting COVID-19
at blood donation facilities, refusal of partner institutions to host blood
drives and lockdowns (Table S2). Staff concerns from handling blood
donors were reported by 40% of respondents. Other reported concerns
included the inability to conduct donation drives due to a lack of
resources/mobile units, closure of public venues (such as shopping cen-
tres) and the cancellation of gatherings by community organizations where
blood drives are usually conducted. There were staff and donor losses due
to COVID-19 infection or exposure, and staff fears of job security.
Strategies to recruit donors and reduce blood shortages
encompassed increased blood donation promotion via text messages,
phone calls and key societal influencers. Hospital employees were
encouraged to donate blood. Use of social media and collaboration with
voluntary organizations were done to recruit donors and conduct dona-
tion drives. Other solutions included donor transportation and the

issuance of travel passes to help donors reach donation sites during
lockdowns. The use of virtual blood drives to recruit donors by inviting
individuals and supporters to promote donations at any of its fixed
donation sites was reported [20]. Another operation allocated funds to
retain workers and provided supplies including thermometers, personal
protective equipment (PPE) and hand-held equipment at blood drives.

COVID-19 convalescent plasma collection

Fifty-two institutions collected CCP during the pandemic (Table S3).
Most institutions accepted first-time apheresis donors, and 40.4%
accepted family/relative donations, which accounted for more than
one-third of CCP donors in five institutions in LMICs. Almost two-
thirds of respondents (66.7%) indicated that their institutions could
meet CCP demands. In the Netherlands, there were long waiting lists
for CCP donations. In the United States, as more of the general popu-
lation began to get vaccinated and increasing questions about CCP
efficacy appeared in the literature, hospital demand declined and the
need for CCP donations substantially decreased.

Almost two-thirds of the institutions used a specific consent
form for CCP donation. This included details on CCP donations, testing
to be performed, donation by apheresis and trial/research use. At
U.S. centres, the consent form specified that high-titre donations, as
defined by the Food and Drug Administration (FDA), and non-reactivity
for relevant transfusion-transmitted infections qualified the plasma to
be labelled as CCP under an FDA-approved Expanded Access protocol.

Most respondents accepted donors recovered from COVID-19
infection for CCP donations after at least 14 (n = 29, 49.2%) or 28
(n = 18, 30.5%) days after recovery. With the majority mandating a his-
tory of natural COVID-19 infection, 27 institutions accepted vaccinated
donors. CCP donors were accepted post vaccination with a variable
deferral period ranging from none (n = 4) to 7 (n = 4) and 14 (n = 14)
days. The period of deferral varied based on the type of vaccine in
three institutions, while two remained undecided. For vaccines, the
FDA required prior symptomatic COVID-19 infection, documented by
a swab polymerase chain reaction test for 14 days to 6 months after
the last symptoms before a CCP donation [21].

Six institutions from three countries accepted vaccinated donors
to donate CCP for fractionation if they had a history of COVID-19
infection. In a blood service in Canada, plasma collection for fraction-
ation paralleled that for transfusions. Six respondents reported com-
petition for CCP collection from plasma fractionators. Two reported
that this worked in favour of their institutions and helped them to
acquire additional apheresis machines. Twenty-one respondents indi-
cated a lack of a domestic fractionation programme.

Most institutions collected CCP by apheresis. Three performed
only whole-blood (WB) collection, and 14 simultaneously conducted
WB and apheresis collection. In 10 institutions, WB donations con-
tributed to >50% of the CCP source (Argentina, North Macedonia,
Iran, Indonesia, Israel, Nepal, Italy, Sweden, and two in India). Of those
countries that performed WB collection, all but three reported that
RBCs or platelet units derived from WB convalescent donations were
used for standard transfusions.
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Most institutions utilized in-house-generated labels for the CCP,
while six used the standard ISBT label and 16 uses specific ISBT label
for CCP. Two institutions used a nationally developed label. CCP was
kept frozen for up to 1 year in 83% of those institutions. Plans for the
utilization of excess CCP were variable, with the commonest being to
ship it for regular fractionation (27.1%).

Blood inventory and demand

Three-quarters of the 56 TMS experienced blood shortages during the
COVID-19 pandemic, and in 35 (62.5%), the shortage correlated with
the number of cases reported in their countries (Table S4). Most of
these respondents reported <10% red cell wastage (86%). While RBC
demands fluctuated in almost half of these institutions, platelet demands
were variable. Shortages affected a wide range of patients including
those with underlying haemoglobinopathies and with haematological
malignancies and transplant patients. Two respondents from the Middle
East indicated that the demand did not change since most transfusions
in their institutions were for patients with haemoglobinopathies and
haematological malignancies. While some respondents indicated that
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the blood demand had decreased because of cancellations of surgeries,
for others the major procedures could not be conducted owing to blood
shortages. One country in Africa reported that challenges in meeting
transfusion demands led to rescheduling of surgeries.

Different measures were applied to meet transfusion demands.
The most common strategies were to cancel elective surgeries/proce-
dures (90.5%) and maximize the use of alternatives to RBC transfu-
sions (50%). Respondents indicated the usefulness of maintaining
effective communication with clinical teams and BEs and applying
patient blood management. In addition, respondents described
screening transfusion requests, extending the shelf life of platelets to
7 days after bacterial testing, splitting platelet units and issuing RBC
units up to 2- weeks-old to patients with haemoglobinopathies and to
neonates.

COVID-19 convalescent plasma transfusions
Thirty TMS transfused CCP to patients with SARS-CoV-2 infection,

including five that transfused CCP into paediatric patients (Table S5).
More than half of institutions transfused CCP as part of national
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FIGURE 2 Operational recommendations for blood establishments and transfusion services to prepare for future viral threats/pandemics. CCP,
COVID-19 convalescent plasma; PBM, patient blood management; PPE, personal protective equipment; NGO, non-governmental organization
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programmes (60%) and for both clinical trials and compassionate/
emergency use. Most institutions enrolled in clinical trials used CCP
therapeutically for hospitalized patients. Only three institutions were
enrolled in clinical trials assessing CCP use in a pre-hospital setting,
and only one as a prophylactic measure for high-risk exposure. The
vast majority of institutions utilizing CCP on a compassionate basis
used a specific consent form for treated patients. More than half of
the respondents indicated having sufficient CCP supply.

The protocol for unit selection—if more than one dose of CCP was
given—ranged from random selection to selecting units from the same
donor (Table S5). ABO-matched CCP was used by 56.7% of the respon-
dents. The ISBT haemovigilance definition was used by 46.7% of insti-
tutions when reporting adverse reactions to transfused CCP [22]. Most
institutions reported to the blood bank, national haemovigilance com-

mittee and/or a blood transfusion/safety committee.

Operational challenges

The commonest operational challenges faced during the pandemic
were staff losses due to sickness or quarantine and increased work-
loads (Table Sé). More than one-quarter of respondents reported staff
deployment to other services such as to support a virology laboratory.
One-third of respondents reported a lack of PPE. Other challenges
included delays in reagent supplies and instrument maintenance, and
the need for team segregation for business continuity planning,
resulting in longer working hours and higher workloads in blood
processing and testing laboratories. A respondent from one LMIC
described a lack of support for blood systems in the country.

Challenges upon initiating a CCP collection and transfusion pro-
gramme included cost/funding, setting up clinical trials, and obtaining
institutional review board approvals. One respondent from Africa
described challenges with the lack of sufficiently qualified physicians to
initiate clinical trials and slow initial patient enrollment. Another respon-
dent described donor recruitment as the main challenge, as donors
were unwilling to come to the hospital to donate CCP or had transpor-
tation difficulties due to lockdowns. Two respondents indicated that
collecting CCP on a voluntary, non-remunerated basis without proof of
its benefits for hospitalized patients was extremely difficult. Challenges
with the demand exceeding supply at certain stages of the pandemic
were described by respondents from India and Portugal. Other chal-
lenges included donor recruitment and eligibility determination, manag-
ing human and testing resources, apheresis equipment and required
logistics.

For 47 institutions, contingency/disaster plans were effective in
meeting transfusion demands. However, almost one-half of the
respondents indicated a change in disaster plans, such as adding a
section of operating plans during a pandemic. Others indicated
updates on safety/infection control measures, staff management and
redeployment, extending working hours, and management of invento-
ries of blood and critical reagents. Specific changes in relationships
with BEs included donations by appointment only, defining donor

workflow and modifying eligibility criteria as per national protocols.

Respondents shared the lessons learned and recommendations to
help in preventing/managing blood shortages, meeting transfusion
demands during a pandemic, establishing a CCP programme and over-

coming operational challenges (Table S7; Figure 2).

DISCUSSION

To the best of our knowledge, this is the largest survey conducted to
assess the impact of the COVID-19 pandemic on BEs and TMS world-
wide. This survey highlights some specific challenges faced during dif-
ferent waves of the pandemic and the mitigation steps undertaken.

National measures to contend with the pandemic had negative
impacts on the blood supply in most BEs, with the demand fluctuating
in half of the TMS. Challenges included public fear, transport restric-
tions and staff shortages. These specifically threatened transfusion sup-
port to certain patient populations in some institutions, in line with
previous reports [3, 23-25]. Although cancellations of surgeries were
reported to decrease blood demand in the early stages of the pandemic
[8, 26], most of the participants reported blood shortages. This could
be explained by the proportion of participants in our survey from
LMICs. The fragility of blood supply systems in LMICs likely makes it
particularly challenging for blood banks in those countries to meet
ongoing demands. In the early stages of the pandemic, the WHO rec-
ommended that centres be prepared to move quickly in response to
changes in managing demands for blood and blood products while miti-
gating potential risks to staff and donors from exposure to SARS-
CoV-2 [15]. With universal impacts on the blood supply and donation
rates, there is a need for a global message to the public and national
authorities on the continuing need for blood donors.

The need to initiate CCP donation and transfusion trials and
programmes has added extra challenges. The survey reveals wide vari-
ations in donor eligibilities, donation methods, types of donors
enrolled in CCP donation and methodologies used in obtaining con-
sent. While the majority reported meeting CCP demands, certain local
challenges were highlighted such as competition with other parties for
CCP collection, lack of standardization in labelling CCP units, varia-
tions in the shelf life of frozen units and plans to utilize excess units.
Common challenges of funding and the lack of test facilities should be
resolved in preparation for future pandemics.

We report variation in certain practices, such as donor deferral
post-recovery from COVID-19 or for recipients of CCP transfu-
sions, and deferral after receiving COVID-19 vaccines for blood
and CCP donations. While there was guidance from different orga-
nizations such as the WHO [14], ISBT [9, 11] and Association for
the Advancement of Blood & Biotherapies [12], there was variabil-
ity in practice, which may be ascribed to slightly diverging recom-
mendations in those guidelines over time, local policies and
regulations, resources, facilities and expertise. This highlights the
need for harmonization of international guidelines and updating
them as scientifically based knowledge and circumstances (such as
vaccinations) evolve throughout the pandemic. A harmonized

reporting scheme for CCP reactions is also required.
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This survey also highlights the wide range of operational chal-
lenges encountered during the pandemic. The lack of PPEs in one-
third of institutions reflects that experienced in other sectors of
healthcare systems worldwide, especially in the early stages of the
pandemic [27, 28]. A lack of previous experience with pandemics
resulted in one-half of the institutions changing their contingency/
disaster plans, which illustrates the need that essential plans be devel-
oped for pandemic preparedness, preferably in line with national pol-
icy responses.

One limitation of this cross-sectional survey is that it captured data
only at a single moment in time. Hence, the survey results do not
reflect the trend or the magnitude of the blood shortages and chal-
lenges observed beyond the period assessed. This limitation is particu-
larly relevant considering the variable degree of virus spread between
different countries worldwide. In addition, relying on voluntary partici-
pants may have introduced a selection bias. Furthermore, a non-
response bias could arise, as the set of people willing to participate may
differ from those who did not respond. Finally, the survey was provided
only in English, which may have hindered non-English-speaking respon-
dents. However, to the best of our knowledge, this is the most exten-
sive assessment of the impact of the COVID-19 pandemic on BEs and
TMS worldwide. The participation from all WHO regions provides a
broad comparative snapshot of this impact.

In conclusion, the COVID-19 pandemic imposed challenges on
BEs and TMS worldwide. The information gathered through this sur-
vey and recommendations can be used to guide policymakers and
governmental and non-governmental organizations to strengthen the
capacities of national blood transfusion systems, enhance risk mitiga-
tion and develop preparedness plans for future pandemics.
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Modelling haemoglobin incremental loss on chronic red blood
cell transfusions

Phillip W. Carter' | Andrew J. Dunham?
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2Hemanext Inc, Lexington, Abstract
Massachusetts, USA Background and Objectives: Understanding the impact of red blood cell (RBC)
Comespondence lifespan, initial RBC removal, and transfusion intervals on patient haemoglobin (Hb)
Andrew J. Dunham, Hemanext Inc, 99 Hayden levels and total iron exposure is not accessible for chronic transfusion scenarios. This
Q;’:;‘fbi‘ﬂdi”g B, Suite 620, Lexington, MA article introduces the first model to help clinicians optimize chronic transfusion inter-
Email: andrew.dunham@hemanext.com vals to minimize transfusion frequency.
Materials and Methods: Hb levels and iron exposure from multiple transfusions were
Funding information . . . .. o q
None. calculated from Weibull residual lifespan distributions, the fraction effete RBC
removed within 24-h (X,) and the nominal Hb increment. Two-unit transfusions of
RBCs initiated at patient [Hb] = 7 g/dl were modelled for different RBC lifespans
and transfusion intervals from 18 to 90 days, and X, from 0.1 to 0.5.
Results: Increased X, requires shorter transfusion intervals to achieve steady-state
[Hb] of 9 g/dl as follows: 30 days between transfusions at X, = 0.5, 36 days at
X. = 0.4, 42 days at X, = 0.3, 48 days at X, = 0.2 and 54 days at X, = 0.1. The same
transfusion interval/X, pairs result in a steady-state [Hb] = 8 g/dl when the RBC
lifespan was halved. By reducing transfused RBC increment loss from 30% to 10%,
annual transfusions were decreased by 22% with iron addition decreased by 24%.
Acute dosing of iron occurs at the higher values of X, on the day after a transfusion
event.
Conclusion: Systematic trends in fractional Hb incremental loss X, have been mod-
elled and have a significant and calculatable impact on transfusion intervals and asso-
ciated introduction of iron.
KEYWORDS
haemoglobin, increment, model, RBC, transfusion
Highlights
o A new model was introduced for evaluating chronic RBC transfusions.
o RBC usage and introduced iron are strongly correlated with haemoglobin incremental loss.
INTRODUCTION number of units required to achieve targeted patient haemoglobin
(Hb) levels. Chronic transfusions are administered to increase the
Haematological disorders such as sickle-cell disease, beta-thalassemia oxygen-carrying capacity or as part of an exchange transfusion pro-
and myelodysplastic syndromes require careful, long-term manage- gramme to mitigate anaemia or morbidity associated with
ment of red blood cell (RBC) transfusions including RBC type and haemoglobinopathy. The frequency of patient transfusions can occur
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as often as every 15 days [1] and is dependent upon many factors
including disease type, stage of disease, effectiveness of available
drug therapies, current clinical best practices, etc. In many cases, these
chronic transfusions are needed throughout the lifetime of the indi-
vidual patient.

Chronic RBC transfusions, part of a supportive care regimen to
treat anaemia, can be the major source of iron overload in many RBC
disorders [2]. Recurring transfusions will introduce iron at concentra-
tions that can surpass the binding capacity of transferrin resulting in
non-transferrin bound iron (NTBI). NTBI represents a potentially toxic
species due to its ability to create reactive oxygen species (ROS) that
can lead to a variety of organ/cellular damage [3]. Patients on chronic
transfusion gain on average about 0.5 mg/kg/day of iron and can rap-
idly become iron overloaded [4, 5]. In addition, transfusion of RBCs
with longer storage times has been associated with increases in extra-
vascular haemolysis, saturated serum transferrin, elevated NTBI [6]
and increased morbidity following acute transfusion [7].

Another challenge of chronic RBC transfusions is the variation in
the incremental proportion of transfused RBCs that remain rec-
irculating 24 h after transfusion. The so-called incremental
haemoglobin (Hbj,.) measured as the difference between pre- and
post-transfusion Hb levels is known to be highly variable and can be
significantly lower than the nominal Hb;,., amount of 1 g/L per unit
[8-11]. Patient-dependent factors with respect to RBC loss include
febrile patients showing 50% RBC loss within 24 h [12]. Patients under-
going haematopoietic stem cell transplantation also had a broad range
of RBC loss between 29% and 71% [13]. Immunological factors
influencing transfused RBC effectiveness continues to be an active area
of research [14, 15]. The average Hb;... was reported reduced by 50%
for older stored blood compared to relatively ‘fresh’ blood [16] with
more modest reductions also reported [17, 18]. While studies have
shown no significant impact of blood age on patient outcomes [19-23],
these acute care settings were primarily measuring mortality outcomes
with typically less than three transfused units. This acute patient popula-
tion is not representative of chronically transfused patients with
haematological disorders that have unique, longer-term outcome
criteria. The complex cross-section between (a) the diverse, clinically rel-
evant chronically transfused patient populations, (b) non-uniform trans-
fusion practices [24], and (c) the breadth of factors influencing variation
in transfusion efficacy require a more quantitative approach towards
improving outcomes in chronic transfusion settings.

A variety of predictive RBC lifespan models and measurements
have been thoroughly reviewed in the literature [25]. A breadth of
lifespan-based indirect response models has also been successfully
applied [26]. Measurement of alveolar carbon monoxide has been an
effective indirect measurement of RBC destruction and associated
lifespans [27]. Almost all the direct models have been developed
based on fitting kinetic data from labels based on >!Cr, biotin, 1°N or
14C and the models are fit starting 24 h after the transfusion. Thus,
these models do not address the Hb loss within the first day. In addi-
tion, most of these RBC lifespan models are based on a single transfu-
sion (to multiple recipients) where a labelled aliquot is given to a

healthy recipient which is not necessarily representative of the critical

patient populations. None of the RBC lifespan models have been
extended to multiple transfusions, account for Hb;,,, or quantitatively
address iron dosing variation.

The purpose of this article is to extend and augment an RBC
lifespan model across multiple transfusions to evaluate transient Hb
levels over longer timeframes (4-12 months). This RBC transfusion
model needs to provide clinicians with a quantitative framework that
accounts for loss within 24 h of transfusion, consider varying transfu-

sion intervals, different RBC lifespans and impact on iron overload.

MATERIALS AND METHODS

A full review and summary of RBC lifespan models have been pres-
ented elsewhere [25], and this work utilizes the Weibull lifespan dis-
tribution model to evaluate transfusion dynamics including initial RBC
loss and quantifying introduced iron specific to transfused RBC degra-
dation. The Weibull model was chosen due to its well-established fit
of RBC lifespan, and it was the best distribution for a finite RBC
lifespan (closest approach to zero survival probability at max lifespan).
Starting with a single cohort where all the RBCs are of the same age
born at time t = 0, the full RBC survival function for the Weibull
lifespan distribution is represented by:

Wa(tap)=e 0, (1)

where a and g (both >0) are referred to as the shape and scale
parameters, respectively, and t is the time in days. The associated
probability density function (PDF) of the full Weibull distribution,
denoted by wilt; a, p), is represented by:

w(t;ap) :/i;’ (%) et 2

The Weibull model has many useful, descriptive values of the Weibull
lifespan distribution that are easily calculated. The mean lifespan value
for the full Weibull lifespan distribution, g ¢, is given by:

Hw full :ﬂr<1 +%>: (3)
) :J:txfleffdt, (4)

where I' is the Euler gamma function. The standard deviation, o, of

the full Weibull distribution is given by:
2
Jﬁ (12 (12| ®
a a

The maximum lifespan can be approximated by the 95th percen-

tile of the full distribution, z¢s:
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Max lifespanzss = £(In(20))Y/*. (6)

In the case of transfusions, donor RBCs have a random distribu-
tion of ages (t = O to max lifespan) and therefore are referred to as a
random sample. The Weibull residual lifespan survival function is the
appropriate model for determining the remaining time that a random,
transfused RBC population remains in circulation before ‘death’. Per
the Shrestha review article, the Weibull residual lifespan survival func-
tion can be simplified and expressed in terms of the Gamma lifespan

distribution as follows:

Wies (t;a,ﬂ) = G(ta; 1/a!ﬂ{l)- (7)

Substituting the transformed Weibull t, @ and  parameters into the
Gamma function yields the key residual lifespan curve utilized in all
subsequent transfusion calculations. This ideal random RBC residual
lifespan was also simulated as described previously [28]. In all simula-
tions presented here, one unit of label is assumed to bind to one RBC.
The mean residual lifespan, ues, of the Weibull distribution can be

represented by either expression below.

Pr(2/a)

Hres = r(1/a) ’ (8>
o? +/42

Hres = 2u 9)

The residual lifespan of transfused RBCs is well-known to have signifi-
cant initial loss (within 24 h of transfusion) followed by a linear
decrease well-fit by the Weibull residual lifespan distribution. There-
fore, the time-dependent concentration of haemoglobin, Hb(t), needs
to account for both initial loss and residual lifespan of transfused

RBCs through the derived equation:
Hb(t) = Hbjner X (1 —Xe) X Wes(t;a, 8), (10)

where Hby,, is the nominal increment of haemoglobin (g/dl), X is
the fraction of effete RBCs eliminated within the first 24 h post-trans-
fusion, and W is the residual Weibull lifespan distribution. The nom-
inal Hbj,. is taken as 1g/dl per unit of transfused blood in the
calculations performed here. A 5-parameter, flexible Weibull distribu-
tion for RBC lifespan introduced by Korell [28] was also evaluated for
modelling initial loss plus residual lifespan, but the simplicity and fit of
the 3-parameter approach were best-suited for the transfusion
dynamics being modelled here.

The fraction of eliminated RBCs, X,, can be expressed as follows:

_ A H bmeas

Xe =1 Hbincr

(11)

where AHbp,ess is the actual, measured change in haemoglobin 24 h
after transfusion. With this expression, an estimate for the relative

standard deviation for X, can be calculated using literature values for
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variation of AHbyeas (~10%) [6] and Hbjn. (~12%) [18]. This results
in a relative standard deviation for X, of 16%.

Finally, the total iron introduced per transfused RBC unit was set
equal to 225 mg. Therefore, the cumulative amount of iron attribut-

able solely to transfused RBC ‘death’ is given by:

Fe(total) = Fe(initial) + Fe(time) = 225 x Hb; x X, + 225 x AHb(t).
(12)

The initial iron release in the first 24 h is determined by X, and
then subsequently by the change in Hb over time, t (in days), charac-
terized by W,s. Multiple transfusion events would simply sum
Equation (12) across each individual transfusion event timeline to cal-
culate the total iron introduced. The steady-state iron eliminated (esti-
mated 1.5 mg/day) by the body was omitted to focus on transfused
RBC impact. Other sources of iron input (i.e., diet) were likewise not
included.

All calculations were performed using Microsoft Excel for Micro-
soft 365 (Version 2105) utilizing built-in functionality for Weibull and
Gamma distributions and Euler's gamma function. Two unique RBC
lifespans were modelled for comparison in transfusion analyses. The
previously reported RBC full lifespan, uqy = 115.6 days, was
reproduced here using Weibull a and g parameters (shape and scale)
equal to 5.38 and 125.38, respectively. This modelled full lifespan is
consistent with a healthy, normal RBC cohort. The second Weibull
function targeted a 50% reduction in pg, = 58.1 days using a = 5.38
and $ = 63. The related PDF and residual lifespan distributions were
also calculated and visualized for comparative purposes. It is the resid-
ual lifespan distributions that are utilized for the transfusion calcula-
tions as they represent the randomly labelled, diversified ‘ages’ of
transfused RBCs. The initial Hb level triggering the first transfusion
was chosen to be 7 g/dl with a nominal 2-unit RBC transfusion
(Hbjne = 2 g/dl) that target a steady-state [Hb] range between 8 and

9 g/dl consistent with current clinician practices [24, 29].

RESULTS

The RBC lifespan distribution was modelled by two separate Weibull
functions for comparative purposes (Table 1). The single cohort, RBC
full lifespan, usy = 115.6 days, was reproduced here using Weibull
and B parameters (shape and scale) equal to 5.38 and 125.38, respec-
tively [25]. The mean residual lifespan, s, of randomly labelled,
healthy RBCs is 60.5 days. The second Weibull function (@ = 5.38,
B = 63) yielded pusy = 58.1days and us = 30.4 days for the
decreased RBC lifespan. The two different RBC residual lifespan dis-
tributions will be referred to as the 60- and 30-day residual survival
curves referring to their respective p,es values. The Weibull PDF, full
lifespan distribution and residual lifespan distribution are all plotted
together for the two comparative cases in Figure 1. Comparing RBC
residual distributions (used for transfusion calculations), the magni-
tude of the negative linear slope of the survival fraction is about a fac-

tor of two greater for the 30-day pes relative to the 60-day pyes as
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TABLE 1 Weibull a and g parameters and associated outputs for red blood cell lifespans

o p Hean (days)
5.38 125.38 115.6
5.38 63 58.1

0-SD (days) 795, max LS (days) Hres (days)
24.8 153.7 60.5
124 77.3 30.4

Abbreviation: LS, lifespan.

*The residual lifespans, ucs, are approximated to 60 and 30 days in text and figures for clarity.
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FIGURE 1 The Weibull full lifespan distribution (Ws), its
associated probability density function (W;ppg) and the Weibull
residual lifespan distribution (W,.s) are plotted for Weibull parameters
a = 5.38 with g = 63 and g = 125.38 corresponding to mean residual
lifespans (u.es) of 30 and 60 days, respectively. RBC, red blood cell

expected. The linear portion of the RBC residual survival curves are
maintained for around 45 and 90 days, respectively, before tapering
asymptotically towards zero.

Using Equation (10), the Hb levels after multiple RBC transfusions
over 200 days for the two lifespan distributions are depicted in
Figure 2. The transfusion conditions were chosen to represent an
intermediate level of Hb loss within 24 h represented by X, = 0.3,
with Hb;,., = 2 g/dl given every 42 days starting on day O with an ini-
tial [Hb] = 7 g/dl. The sawtooth pattern results from the RBC intro-
duction with the transfusion event and subsequent residual RBC
lifespan decay. At 42-day intervals, the Hb decay portion remains lin-
ear for the 60-day RBC residual lifespan but appears to taper slightly
at the end of the decay portion for the 30-day lifespan. It requires
three transfusions to reach a steady-state mean [Hb] ~ 9 g/dI for 60-
day lifespan. The transfusions modelled by 30-day residual lifespan
appear to reach a steady-state mean [Hb] ~ 8 g/d| after just two
transfusions. Therefore, the lower RBC lifespan results in lower
achievable [Hb] at steady state but reaches steady state with fewer
transfusions.

RBC lifespan results were compared across a range of X, and
transfusion intervals as shown in Figure 3. X, and transfusion intervals
were varied to obtain mean [Hb] values at steady state of 9 or 8 g/dI
for the 60- and 30-day RBC lifespans, respectively. For each RBC
lifespan, the lower X, allows for a longer transfusion interval to
achieve the same [Hb] at steady state (Figure 3). The transfusion

10.0
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9.5 ’\ \
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FIGURE 2 The haemoglobin concentration, [Hb], is plotted
against the number of days since the first transfusion on day 0. The
initial [Hb] = 7 g/dl, nominal Hb;,., = 2 g/dI, transfusion

interval = 42 days and X, = 0.3. [Hb] values are compared for the
residual Weibull distributions where y,.s = 60 days and

ures = 30 days. The mean [Hb] values between transfusions are
denoted by filled squares and triangles, respectively, and are
unchanged by subsequent transfusions at steady state
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FIGURE 3 The mean [Hb] is plotted against the number of days
since the first transfusion on day O for a paired series of X, and
transfusion intervals. The initial [Hb] = 7 g/dI, nominal Hbj,., = 2 g/dI,
and transfusion intervals are selected for each X, to yield equivalent
steady-state mean [Hb] = 9.0 g/dl and [Hb] = 8.0 g/dI for

Hres = 60 days and u,.s = 30 days, respectively

intervals range from 30 days (X, = 0.5) to 54 days (X, = 0.1), and the
X. range was chosen based on relevant literature derived from clinical

data. There is a broad range of steady-state [Hb] attainable by simply
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FIGURE 4 The mean [Hb] achieved at steady state is plotted as a
function of the transfusion interval in days for two Weibull residual
lifespan distributions with pes = 60 days and p,es = 30 days. In this
comparative graph, initial [Hb] = 7 g/dI, nominal Hbj,., = 2 g/dl

and X, = 0.3

16
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X, (Initial Fraction RBC Loss)

FIGURE 5 The transfusions per year is plotted as a function of X,
where [Hb] = 7 g/dl, nominal Hbj,., = 2 g/dl. The transfusion
intervals of 30, 36, 42, 48 and 54 days correspond to X, values of 0.5,
0.4, 0.3, 0.2 and 0.1, respectively. The results are identical for red
blood cell (RBC) lifespan distributions u,es = 60 days and

Hres = 30 days and are reasonably fit by a line to define a useful
relationship. The error bars represent a relative standard deviation of
16% (discussed further in results)

varying the transfusion interval. Figure 4 depicts the range of mean
[Hb] at steady state obtained using 18- to 90-day transfusion intervals
when X, = 0.3, Hbj,., = 2 g/dl and an initial [Hb] = 7 g/dl. While the
number of transfusions and total days to reach steady state vary, all
intervals examined achieved steady state by 120 and 60 days for the
60- and 30-day residual RBC lifespans, respectively. The graphs show
a gradual tapering and decreasing differences at longer transfusion
intervals.

For both 60- and 30-day RBC residual lifespan data, one can con-
struct a relationship between X, and the number of transfusions per
year as shown in Figure 5. The results show that the X, range 0.1-0.5
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FIGURE 6 The total iron delivered from the addition and
degradation of transfused red blood cells (RBCs) is plotted over

200 days of transfusions with the first transfusion on day 0. The initial
[Hb] = 7 g/dl, nominal Hb;,, = 2 g/dl, yres = 60 days and X, values
0.1,0.2, 0.3, 0.4 and 0.5 are associated with transfusion intervals of
54,48, 42, 36 and 30 days, respectively

produces an annual transfusion frequency between 7 and 12. The
16% estimated relative error is meant to help put the model within
the context of known transfusion variability as described in the Mate-
rials and Methods section. The biggest difference between 60- and
30-day lifespans when modelling transfusions is the steady-state
[Hb] achieved (9 and 8 g/dl, respectively). The lower X, is desirable
for minimizing transfusion frequency and the differences appear
statistically and practically significant.

Finally, the impact of X, and RBC transfusions on the total iron
introduced through transfusions was examined. Figure 6 shows the
60-day RBC lifespan model using Hb;,., = 2 g/dI given on day O with
varying transfusion intervals dictated by X.. The higher X, results in
more frequent transfusions with ‘acute’ iron exposure events that
occur within 24 h of each transfusion. By example, for X, = 0.5 with
30-day transfusion intervals, over 50% of the iron (1575 mg) is deliv-
ered in just seven individual days. The seventh transfusion is on day
180, and on day 181 the total iron delivered by transfused RBC degra-
dation is just over 2500 mg. The introduced iron would only be
slightly higher for the 30-day RBC residual lifespan case due to the
accelerated RBC decay curve which keeps the circulating, steady-state
[Hb] 1 g/dl lower than the 60-day RBC lifespan. A summary of all the
key [Hb] and iron results are shown in Table 2.

DISCUSSION

Individual RBC lifespan models have historically ignored RBC loss in
the first 24 h due to high variability and a poor fit with the linear
decay of RBCs typically observed after 24 h. This gap has been
addressed herein using the factor X, (fraction effete RBCs lost in first
24 h) in modelling transfusions. While an individual healthy RBC
lifespan is known to be ~116 days, it is the mean residual RBC
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TABLE 2 Transfusion data for two unique red blood cell residual lifespans modelled by Weibull distributions

Hwires (days) Xe [Hb]ss® (g/dI)

60.5 01 9.0 54
60.5 0.2 9.0 48
60.5 03 9.0 42
60.5 0.4 9.0 36
60.5 05 9.0 30
304 0.1 8.0 54
30.4 02 8.0 48
30.4 0.3 8.0 42
30.4 0.4 8.0 36
30.4 0.5 8.0 30

Interval (days)

Transfusions/year Total iron at 365 days (mg)

6.8 2567
7.6 2955
8.7 3385
10.1 3864
12.2 4715
6.8 2636
7.6 3076
8.7 3518
101 3968
12.2 4845

3Steady-state values of 9 g/dl and 8 g/dl match the 30-day transfusion interval results when X, = 0.5.

lifespan of a diverse-aged RBC population that is most relevant for
modelling transfused RBC units because each unit is captured as a
diverse-aged population from the donor. The model reported here
reveals both the significant impact short-term RBC loss and the reduc-
tion in mean residual lifespan has on achievable [Hb] steady-state
chronic transfusions. A lower amplitude of Hb fluctuations for MDS
patients has been previously correlated to improved quality of life
[30], and both the RBC half-life and X, have an impact on maintaining
a desired threshold Hb level.

The mean residual lifespan of transfused RBCs has been previ-
ously proposed as a measure of quality [31] where the impact of RBC
residual lifespan was elucidated across two patient populations: sickle
cell disease with much shorter RBC lifespans and diabetes mellitus
with highly variable RBC lifespans. The model presented here delivers
a tool for considering both RBC lifespan and actual Hb;, simulta-
neously and quantitatively as measures of quality and/or effective-
ness. These parameters vary independently and should be accounted
for when deciding upon the most appropriate transfusion interval. In
more clinical examples, neocyte transfusions have been shown to
extend the transfusion interval and require less overall blood relative
to standard RBCs in chronic transfusion settings [32-35]. If the actual
Hb;..r and a neocyte lifespan were known, one could better elucidate
the key drivers of the highly significant 20% decrease in overall blood
usage. These represent real opportunities for gaining insights. In the
future, donor, recipient, immunological factors, and RBC processing
variables should be evaluated with respect to both X, and RBC
lifespan to elucidate a more complete mapping of factors impacting
chronic transfusion outcomes.

A strength of this model is the reliance on objectively measurable
inputs and the production of clinically relevant outputs of patient
haematocrit and iron dose. The well-known Weibull RBC lifespan model
was utilized here but substituting gamma or lognormal RBC lifespan
functions would have yielded similar results due to their equivalent, lin-
ear RBC survival curve at the transfusion time intervals examined [25].
Independent measures of patient RBC lifespan through alveolar carbon
monoxide measurements may improve data fits relative to literature or
population estimates of RBC lifespan. Identifying clinical data with

baseline Hb and Hb;,., over multiple transfusions of representative
patient populations would help validate this model.

An inherent weakness of this model is that, while increasing
patient haematocrit is necessary to increase oxygen-carrying capacity,
it may not be sufficient. The current model reported here has been
directed towards actual Hb;,., (without clinical complications such as
red cell loss due to bleeding and assuming an equilibrium between
patient intrinsic RBC production and elimination); it does not explicitly
model changes in oxygen delivery capacity. Haemodynamic function-
ality (HF) and RBC P50 are examples of two characteristics to be con-
sidered when describing increased oxygen delivery capacity. HF [36]
of transfused describes the ability of RBC to effectively interact with
the microvasculature. Once in the microvasculature, the RBC need to
be able to effectively deliver oxygen [37]. Future work could apply
the current framework to HF or p50 depending upon the specific
measurements available or to illustrate changes in microvascular per-
fusion or oxygen delivering capacity.

The model also suggests a new approach for reducing
transfusion-related iron overload. For transfusions where unavoidable
loss of greater than 20% Hb occurs within 24 h (X, = 0.2), it seems
reasonable that providing chelation therapies concurrently with trans-
fusion may mitigate acute iron exposure. Aggressively treating these
periodic ‘spikes’ in iron during the immediate aftermath of a transfu-
sion event may provide a route to prevent long term iron accumula-
tion. In addition, matching the timing of chelation treatment to the
acute dose of free iron due to transfusion may mitigate the potential
ROS that are produced from excess NTBI, thus mitigating oxidative
damage. Iron homeostasis comprises numerous protein-regulated
pathways and modelling the ultimate disposition of iron influx from
RBC transfusions is beyond the scope of this work.

This model allows clinicians to simultaneously solve for X, and
RBC lifespan over multiple transfusions. If the residual RBC lifespan is
known, then X, can theoretically be determined from single Hb mea-
surements per transfusion interval. More preferred from a diagnostic
viewpoint is a Hb measurement just prior to transfusion then again
24-48 h after transfusion. Protocols that document individual varia-

tion in transfusion efficiencies over multiple transfusions would
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enhance understanding while minimizing X., minimizing iron exposure

and maximizing transfusion intervals.
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Abstract

Background and Objectives: The accreditation of blood services promotes continu-
ous quality improvement in blood and transfusion services. The Africa Society for
Blood Transfusion (AfSBT) conducted 20 baseline assessments of National Blood
Transfusion Services (NBTS) or blood banks as part of the Step-Wise Accreditation
Programme (SWAP) in 10 sub-Saharan African (SSA) countries from 2016 to 2018.
This paper aims to elucidate the process and findings of the baseline assessments.
Materials and Methods: This is a descriptive study of 20 baseline assessments of
NBTS. Eleven sections of the AfSBT assessment were reviewed, and 48 out of
68 standards and 356 out of 466 criteria were assessed. Each standard was assigned
a value of 1 if it was fully achieved, 0.5 if partially achieved and O if not achieved. We
defined average section scores >75% as having ‘met AfSBT Standards’, <25% as not
meeting standards, 26%-50% as needs major improvement, and 51%-75% as needs
some improvement and >75% as meets standards.

Results: The AfSBT SWAP standards were met in 4 out of the 11 sections: donor
management, blood collection, component production and compatibility testing.
Three sections were determined to need some improvement (quality system; han-
dling, transport and storage and testing of donated blood), and three sections were
determined to need major improvement (haemovigilance, blood administration and
national blood service accreditation). One section (receipt, ordering, and issuing of
blood) did not meet standards.

Conclusion: Despite improvements in the quality of blood services in SSA over the
past two decades, governments may consider the importance of prioritizing invest-
ments in NBTS, ensuring these institutions meet international accreditation stan-

dards that are aligned with safe blood transfusion services.
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accreditation, AfSBT, blood transfusion systems
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Highlights

INTRODUCTION

Blood transfusions can be a critical and lifesaving intervention, espe-
cially in low-resource settings where conditions requiring transfusions,
such as malaria, and post-partum haemorrhage, are often associated
with high mortality and morbidity [1]. National Blood Transfusion Ser-
vices (NBTS) are an integral component of resilient healthcare systems
[2-4]. An efficient NBTS, that provides safe and adequate blood is a
fundamental component for any healthcare delivery system and is criti-
cal for establishing safe, adequate and high-quality blood and transfu-
sion services [5]. In 1975, the World Health Assembly first highlighted
the global need for adequate safe blood, which has led to prioritization
globally and at the level of national health systems [6]. However, of the
estimated 112.5 million units of blood collected in 2013, approximately
5.6 million units were collected in the World Health Organization
(WHO) Africa region which makes up 16% of the global population,
accounting for only about 4% of global donations [6].

In 1994, the WHO regional committee for the Regional Office for
Africa (AFRO) expressed concern that, out of 44 countries in the
Africa region, only 10 had the appropriate policies and systems in
place to support the safety of blood transfusion in their respective
countries [7]. In an effort to address these concerns, the WHO
proceeded to adopt the Resolution AFR/RC44/R12 (in 2001), which
encouraged member countries ‘to enact safe blood policies and mobi-
lize resources for the development of the infrastructure of blood
transfusion services in their countries’ [7]. The WHO recommends
that all activities that are associated with the process of blood collec-
tion, testing, processing, storage and distribution be coordinated at
the national level through an effective organization and integrated
blood supply networks [8, 9].

Accreditation is defined by Hindawi as ‘a non-governmental, vol-
untary process whereby an agency or association grants public recog-
nition to an organization for having met certain established standards’
[10]. These established standards may be determined through either
initial and periodic evaluations that involve submitting a self-
evaluation report, site inspection or by a team of experts conducting
an evaluation by an independent board or commission [10-12]. NBTS
in Africa operate at widely different levels of development from high
to more basic levels. Consequently, most African countries have found
international blood transfusion standards and requirements too com-
plex and expensive to adopt in resource-constrained settings [7].

To address the challenges in meeting accreditation standards, the
Africa Society for Blood Transfusion (AfSBT), which was established

e Understanding of the AfSBT SWAP assessments provides an opportunity for NBTS in SSA to
improve and achieve accreditation.

e Findings from the AfSBT SWAP assessments highlights key areas for improvement of
National Blood Transfusion Services in 10 SSA countries.

e Standards such as haemovigilance, blood administration, national blood service accreditation,

and the receipt, ordering of blood would benefit from much improvement.

in 1997, developed blood transfusion standards relevant to Africa [7].
The mission of the AfSBT is to, ‘advocate for the highest ethical and
professional standards, practices and skills in blood transfusion across
the African continent, enabling safe, universally accessible and sus-
tainable national blood programs in participating countries’ [13].

The AfSBT Standards are evidence-based best practices in blood
transfusion and were initially based on the WHO Aide Memoire for
Blood Safety. The Standards for the AfSBT Step-Wise Accreditation
Program (SWAP) were initially developed in 2013 by a sub-group of
the Task Team for Accreditation established by the AfSBT with guid-
ance from the American Association of Blood Banks. The primary goal
of the Standards is to provide a benchmark that is achievable for the
accreditation of blood banks and NBTS to maintain and improve the
quality and safety of blood transfusion infrastructure, systems, and
practices in Africa [10, 13]. Since AfSBT's establishment in 2013, over
20 countries have been engaged in the process of acquiring
accreditation.

The AfSBT Standards are applicable to blood transfusion ser-
vices or individual health facilities that perform the following blood
processing functions: mobilization, recruitment, selection and
screening of blood donors; collection of blood, processing of blood
into blood products, testing of blood and blood products for group
and transfusion transmissible infectious disease, pre-transfusion/
compatibility testing; and the storage, handling, transportation and
distribution of blood and products [13]. The AfSBT accreditation
process is entirely voluntary and consists of using a set of standards
which is made up of three progressively more uncompromising levels
of compliance, required as follows: Step 1; meeting minimum (basic)
level certification, Step 2: meeting intermediate level certification
(the intermediate step includes progressively more detailed require-
ments and standards than basic but less than full requirements), and
Step 3: full accreditation at international standard. The entire accred-
itation process is further comprised of a series of assessments con-
ducted by external independent blood transfusion experts: baseline
assessment, progress assessment, formal assessment, re-assessment,
surveillance assessment and repeat assessments [13]. A compliance
chart defines the evidence required to achieve compliance at each of
the three steps. The baseline assessment is the tool used to deter-
mine compliance with requirements of the AfSBT Standards at the
initiation of the accreditation process. Prior to any external assess-
ments, a blood transfusion service utilizes a gap analysis to perform
a self-assessment and determines the most appropriate step that

best correlates with its performance concomitant with AfSBT

85U8017 SUOIWIOD BAEaID 3(edlidde ay) Aq peusenoh ase SSe YO ‘85N JO S9N 10} A%iq1T 8UIIUQ AB|IAN UO (SUONIPUCD-PUR-SLLIBYLIOD" A 1M ARIq 1 BU1UO//SANY) SUORIPUOD PUe SWiB | 8L} 88S *[5202/20/62] U0 ARIgITauluO A8|IM ‘Wewiedeq SLS 7 S80IN0say-3 AISRAIUN [BUI0D AQ Z9ZET XONTTTT 0T/I0p/WO0D A8 |im Arelq iUl |uo//Sd1Y WO14 pepeolumod ‘9 ‘2202 ‘0TYOEZT



EVALUATING THE AfSBT BASELINE STEP-WISE ACCREDITATION

assistance. The AfSBT supports the country in conducting an initial
baseline assessment and an action plan is developed to address the
deficiencies in obtaining the standards, with established timelines for
rectifying said deficiencies. Once the gaps have been addressed,
follow-on assessments can be conducted so that certification at
Steps 1 or 2 or full accreditation at Step 3 can be achieved. To
receive full accreditation at an international standard, the blood ser-
vice must comply with all the required criteria of the standards. The
AfSBT accreditation is valid for 3 years.

This paper aimed to summarize and describe the findings from
20 AfSBT baseline assessments of the AfSBT and identify those sec-
tions, standards and required criteria that were hard to achieve
by NBTS.

METHODS

We conducted a descriptive study of baseline assessments conducted
by AfSBT at 20 blood transfusion centres (sites) supported by the
NBTS in 10 SSA countries between July 2016 and December 2018.
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For this study, sites are defined as those blood centres that are autho-
rized by the NBTS to conduct blood collection, testing, processing,
storage and distribution; some countries had more than one site that
was assessed.

The baseline assessments were conducted by an external team
comprising of blood transfusion experts employed or hired by the
AfSBT. The baseline assessments consist of the first step in the SWAP
process for achieving accreditation. Baseline assessments were con-
ducted using three modalities: interviews, direct observation and
record review.

The baseline assessment consists of 12 sections that cover the
whole blood transfusion process from vein to vein. The sections are
made up of 68 standards, which are sub-divided into 466 individual
required criteria. In this paper, section 12 of the standards (Plasma
Provided for Fractionation) and its standards (14) were excluded from
the analysis across all 20 assessments as this function is considered
‘elective’ and was not assessed uniformly at all sites. This section is
also not considered a minimum requirement for a well-organized and
safe blood transfusion service by the WHO (Aide Memoire)
[9, 11, 12].

TABLE 1 African Society for Blood Transfusion Accreditation Standards — Section, required criteria, priority indicators and standards

Standards
Section (N = 12) (N = 68)
| Quality system? 12
1] Blood Donor Management® 5
1 Collection of Blood from Donor® 7
v Handling, Transport and Storage 4
\% Testing of Donated Blood® 3
\Y/| Blood Component Production’ 3
Vil Receipt Ordering, Selection and Issuing of 4
Blood and Blood Components®
Vil Compatibility Testing” 4
IX Haemovigilance and Clinical Interface’ 4
X Blood Administration! 4
Xl National Blood Service Accreditation® 4
Xl Requirements if plasma is provided for 14

fractionation'

Priority criteria
assessed (N = 356)

Required
criteria (N = 466)

Number of standards
assessed (N = 48)

12 177 134
5 17 17
7 37 37
4 17 17
3 22 22
1 30 24
4 28 28
2 39 29
4 16 16
2 18 13
4 19 19

- 46 -

“The organization's structure, responsibilities, policies, procedures and resources established and approved by top management to achieve quality.
PEntails several key processes that together aim at providing for the proper number of donations and blood product needed.

“Process that includes recruitment, donor invitation, donor selection, donation procedures and donor retention.

dProcedures to ensure that blood and blood components are handled, stored and transported in a manner that prevents damage and meets specific

requirements.

®Process for performing blood group serology and testing for infectious diseases carried out on donated specimens.

fMethods that ensure the quality and safety of blood components, including aliquots and pooled components.

EProcedures to check all incoming blood and blood components from another center against delivery document for number and group of components.
PTesting of each blood specimen from a potential recipient for ABO group, for Rhesus factor type and for clinically significant antibodies.

iAdverse events related to blood donation process are assessed, investigated and monitored.

JProcedures for administering blood and blood components.

kRequirements for a well-organized, nationally coordinated blood transfusion service to ensure availability of safe blood that is accredited.

'Excluded from analysis.
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Data extraction to purposively identify 356 (356/466) criteria and 48 (48/54) stan-
dards, which represented the remaining 11 (11/12) sections for

The authors used the WHO Aide Memoire which contains a checklist analysis (Table 1) [9, 14]. The number of standards assessed per

of key components that must be included in a well-organized NBTS section ranged from 1 to 12. The data from these 20 baseline
12
10
10 9

Number of Assessments
(o)}

2016
2017

4 m 2018

2 1

0

2016 2017 2018
Years
FIGURE 1 Number of AfSBT baseline assessments — 2016-2018. AfSBT, African Society for Blood Transfusion
TABLE 2 Average score of assessed standards within sections of the AfSBT? baseline assessment
Score Average Median Quartiles
Section Average  Maximum  percent (%) percent (%) 1 3
| Quality System? 8 12 66.7 69 61 72
1] Blood Donor Management® 3.9 5 78.0 80 68 90
1 Collection of Blood from Donor® 6.3 7 90.0 86 84 100
v Handling, Transport and Storage® 2.8 4 75.0 75 50 88
\% Testing of Donated Blood® 2 3 66.7 67 63 83
Vi Blood Component Production’ 0.97 1 97.0 100 100 100
Vil Receipt Ordering, Selection and Issuing of Blood and 0.6 4 15.0 13 13 13
Blood Components®

VIl Compatibility Testing” 1.6 2 80.0 100 50 100
IX Haemovigilance and Clinical Interface’ 1.9 4 47.5 50 38 50
X Blood Administration! 0.6 2 30.0 25 0 50
Xl National Blood Service Accreditation® 1.8 4 45.0 38 38 50
Xl Requirements if plasma is provided for fractionation' - - - - - -

Abbreviation: AfSBT, African Society for Blood Transfusion.

“The organization’s structure, responsibilities, policies, procedures and resources established and approved by top management to achieve quality.
PEntails several key processes that together aim at providing for the proper number of donations and blood product needed.

“Process that includes recruitment, donor invitation, donor selection, donation procedures, and donor retention.

9Procedures to ensure that blood and blood components are handled, stored and transported in a manner that prevents damage and meets specific
requirements.

®Process for performing blood group serology and testing for infectious diseases carried out on donated specimens.

fMethods that ensure the quality and safety of blood components, including aliquots and pooled components.

EProcedures to check all incoming blood and blood components from another center against delivery document for number and group of components.
PTesting of each blood specimen from a potential recipient for ABO group, Rhesus factor type and clinically significant antibodies.

iAdverse events related to blood donation process are assessed, investigated and monitored.

JProcedures for administering blood and blood components.

kRequirements for a well-organized, nationally coordinated blood transfusion service to ensure availability of safe blood that is accredited.
'Excluded from analysis.
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assessments were extracted from the baseline assessments using a
standardized structured questionnaire comprising the 356 criteria in

Microsoft Excel.

Statistical analysis

Each of the 48 standards was assigned a value of 1 if it was achieved
fully, 0.5 if achieved partially and O if not achieved [13]. For each site,
standard scores were summed by section, and the mean, median and the
first and third quartile scores for each section were calculated across the
20 baseline assessments. These summary measures were then divided
by the maximum score available for each section (Table 1) and expressed
as percentages of the total available score. For the purpose of this paper,
we determined that sites that had section scores <25% as not meeting
standards, >26%-50% as needs major improvement, >51%-75% as

needs some improvement and >75% as meets standards [15].

Ethical review

Data analysed in this report were routinely collected for program monitor-

ing, improvement and evaluation purposes only. This non-research activity
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was reviewed by centers for disease control and prevention (CDC) and

was conducted consistent with applicable federal law and CDC policy.

RESULTS

Baseline assessments at 20 blood transfusion sites in 10 SSA coun-
tries were conducted over a period of 3 years (Figure 1). Ten baseline
assessments were conducted in 2016, one in 2017 and nine in 2018.
Due to funding constraints, only one baseline assessment was con-
ducted in 2017. The 20 baseline assessments represent the NBTS of
10 PEPFAR-supported countries that engaged the AfSBT in the
accreditation process. All sites managed by the NBTS in the 10 coun-
tries were assessed as part of the accreditation process, as such, some
country’s NBTS had multiple transfusion sites that participated in the
analysis. All sites were located in urban centres, and none had
achieved prior accreditation. However, for the purpose of this paper,
we analysed the scores from each site individually.

Four sections (Blood Donor Management, Collection of Blood
from Donors, Blood Component Production and Compatibility Test-
ing) out of the 11 (Table 2) had mean and median percentages exceed-
ing 75%. These four sections had high average scores indicating that
these sections were performing well and had met the standards of

TABLE 3 Site achievement of standards by sections of the AfSBT baseline assessment

Not meeting

standard

(<25%)
Section N (%)
| Quality System? 0(0)
1] Blood Donor Management® 0(0)
1 Collection of Blood from Donor® 0(0)
v Handling, Transport and Storage® 1(5)
\Y Testing of Donated Blood® 1(5)
Vi Blood Component Production’ 0(0)
Vil Receipt Ordering, Selection and Issuing of Blood 16 (80)

and Blood Components®

VIl Compatibility Testing" 0(0)
IX Haemovigilance and Clinical Interface’ 0(0)
X Blood Administration’ 10 (50)
Xl National Blood Service Accreditation® 0(0)

Xl Requirements if plasma is provided for =
fractionation'

Needs major Needs some

improvement improvement  Meet standard Total

(>26%-50%) (>51%-75%) (>75%) -

N (%) N (%) N (%) N %
2(10) 13 (65) 5(25) 20 100%
3(15) 4(20) 13 (65) 20 100%
0(0) 1(5) 19 (95) 20 100%
5(25) 3(15) 11 (55) 20 100%
4 (20) 9 (45) 6 (30) 20 100%
1(5) 0(0) 19 (95) 20 100%
4 (20) 0(0) 0(0) 20 100%
6 (30) 0(0) 14 (70) 20 100%

16 (80) 1(5) 3(15) 20 100%
9 (45) 0(0) 1(5) 20 100%

17 (85) 3(15) 0(0) 20 100%

Abbreviation: AfSBT, African Society for Blood Transfusion.

®The organization’s structure, responsibilities, policies, procedures and resources established and approved by top management to achieve quality.
PEntails several key processes that together aim at providing for the proper number of donations and blood product needed.

“Process that includes recruitment, donor invitation, donor selection, donation procedures, and donor retention.

9Procedures to ensure that blood and blood components are handled, stored and transported in a manner that prevents damage and meets specific requirements.
®Process for performing blood group serology and testing for infectious diseases carried out on donated specimens.

fMethods that ensure the quality and safety of blood components, including aliquots and pooled components.

8Procedures to check all incoming blood and blood components from another center against delivery document for number and group of components.
PTesting of each blood specimen from a potential recipient for ABO group, Rhesus factor type and for clinically significant antibodies.

iAdverse events related to blood donation process are assessed, investigated and monitored.

JProcedures for administering blood and blood components.

kRequirements for a well-organized, nationally coordinated blood transfusion service to ensure availability of safe blood that is accredited.

'Excluded from analysis.
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that section (Table 2). Averages were as follows: blood component
production (97%); collection of blood from donors (90%); compatibility
testing (80%) and blood donor management (78%). Two sections
(Blood Component Production and Collection of Blood from Donors)
performed above (75%) at 19 out of 20 sites (Table 3).

Three sections (Quality Systems; Handling, Transportation, and
Storage and Testing of Donated Blood) out of the 11 had mean and
median percentages between >51% and 75%. These three sections
had averages that indicated that these sections needed some
improvement (i.e., >51%-75%; Table 2). Averages were as follows:
handling, transport, and storage (75%); quality system (67.7%); and
testing of donated blood (67.7%) (Table 2). One section (Quality Sys-
tem) performed above 51% at 18 out of 20 sites (Table 3).

Three sections (Haemovigilance and Clinical Interface,
Blood Administration and National Blood Service Accreditation
Requirements) out of the 11 had averages that indicated that these
sections needed major improvement (i.e., >26%-50%; Table 2). Aver-
ages were as follows: haemovigilance and clinical interface (47%),
blood administration (30%) and national blood service accreditation
requirements (45%). Two sections (Haemovigilance and Clinical
Interface and National Blood Accreditation Requirements) per-
formed above 26% at 16 out of 20 and 17 out of 20 sites, respec-
tively (Table 3).

One section (Receipt, Ordering, Selection, and Issuing of Blood
and Blood Components) scored below 25% (considered not meeting
the standards). This section performed below 25% at 16 out of 20 sites

that completed the baseline assessment (Table 3).

DISCUSSION

Across the 10 countries and 20 sites that underwent the baseline
assessment, which is the first stage of the AfSBT SWAP, standards
were met in 4 out of the 11 sections. This is the first report of the
baseline assessment findings of the AfSBT SWAP. Currently, there is
a paucity of information on accreditation and quality standards of
NBTS in SSA. Prior to the AfSBT SWAP, most international standards
were considered inapplicable or too difficult to implement in low- and
middle-income country (LMIC) settings [2, 16, 17]. Our findings
emphasize the importance of accreditation standards to ensure the
availability of safe and adequate blood supplies in SSA [12]. At the
time of data collection and analysis, only four countries in SSA had
achieved full accreditation while several others were at various stages
of the SWAP process [3]. Of the 10 countries assessed, four ranked
within the medium human development index (HDI) category, while
the other six all ranked in the low HDI category, highlighting the
importance of the AfSBT SWAP as a tool for low resource settings
[4, 5].

Despite a good performance in four sections of the stepwise
accreditation standards assessed by the AfSBT, essential components
for providing safe blood to the public such as quality systems; testing

of donated blood; receipt, ordering, and issuing of blood components;

haemovigilance and NBTS accreditation, still require significant
improvement.

Safe and available blood is particularly important for reducing
maternal mortality, under-five mortality associated with malaria and
trauma-associated mortality [18-21]. However, the availability of safe
blood for use within the healthcare system depends upon routinely
meeting high-quality standards established by AfSBT. Accreditation is
considered an important approach for improving the quality of any
NBTS. The AfSBT SWAP was developed to address the lack of appli-
cable quality standards for the African context [7]. Since its establish-
ment in 1997, and as of 2018, AfSBT has conducted 20 baseline
assessments at 20 sites and in 10 countries across the continent.
Regardless of the progress made in the field of blood safety in Africa
by AfSBT, little has been published about the SWAP and its achieve-
ments [13, 16]. The International Organization for Standards (ISO) is
the most common standard used by medical laboratories; however,
this is often an expensive and a laborious process for LMIC. The more
recent WHO-AFRO Stepwise Laboratory Quality Improvement Pro-
cess Towards Accreditation, like the AfSBT SWAP, has been an
attempt to make the process more achievable and affordable [22].
Findings from evaluations of laboratory programs highlight the impor-
tance of accreditation and its contribution towards a resilient
healthcare system and quality improvement [23, 24]. The findings
from this report are important for countries to learn from and to
encourage the widespread use of the AfSBT SWAP standards across
the respective NBTS on the African continent. It is important to high-
light that the analysis conducted focuses on select priority standards
and does reflect an in-depth review of all standards assessed by the
AfSBT SWAP [9, 16].

The primary goal of an NBTS is to ascertain that there is a national
supply of safe and appropriate blood products for the population in
need at the right time and place [25, 26]. To ensure safe blood requires
the NBTS to have a well-delineated system that prioritizes quality from
vein to vein. To safeguard this process, a quality system which iden-
tifies a set of standards that the organization commits to achieving, is
required [27]. There are two key elements to any quality system, which
are technical standards (which define what needs to be achieved) and
quality standards (that help determine how technical standards are
met) [27, 28]. Technical standards (what needs to be achieved,
e.g., NBTS organogram) are easier to achieve with multiple international
and regional guidelines available, however, quality standards
(e.g., minimum equipment requirements) require much more rigorous
support and investments [27, 29, 30]. Among the AfSBT SWAP Stan-
dards, the quality system section consists of 12/68 standards and
177/466 required criteria, respectively. For this study, we assessed
134/177 required criteria within the quality section, based on WHO
recommendations [9]. The quality standards help ensure that the NBTS
provides safe and infection-free blood per international standards.
Notably, the average baseline score for the quality system section of
the AfSBT SWAP standards was only 66.7%, suggesting considerable
room for the continuous quality improvement and need for countries

to prioritize and invest in strengthening NBTS quality systems.
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Behavioural screening of blood donors and pre-transfusion test-
ing are some of the most important tasks undertaken by an NBTS.
Behavioural screening includes the recruitment of low-risk donors and
repeat donors, while screening out high-risk donors who are subse-
quently deferred [31, 32]. In 2016, the percentage of blood donations
that were screened and found to be HIV positive in seven sub-
Saharan African countries remained higher than the WHO target of
<1% [3, 33, 34]. The WHO Global Database for Blood Safety (GDBS)
2016 report stated that in high-income countries, 99.6% of the dona-
tions were screened following basic quality-assured procedures, com-
pared to 97% in upper middle-income countries, 81% in lower middle-
income countries and only 66% in low-income countries [6]. The over-
all average score of 66.7% for the testing section of the AfSBT SWAP
Standards supports GDBS findings underscoring the need to improve
NBTS testing practices. These findings are significant given that prevalence
of blood-borne diseases such as HIV, hepatitis B and C are highest in
LMICs [34-36]. If infectious disease such as HIV, hepatitis, tuberculosis
and malaria transmission in healthcare settings are to be successfully
prevented, increased investments are needed to improve testing processes
in NBTS and laboratories. The testing process can be broken down into
three phases: the preanalytical, analytical and postanalytical phases [27].
Improvement in all three of these phases requires investments in training,
equipment, systems, internal proficiency testing and appropriate external
quality assurance schemes [37]. The Maputo Declaration calls for collabo-
ration and coordination between host governments, donors and partners
to ensure resilient and sustainable laboratory systems in LMICs, and such
initiatives are also applicable to transfusion systems [38].

Within a transfusion system, the proper management of blood
products and inventory of blood ensure that products are available as
needed, and are suitable for blood transfusions for those patients who
need it most while avoiding wastage of a valuable resource. Traceability
from blood donor to recipient is of utmost importance for blood com-
ponents. Findings from this assessment show that one of the most
important aspects of the NBTS to strengthen is that of the receipt,
ordering, selection, and issuing of blood and blood components (15%).
The availability of well-structured systems and processes for the man-
agement and control of blood products produced and distributed by a
transfusion centre is critical. Several studies and policy documents
emphasize the need for inventory management systems that can track
blood from the donor to that of the recipient [12, 27, 37, 39, 40].
Haemovigilance aims to detect adverse events associated with blood
products, both with donors and recipients [17, 25, 41]. The findings
from the baseline assessment further emphasize the lack of adequate
haemovigilance and clinical interface (47.5%) and blood administration
(30%). A similar finding was reported in 2013, which stated that ‘only
13 out of 46 African countries had a national hemovigilance system’
[36]. A successful and effective haemovigilance system requires
reporting of set indicators, implementation, and the regular monitoring
and evaluation of these systems [25, 42]. However, for these systems
to be effective, the literature and best practices suggest the use of elec-
tronic blood safety systems that are connected to the hospitals and

health centres that request and use blood [43].
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This evaluation had several limitations. First, due to the length
and complexity of the AfSBT SWAP Standards, we were not able to
compare each individual criteria across the 20 different assessments.
Second, these baseline assessments were undertaken at different
points in time, at different sites and in different countries across SSA
and, therefore, findings cannot be generalized to all countries. Third,
the findings are from the initial baseline assessments conducted
between 2016 and 2018. Since then, follow-up assessments have
been conducted and several countries have progressed to achieve
Step 1 or 2 certification or full accreditation at Step 3 [13]. More
countries have joined the AfSBT accreditation process since the
engagement of the 10 initial countries. As such, we cannot conclu-
sively use these findings to represent transfusion services across the
African continent. Finally, all assessments were not conducted by
the same assessment team as such it is possible that there might
have been some degree of assessor bias that could have resulted in
some baseline assessments receiving higher evaluations versus
others.

In conclusion, while the AfSBT SWAP provides countries with low
resources a pathway and opportunity to accomplish international
accreditation much needs to be done at the NBTS to achieve all the
requirements for standards and accreditation. This system acknowl-
edges the variability of SSA blood services, healthcare systems and
resources, making allowance for different levels to be considered for
certification and accreditation. Organizations such as WHO, PEPFAR
and the Global Fund to Fight AIDS, Tuberculosis and Malaria have pro-
vided support and technical assistance to SSA countries in an effort to
improve transfusion services. However, consideration for further
investments may be instrumental to improving key areas such as quality
systems, testing, inventory management and haemovigilance to ensure
the provision of safe and adequate blood transfusion services. Accredi-
tation of systems provides crucial evidence to users or purchasers of a
service that appropriate standards are in place. The need for all NBTS
in SSA to meet international standards is one which has been empha-
sized by WHO since the 1990s. However, the findings from the base-
line assessments show that few blood banks, or NBTS, initially met the
basic requirements necessary to move to the next step of the accredita-
tion process without first making significant improvements and

investments.
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Background and Objectives: Maternal antibodies are transferred to the child,
predominantly 1gG, via the transplacental route, and mostly IgA through breast milk.
Cases reported by us and others have shown the transfer of red cell allo-antibodies
through breast milk. This study was conducted to assess the presence of iso-
haemagglutinins in breast milk, the range of titres, and the correlation between
breast milk and maternal plasma titres.

Materials and Methods: A total of 176 mothers were recruited in this study. Breast
milk was collected after sufficient feeding was established and within 2-5 days of
delivery in a sterile container without any anticoagulant. Antibody screen, identifi-
cation and titres were performed on maternal plasma as well as breast milk.
Results: Anti-A and anti-B in breast milk corresponding to their respective maternal blood
groups were found in all the samples. This study has shown titres in the breast milk of
anti-A and anti-B ranging from 2 to 1024 in both saline and Coombs phases. There was
no association between plasma and breast milk titres, thus making it impossible to predict
which mother may potentially transfer a larger amount of these haemagglutinins. Isotypes
of anti-A and anti-B were evaluated in both plasma and breast milk of 11 samples, which
showed predominantly IgG in 7 (63.63%) and predominantly IgA in 4 (36.36%) samples.
Conclusion: Our study demonstrates the presence of a wide range of titres for IgG
antibodies of the ABO blood group system in breast milk. The clinical impact of this
finding needs to be studied further, as it assumes great relevance in developing coun-
tries where anaemia continues to challenge young infants.

KEYWORDS
breast milk, HDFN, IgG antibodies, infantile anaemia, isohaemagglutinins

Highlights

e Anti-A, anti-B and allo-antibodies to red cell antigens are consistently present in breast milk.

e The isotypes of antibodies include IgG, IgM and IgA.

e No correlation was noted between titre of antibodies in maternal serum and those identified
in breast milk.
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INTRODUCTION

Maternal antibodies are transferred to child, predominantly IgG via the
transplacental route and mostly IgA through breast milk. These antibodies
act as a source of humoral immunity to the developing immune response
in the foetus and neonates. Emerging literature in murine models and
humans has shown that red cell antibodies also can be transferred
through breast milk [1-5]. We have reported two cases of red cell allo-
antibodies (anti-KELL1 and anti-D) being transferred through breast milk.
We had hypothesized that this transfer was through breast milk based on
the history of exclusive breastfeeding in these children and identification
of the antibodies implicated (namely, anti-KELL1 and anti-D) in maternal
plasma, breast milk and the baby’s plasma in both cases [6].

The above possibility of transfer of red cell antibodies through breast
milk is also important in ABO-mismatched mother-baby pairs, as mothers
with incompatible natural isohaemagglutinins (anti-A and anti-B) in their
plasma could transfer these maternal antibodies through the period of
breastfeeding and worsen physiological anaemia. If present as IgG anti-
bodies, and in significant titres, it could impact the newborn and young
infant. There is limited data regarding the presence of these naturally
occurring isohaemagglutinins in breast milk. This study was therefore con-
ducted to assess their presence and the range of titres (IgG and IgM) and
whether any correlation exists between titres of these antibodies in breast
milk and titres in maternal plasma in the immediate post-natal period.

MATERIALS AND METHODS

This observational study was performed in a tertiary referral institute,
between June 2020 and November 2020, following approval from the
institutional review board. We recruited 176 consecutive mothers who
delivered in our institute and for whom the babies’ blood group was deter-
mined as per routine institutional practice. Informed consent was obtained
from all the participants. Venous blood samples were collected in 4-ml
K2EDTA BD Vacutainer tubes. Plasma was separated by centrifugation at
3000 rpm for 3 min. Breast milk was collected after sufficient feeding was
established and within 2-5 days of delivery in a sterile container without
any anticoagulant. Fresh, uncentrifuged breast milk was used for testing.

Antibody screen, identification and titres (anti-A, anti-B and any
allo-antibody identified) were performed on maternal plasma and
breast milk. The saline and Coombs titres in plasma and breast milk
for a sample is shown in Figure S1. No extra samples were collected
from the newborn for the purpose of this study.

Methodology for testing in mothers

Blood grouping, antibody screen, identification and titres were performed
using the column agglutination technique. Forward grouping was done
using an anti-A/anti-B/anti-D Ortho Biovue System (Ortho-Clinical Diag-
nostics, UK) and DiaClon ABD (anti-A, anti-B and anti-DVI-, DiaMed
GmbH). Reverse typing was performed using a Reverse Diluent Ortho

Biovue System (Ortho-Clinical Diagnostics, UK). Red cell antibody screen

and indirect antiglobulin test (IAT) were performed for all the recruited
mothers using LISS/Coombs ID card (DiaMed GmbH). Identification of
antibody, if present, was performed using 11-cell identification panel (ID-
DiaPanel, DiaMed GmbH) in Coombs phase. The titre of an antibody was
determined by testing the serial two-fold dilution of the plasma against
selected red cells. For the Coombs phase titre, the plasma and milk were
treated with dithiothreitol (DTT) (Sigma-Aldrich, USA) for inactivation of
IgM antibodies. Rh-D negative cells were used to ensure that the anti-A
and anti-B titres were accurate with no interference of existing anti-D.
The allo-antibody titres were determined using “O” group cells, homozy-
gous for the corresponding antigens.

The above procedures were performed following the manufac-
turers’ guidelines. Standard operating procedure for blood grouping,
antibody screen, identification and titres are provided in Supplemen-

tary files.

Eluate

To evaluate the isotypes of the anti-A and anti-B detected in both
plasma and breast milk, an experiment was designed. “O” group
plasma/breast milk was incubated with either A or B red blood cells
(RBCs). After 30 min incubation at 37°C, the direct antiglobulin test
(DAT) was performed. If DAT was positive, they were subjected to
elution using a Bio-Rad, DiaCidel kit (DiaMed GmbH). Elution was per-
formed as per the manufacturer’s instruction. The eluates were tested
against the corresponding cells to ascertain anti-A and anti-B specific-
ity; subsequently, both eluates (from plasma and breast milk) were
tested for immunoglobulin levels by immunoturbidimetry.

Statistical analysis

Categorical variables were summarized using counts and percentages.
Quantitative variables were summarized using mean, standard devia-
tion and medians with ranges. Pearson correlation (r) was estimated to
find the correlation between titres of breast milk and plasma.

RESULTS

A total of 176 mothers who delivered during the period between June
2020 and November 2020 were included in this study. The mean age
of the enrolled mothers was 26.5 + 4.4 years. Maternal blood type was
distributed as follows: 3.4% (n = 6) as A, 10.2% (n = 18) as B and 85.2%
(n = 150) as O. One mother each had AB and Bombay blood group.
Mean gestational age was 271 + 10 days and the mean parity was 2.

Titres in plasma and breast milk

The presence of anti-A and anti-B in breast milk corresponding to the

respective maternal blood groups was demonstrated in all the

85U8017 SUOIWIOD BAEaID 3(edldde 3y} Aq peusenoh ase SSpe YO ‘85N JO S9N 10} A%iqiT 8UIIUQ AB|IAN UO (SUONIPUCD-PUR-SLLBYLIOD"AB| 1M ARIq 1 BU1 UO//SANY) SUORIPUOD PUe SWiB | 8L} 88S [5202/20/62] U0 ARIgITaulUO A8|IM ‘Wewiedeq SLS 7 $80IN0say-3 AISRAIUN [BUI0D AQ EGZET XONTTTT 0T/I0P/WO0 A8 |imArelq1 Ul |UO// Sy WO1Y pepeolumod ‘9 ‘2202 ‘0TYOEZT



ISOHAEMAGGLUTININ SECRETION IN BREAST MILK

samples. In breast milk, the median titre of anti-B for “A” and “O”
blood group mothers was 2 (2-4) and 128 (2-1024) in saline phase
and a titre of 2 and 32 (2-1024) in Coombs phase, respectively. Simi-
larly, the median anti-A titres for “B” and “O” blood group mothers
were 8 (2-128) and 64 (2-1024) in saline phase and 2 (2-32) and
16 (2-1024) in Coombs phase, respectively. The median titre, its
ranges in plasma and breast milk and the distribution of titres in the
study population are shown in Figure 1.

The maternal plasma titres of anti-A and anti-B were categorized as
2-16, 32-64, 128-256 and 512-1024. Ranges of breast milk titres in the
respective category are shown in Table S1. A two-fold or higher difference
between saline titres for anti-A in plasma and breast milk was seen in
37.4% (n = 61) mothers, whereas 21.5% (n = 35) mothers showed a simi-
lar difference in the Coombs phase with higher titres in breast milk than
plasma. A similar comparison for anti-B titres showed 40.1% (n = 61) and
22.4% (n = 34) mothers in the saline and Coombs phase, respectively.

The relationships between titres of agglutinins in breast milk and
those in maternal plasma are shown in Figure 2. In these diagrams, the
titre is expressed in units of the number of serial dilutions and not in

the actual dilution. A titre of 2 is denoted as 1; a titre of 4 as 2; and so

Vox Sanguinis @3 gy | 849

on, and a titre of 1024 as 10. Negligible correlation was observed
between the plasma titres and the breast milk titres (r-value of 0.2 for
saline anti-A, anti-B as well as Coombs anti-A, anti-B).

Antibody screen was positive in 12% (n = 21) of enrolled mothers,
excluding the mother with Bombay blood group. The antibodies identi-
fied were anti-D in 90.5% (n = 19), while anti-D along with anti-C was
seen in 9.5% (n = 2) of mothers. Among these mothers with anti-D,
allo-anti-D was present in 33.3% (n = 7) mothers, whereas 66.7%
(n = 14) had received Rh immunoglobulin. The two mothers with anti-D
and anti-C showed only the presence of anti-D in milk. Allo-anti-D titres
ranged from 32 t01024 and from 2 to 64 in the plasma and milk of
these mothers, respectively. Anti-D due to Rh immunoglobulin showed
a titre ranging from 2 to 8 in their breast milk.

Immunoglobulin levels in eluates
Immunoglobulin levels in eluates, obtained following incubation of

plasma and breast milk with corresponding red cells specific to the

haemagglutinating antibody, were ascertained in a small subset of

Total number of mothers (176)*

]

L

Mothers in whom isohaemagglutinin
titres done (168)°

1

Mothers with
positive antibody screen (22)°
R 2
A L 4
Anti-H I 1
Plasma-saline (4)°, Coombs (4)° Rh-Ig (14) Allo-Anti-D (7)*

Plasma-(64-1024)¢
Breast milk-(2-64)?

Plasma-(2-8)¢
Breast milk-(2-8)?

Breast milk-saline (8)¢, Coombs (4)°

Titer Saline Coombs Saline Coombs Saline Coombs Saline Coombs
Plasma B,::Tks 8 Plasma B:“aks £ Plasma Br':“a: t Plasma B;::Tks t Plasma ‘ Br:la:t Plasma B:“aks £ Plasma B;:laks t Plasma B:"a:t

2 1° 3 5 5 1 2 16 10 0 3 7 23 1 4 6 19
4 1 2 0 0 0 4 0 2 7 19 12 1 7 12 11
8 1 0 0 0 3 3 0 1 13 11 17 28 11 10 12 23
16 1 0 0 0 6 1 0 1 22 17 22 19 23 14 37 17
32 0 0 0 0 2 3 0 2 43 22 25 22 42 12 23 23
64 1 0 0 0 g 2 0 0 37 25 27 16 28 26 25 16
128 0 0 0 0 1 1 0 0 20 26 19 14 23 23 12 14
256 0 0 0 0 0 0 0 0 8 13 7 5 11 18 12 8
512 0 0 0 0 0 0 0 0 3 11 4 7 2 14 6 6
1024 0 0 0 0 0 0 0 0 0 12 0 1 0 19 2 10

Median | 8(2-64) ‘ 2(2-4) | 2(2) ‘ 2(2) 16 (2-128) ‘ s(z-us)‘ 2(2) ‘ 2(2-32) 32 (4-512) ‘ 64 (z-mzt)‘|—3z‘(z=512) ‘ 16 (2-1024) | 32(2-512) | 128 (2-1024) | 32 (2-1024) | 32 (2-1024)

a- Number of mothers are shown in brackets, b- The numbers show the number of mothers with the corresponding titre, c- Titres of anti-H in saline and Coombs phase. Only one sample was present for Bombay
blood group, d- Range of titres in breast milk in Coombs phase, e- Range of isohaemagglutinin titres in plasma and breast milk in different blood groups and different phases.

FIGURE 1 Distribution of mothers with corresponding haemagglutinin titres in plasma and breast milk. A total of 176 mothers were enrolled
in study. Isohaemagglutinin titres were done in 168 mothers, of whom 154 showed negative antibody screen while 22 showed positive antibody
screen. Out of 22 mothers, 1 belonged to Bombay blood group, 14 had been administered Rh immunoglobulin and 7 were alloimmunized.
Isohaemagglutinin titres were also carried out in mothers administered with Rh immunoglobulin (n = 14) using “O”-group RhD-negative cells.
Median titre for anti-A in “B” group mothers was higher than anti-B in “A” group mother in breast milk. In the “O” group mothers, these titres
were comparable and ranged from 2 to 1024 for anti-A and anti-B in both saline and Coombs phases. °Number of mothers are shown in brackets;
®The numbers show the number of mothers with the corresponding titre, “Titres of anti-H in saline and Coombs phase. Only one sample was
present for Bombay blood group. dRange of titres in breast milk in Coombs phase, *Range of isohaemagglutinin titres in plasma and breast milk in

different blood groups and different phases
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FIGURE 2 Correlation of titres of anti-A and anti-B between plasma and breast milk. The titres are expressed in units of the number of serial
dilutions and not in the actual dilution (a titre of 2 is denoted as 1, a titre of 4 as 2, and so on, with a titre of 1024 as 10). Negligible correlation
was observed between the plasma titres and the breast milk titres. Breast milk titres for samples with plasma titre range 2-16 were spread across
2-1024. The number with dots represents the number of mothers with corresponding titres

TABLE 1 Levels of immunoglobulins identified in plasma and breast milk eluates with corresponding titres of anti-A and anti-B

Plasma titres of Breast milk titres Immunoglobulin Immunoglobulin

corresponding of corresponding levels in plasma levels in breast milk

anti-A/anti-B anti-A/anti-B eluates® eluates

Blood group of red cells

SI. Mother’s blood incubated with
no. group breast milk Saline Coombs Saline Coombs IgG IgM IgA IgG IgM IgA
1 ) A 128 256 128 32 - - — 11 08 1.3
2 () A 32 256 64 32 - - - 12 0 2.8
3 o) A 32 32 128 32 4 0 5.2 4 0 52
4 () A 16 32 512 128 8 0 55 17 47 54
5 (0] B 64 64 1024 512 — - — 12 5.6 1
6 ) B 256 64 128 32 — — — 12 0 0.9
7 ) B 16 64 64 32 - - - 12 05 3.9
8 ) B 32 64 128 128 0 7 5 0 5.3
9 (e} B 16 64 512 256 4 0 5.9 5 0 9.1
10 () B 32 32 512 256 0 6.5 5 07 7.6
11 ) B 32 32 512 1024 13 0 33 12 08 426

#The immunoglobulin levels are measured in mg/dl.
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samples using the method described previously. Samples from 11 “O”
blood group mothers were tested. In six samples, eluates obtained from
plasma and breast milk were tested, while for the remaining five, eluates
of the breast milk alone was tested. The eluates were added to the
corresponding red cells to exclude non-specific reactivity, as shown in
Figure S2. Four samples were incubated with A cells, and remaining
seven with B cells. The IgG levels in the milk eluate ranged from 4 to
17 mg/dl, 1gM levels from O to 5.6 mg/dl and IgA levels from 0.9 to
42.6 mg/dl. The levels of immunoglobulin isotypes in eluates and the

corresponding titres in plasma and breast milk are shown in Table 1.

DISCUSSION

Our study, involving the largest cohort to date, clearly demonstrates
the presence of naturally occurring anti-A and anti-B in the breast milk
of mothers included in this study. Limited literature, however, exists.
Boorman et al. demonstrated the presence of anti-A and anti-B in
breast milk; Li et al. and Leonard et al. demonstrated prolonged
haemolytic disease of foetus and newborn in a neonate due to passive
acquisition of allo-antibodies in the mother’s breast milk [2, 3, 7].

Our study has shown titres in breast milk of anti-A and anti-B
ranging from 2 to 1024 in both the saline and the Coombs phase. Rh
immunoglobulin was administered in 14 mothers and all of them
showed the presence of anti-D in their breast milk with a titre ranging
from 2 to 8. This phenomenon has not been described previously.
Similarly, we detected anti-D in the breast milk of Rh-D negative
alloimmunized mothers. The presence of anti-D and it causing pro-
longed haemolysis in breast-fed neonates have been described in the
literature. IgG anti-H with a titre of 4 was demonstrated in the breast
milk of the Bombay group mother.

Boorman et al. have observed some correlation between titres of
agglutinins in colostrum and milk and between those of maternal serum
and colostrum [7]. Our study, however, does not show an association
between plasma titres and breast milk titres, thus making it impossible
to predict which mother may transfer a larger amount of these
haemagglutinins. The process of transfer of I1gG from plasma to milk in
rodent models has shown that a decrease in plasma IgG occurs concom-
itantly with the accumulation in milk [8]. Studies in rodents have also
suggested that, as in the placenta, neonatal Fc receptor (FcRn) can be
involved in IgG transfer across the mammary gland epithelium. Absorp-
tion of these secreted antibodies in breast milk during the neonatal
period is also mediated by the FcRn on the intestinal brush border that
binds ingested IgG antibodies from maternal milk and transports them
through the enterocytes to the systemic circulation [9]. FcRn not only
mediates the transport of IgG into the lumen but also prevents degrada-
tion in a pH-dependent cellular recycling mechanism [10]. It therefore
remains a possibility that these natural haemagglutinins can get
absorbed and cause ongoing haemolysis in the neonate.

Infancy and early childhood are vulnerable age groups for anaemia
throughout the world and is a potentially preventable condition. Pre-
term infants can experience a decline in haemoglobin more abruptly
and more profoundly than in term infants owing to decreased RBC
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lifespan and a sub-optimal erythropoietin response [11]. Similarly, it is
estimated that 19.44% of the Indian neonates are anaemic [12]. While
the cause for infancy and neonatal anaemia can be multifactorial, trans-
fer of natural isohaemagglutinins can significantly exacerbate an existing
physiological anaemia or be the primary cause for ongoing haemolysis.
In a previous study from our institute (unpublished data), among
575 “O” group mothers, prevalence of ABO-incompatible pregnancies
was found to be 35.3% (n = 203). In the present study, among 147 “O”
group mothers with a negative antibody screen, 38.1% (n = 56) had
ABO-mismatched babies. Although Boorman et al. found that group A
babies of group O mothers in some of whom the colostrum titres were
512-4000 showed no sign of jaundice or anaemia, there remains a the-
oretical possibility for continued haemolysis in these babies with
breastfeeding.

The novel experiment designed to determine the subtype of
immunoglobulins of anti-A and anti-B present showed a fascinating
range of values. Analysis of the breast milk eluate in 11 patients
showed predominantly IgG in 63.6% (n = 7) and predominantly IgA in
36.4% (n = 4). Except for two samples (samples 4 and 11), the immu-
noglobulin subtypes between plasma and breast milk were compara-
ble. A study by Hauschner et al. in immune thrombocytopenia (ITP)
patients diagnosed during pregnancy showed the transfer of clinically
significant amounts of anti-platelet IgA antibodies in human breast
milk [13]. A murine model by Santhanakrishnan et al. has also shown
anti-RBC IgA antibody in breast milk [1]. However, this study showed
IgG as the predominant antibody secreted in all the mothers, with only
a few mothers showing IgA predominance. IgM levels remained
undetectable for most of samples tested, possibly due to the 37°C
incubation which would be unfavourable for the adsorption of IgM on
red cell surface.

Our study was limited by lack of follow-up of the neonates to
evaluate for worsening of anaemia/ongoing haemolysis/prolonged
anaemia after the initiation of exclusive breastfeeding. Neonates were
not checked for the presence of isohaemagglutinins after a period of
1 month, which could have detected the transfer through breast milk.
Serial monitoring of titres in the breast milk along with titres in the
neonates’ plasma was not performed, which would have given corrob-
orative evidence to the transfer of the isohaemagglutinins through
milk. All these were not possible because of the ongoing pandemic.

In conclusion, antibodies of the ABO blood group system appear
to be consistently present in breast milk. Our study demonstrates the
presence of a wide range of titres for IgG antibodies of the ABO blood
group system in breast milk. The clinical impact of this finding needs
to be studied further, as it assumes great relevance in developing

countries where anaemia continues to challenge young infants.
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Abstract

Background and Obijectives: Implementation of the technique of immunomagnetic
selection requires the procurement of a large number of CD34+ cells from
haploidentical donors within a single apheresis procedure. The release of stem cells
with granulocyte colony-stimulating factor (G-CSF) alone is unsatisfactory in a num-
ber of donors, and plerixafor, a CXCR4 chemokine receptor antagonist, could be used
as an additional mobilization agent. The aim of our study was to examine whether a
lower dose of plerixafor (0.12 mg/kg) can provide sufficient increase in CD34+ cells
in the peripheral blood of allogeneic healthy donors in comparison with a historical
control group. In addition, we assessed the risk of inability to provide the recipient
with a transplant containing the optimal dose of 8-10 x 10° CD34+ cells/kg body
weight of the recipient.

Materials and Methods: In a prospective, single-arm study, we examined the results
of 105 mobilizations in healthy adult haploidentical donors with G-CSF and plerixafor
at a dose of 0.12 mg/kg. The historical control group consisted of 106 mobilizations
with G-CSF and plerixafor at 0.24 mg/kg.

Results: The median increase in the number of CD34-+ cells from day 4 to day 5 of
mobilization was 69 cells/ul (range, 28-240) versus 77 cells/pl (24-217) in the
groups of 0.12 and 0.24 mg/kg of plerixafor, respectively (p-value 0.255). The aphe-
resis products contained a median of 14.4 x 10%/kg recipient body weight CD34+
cells versus 12.9 x 10%/kg in the groups that received 0.12 and 0.24 mg/kg of
plerixafor, respectively (p-value 0.118). The obtained differences were not significant,
which means the application of a decreased dose of plerixafor did not affect the
results of mobilization.

Conclusion: The obtained differences in collection were not significant, and thus the
application of a decreased dose of plerixafor did not affect the results of

mobilization.
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INTRODUCTION

Allogeneic transplantation of haematopoietic stem cells (HSCs) from
haploidentical donors is essential for the treatment of many malignant
and non-malignant diseases as well as rare congenital syndromes, and
has shown its effectiveness and safety [1-4]. Granulocyte colony-
stimulating factor (G-CSF) is widely used to mobilize CD34+ cells in
healthy voluntary donors; however, the release of cells into the
peripheral blood (PB) is unsatisfactory in 5%-30% of them [5]. More-
over, it has been shown previously that more than 107/kg weight of
CD34+ cells are needed for successful engraftment and rapid immune
reconstitution after haploidentical stem cell transplantation (SCT) with
T-lymphocyte depletion [4, 6].

Plerixafor, a CXCR4 chemokine receptor antagonist, is actively
used to mobilize autologous HSCs [7-9]. The results on the safety
and efficacy of HSC mobilization using plerixafor have been published
in healthy volunteers [10, 11], but its use in healthy stem cells donors
is still rarely available. Published studies mainly describe data obtained
from small groups of healthy donors and relate to both the results of
the use of plerixafor as a ‘rescue therapy’ in the case of a failed first
apheresis [12, 13] and its effect on the results of mobilization and
apheresis [14, 15]. Also, there is very little data on the use of
plerixafor as a single stem cell mobilizing agent [14, 16].

Most of the published data concerning the effect of plerixafor in
healthy donors relate to monotherapy mobilization (subcutaneous or
intravenous administration); data on the combined use of G-CSF and
plerixafor are so far insufficient. Lemery et al. investigated the effect of
increasing plerixafor doses (two doses to each subject in increments of
0.08 mg/kg) but did not find statistically significant differences in the
medians of peak CD34+ values in PB. Moreover, the fact that in 5 out of
18 donors the maximum CD34+ value was recorded after a lower dose
of plerixafor suggests that for smaller dose increments, intra-subject vari-
ability in CD34+ counts following plerixafor administration may make
interpretation of the dose-response difficult [15]. Pantin et al. demon-
strated that the peak values of circulating CD34+ cells were significantly
higher after administration of 0.48 mg/kg of plerixafor in 16 out of
20 healthy donors [14]. According to a number of studies, mobilization
with G-CSF (10 pg/kg) is more effective than with plerixafor (0.24 mg/kg)
as a single agent [15, 17].

In our centre, since 2012, the main platform for the preparation
of the haploidentical graft has been the immunomagnetic depletion of

TCRap/CD19+. This process not only results in partial loss of cells

haploidentical donors.

o Haploidentical stem cell transplantation (SCT) with TCRap immunomagnetic depletion
requires the collection of a large number of CD34+ cells.

e Mobilization with granulocyte colony-stimulating factor (G-CSF) does not always allow the
collection of the defined numbers of CD34+ cells.

o Plerixafor in reduced dose in combination with G-CSF shows equal efficacy in healthy adult

during processing but also limits the cellular composition of the aphe-
resis product [18]. The standard TCRoaf/CD19+ immunomagnetic
depletion protocol has been designed to process no more than
24 x 10° TCRap+ cells among no more than 60 x 107 total nuclear
cells (TNCs), so that the concentration of CD34+- cells in the apheresis
product should be as high as possible. Low concentration of CD34+
cells among high numbers of TNCs, collected over several apheresis
sessions, will lead to an increase in residual TCRap cells in the final
depletion product with the risk of fatal acute graft versus host disease
(GVHD) and unjustified increase in the cost of the procedure. The dif-
ficulty in obtaining an adequate number of cells may be associated
not only with poor donor mobilization but also with the weight dispar-
ity between the donor and recipient [19, 20]. Unlike the transplanta-
tion of untreated HSCs, where the required dose of CD34+ cells can
be obtained in several sessions of leukapheresis, the use of T-cell
depletion techniques implies obtaining a quality product by a single
apheresis, which is due to technical limitation of the immunomagnetic
purging technology. Therefore, the use of plerixafor is justified not
only in ‘poor mobilizing” donors but also in cases of weight dispropor-
tion between the donor and recipient.

There are several studies evaluating the effectiveness of low
doses of plerixafor [7, 21, 22]. Hubel et al. demonstrated a sufficient
increase in the level of CD34+ cells after a single subcutaneous injec-
tion of plerixafor (80 mg/kg) in healthy volunteers [23]. Boulad et al.
in their dose-escalating study were able to show the efficacy of low-
dose plerixafor for CD34+ cell mobilization in patients with inherited
bone marrow diseases [24].

Unlike patients with inherited diseases and lymphoproliferative
cancers, allogeneic donors are not pre-treated. We hypothesized that
50% of the standard dose of plerixafor recommended for HSC mobili-
zation in combination with G-CSF would be sufficient to achieve the
target level of cells.

In the current study, we aimed to provide evidence that reduc-
ing the dose of plerixafor by half (up to 0.12 mg/kg) in healthy
related haploidentical donors, in whom adequate mobilization of
CD34+ cells with G-CSF alone could not be effected, will not lead
to a significant decline in the release of CD34-+ cells in comparison
with a similar group of healthy donors who had received the stan-
dard dose of 0.24 mg/kg (historical control). In addition, we
assessed the risk of inability to provide the recipient with a trans-
plant containing the optimal dose of 8-10 x 10° CD34+ cells/kg
body weight of the recipient.

85U8017 SUOIWIOD BAERID 3(edlidde 3y} Aq peusench ase SSpe YO ‘85N JO S9N 10} A%iq1T 8UIIUQ AB|IAN UO (SUONIPUCD-PUR-SLLBYLIOD"AB| 1M ARIq U1 UO//SANY) SUORIPUOD PUe SWiB | 8L} 88S *[5202/20/62] U0 ARIgITauluO A8|IM ‘Wewiedeq SLRS 7 S80IN0say-3 AISIRAIUN |BUI0D AQ 99ZET XONTTTT 0T/I0p/WO0D A8 |im Arelq1pul|UO// Sy WO14 pepeolumod ‘9 ‘2202 ‘0TYOEZT



PLERIXAFOR: LOWER DOSE IN HEALTHY DONORS

MATERIALS AND METHODS

A comparative analysis of the results of mobilization and peripheral
blood stem cell (PBSC) apheresis with the use of plerixafor and G-CSF
in healthy adult donors was carried out for the period from July 2012
to March 2021. In total, 211 PBSC mobilizations from healthy, adult,
haploidentical, related donors were performed with the use of a com-
bination of plerixafor and G-CSF. All collected products were used
for haploidentical transplantation for paediatric patients (age,
0.5-17 years) with different malignant and non-malignant diseases
according to treatment protocols.

From March 2018, after the interim analysis of a pilot group
results (first 10 donors with reduced dose of plerixafor), all
haploidentical adult donors (parents), with the indication for additional
stimulation, received plerixafor at a dose of 0.12 mg/kg of body
weight. The group that received the standard dose of plerixafor
(0.24 mg/kg) was used as a historical comparison group. The use of
the combined PBSC mobilization protocol with reduced dose of
plerixafor in healthy haploidentical donors was approved by the insti-
tutional expert board and local ethics committee. All donors of stem
cells signed informed consent to participate in the study.

The main characteristics of donors who were mobilized with the

combination of G-CSF and plerixafor are presented in Table 1.

Stem cell mobilization

Standard mobilization was performed with G-CSF (Leucostim, ZAO Bio-
cad, Russia; Zarsio, Ai Di Ti Biologika GMBH, Germany) at a dose of
10 pg/kg/day for five consistent days, administered subcutaneously in
the morning. The last dose of G-CSF was administered 2-4 h before the
start of apheresis. The control of CD34+ cells in PB was carried out
twice—on the 4th day from the start of G-CSF stimulation and immedi-
ately before the onset of apheresis (on the 5th day from the start of
G-CSF stimulation). Indications for additional stimulation with plerixafor
were determined based on CD34+ cells enumeration on day 4 of the
mobilization and considering the recipient’s body weight. The main indica-
tion for the addition of plerixafor was less than 20 CD34+ cells/pl in the
donor's PB on the 4th day (72-76 h) of mobilization with G-CSF. Also,
plerixafor was added when the predicted collection of CD34-+ cells in the
apheresis product might have been less than 8 x 10°/kg body weight of
the recipient (due to the large body weight of the recipient). For a more
adequate comparison, donors were divided into subgroups, considering
the differences in the number of CD34+ cells in the PB before the
administration of plerixafor, as well as the body weight of recipients
(Table 2).

Plerixafor (Mozobil, SanofiGenzyme, UK) was administered subcuta-
neously, 9-10 h before the start of apheresis. Initially, plerixafor was used
at a standard dose of 0.24 mg/kg of the donor's body weight. From
March 2018, the dose was reduced to 0.12 mg/kg of body weight.

All adverse reactions, attributed to mobilization, were recorded
daily, graded and summarized according to National Cancer Institute

Common Terminology Criteria for Adverse Events, version 4.
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TABLE 1 Main donor characteristics

Total number n=211

Gender (male/female) 58/153

Age, years (median; range) 36 (18-55)
Donor body weight, kg (median; range) 66 (40-124)
TBV, ml (median; range) 4075 (2911-7121)
Recipient body weight, kg (median; range) 40.5 (6.3-128)

Abbreviation: TBV, total blood volume.

Stem cell apheresis

Leukapheresis was performed using a mononuclear collection pro-
gramme (MNC collection protocol) with a Spectra Optia cell separator
(Terumo BCT Inc, Lakewood, CO; software versions 6, 9 and 11). Acid
citrate dextrose formula A (ACD-A, Haemonetics, Haemonetics Corp.,
Boston, MA) was used as an anticoagulant. Apheresis was planned on
the 5th day from the beginning of mobilization of the CD34+ cells in
the PB.

To assess the efficiency of CD34+ cell collection, the CE2 index
was used, as calculated by the previously described formula:

CE2 (%) = (number of CD34+ cells [x10°] in the apheresis prod-
uct/(number of CD34-+ cells before apheresis x processed blood
volume) x 100 [11].

We tried to collect no less than 8 x 10 CD34+ cells/kg of the

recipient body weight among <60 x 10 total nucleated cells.

CD34-+ cell enumeration

To determine the number of CD34+ cells in the PB and in the apheresis
product, we adopted the ISHAGE (International Society of
Hematotherapy and Graft Engineering) research protocol [20]. Briefly, the
absolute number of CD34+ cells was calculated using a two-platform
method: multiplying the percentage of stem cells and the absolute num-
ber of leukocytes obtained by flow cytometry (BD FACS Canto TM I,
Becton-Dickinson, Franklin Lakes, NJ) and a haematology cell counter
(Sysmex Corporation XS800i, SYSMEX, Japan), respectively. The number
of HSCs was determined by the expression of membrane markers (CD34
and CD45) in a direct immunofluorescence reaction with monoclonal anti-
bodies labelled with phycoerythrin and fluorescein isothiocyanate
(Becton-Dickinson, Franklin Lakes, NJ). Staining with primary labelled
monoclonal antibody was performed according to the manufacturer’s
instructions. After incubation, the erythrocyte lysing solution (FACS
PharmLyse, BD, USA) was added to the suspension and then washed
with phosphate-buffered saline (Cell Wash, BD, USA).

Statistical analysis

The primary endpoint was to assess the delta (difference) in the num-
ber of CD34+ cells/pl in the PB on days 4 and 5 of mobilization with
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plerixafor at a dose of 0.12 mg/kg. Secondary endpoints were as

follows:

1. To assess the difference in the number of CD34+ cells on days
4 and 5 of mobilization with plerixafor at a dose of 0.12 mg/kg as
compared to the historical control group (0.24 mg/kg);

2. To evaluate the risk of collecting less than 8 x 10° CD34+ cells/kg
of recipient body weight in a single apheresis;

3. To assess the frequency and severity of side effects after the

administration of plerixafor in two different dosages.

To describe the results, medians and first and third quartiles were
chosen. The comparison of the obtained results of the CD34+ cells
mobilization obtained in two main groups of donors, treated with dif-
ferent doses of plerixafor, was carried out using the Mann-Whitney
U-test through the construction of boxplots to display the difference
between cell mobilization and collection in the comparative groups.
The Kruskal-Wallis test was used to compare the effects of plerixafor
in four subgroups depending on the intermediate level of mobilization
(day 4). The Fisher exact test in the contingency tables was used to
assess the effect of plerixafor dosage on the incidence of adverse

reactions. All statistical analyses were conducted with the XLStat

TABLE 2 Donor subgroups

CD34+ cells on Recipient body
Subgroup day 4 (cells/pl) weight, kg
A 0-10 -
B 11-20 =
C 21-30 230
D 31-45 250

TABLE 3 Mobilization and apheresis results with plerixafor

Plerixafor, mg/kg

CD34+ day 4 (cells/pl) 0.12
0.24
CD34+ day 5 (cells/pl) 0.12
0.24
CD34+ increment (cells/pl) 0.12
0.24
CD34+ (%) cells in the apheresis product 0.12
0.24
Collected CD34+ cells x10° 0.12
0.24
Collected TNC x10° 0.12
0.24
Collected CD34+/kg r.b.w. x10° 0.12
0.24

2021.1.1 software (Addinsift, Paris, France), and a p-value of <0.05

was considered statistically significant.

RESULTS

During the study period, plerixafor was administered at a dose of
0.24 mg/kg to 106 donors and at 0.12 mg/kg to 105 donors. Of the
total number, 157 donors (74%) can be attributed to the poor
mobilizers (subgroups A and B, Table 2). In the other cases, plerixafor
was added in order to obtain an optimal quality product for recipients
heavier than 30 kg (subgroup C) and 60 kg (subgroup D). All mobiliza-
tions with plerixafor in reduced dose led to an increase in the number
and concentration of CD34+ cells in the PB, which made it possible
to perform a successful apheresis with a mean duration of 219 min
(180-282 min).
0.12 mg/kg of plerixafor, the median number of CD34+ cells in the
PB by day 5 was 86 cells/pl.

When comparing the two different doses of plerixafor used in the

In the study group of donors who received

mobilization protocol, no significant differences were found in
the main parameters of mobilization and apheresis results (Table 3). The
median increase in CD34+ cells after administration of 0.12 mg kg of
plerixafor was 69 cells/ul (range, 28-240) versus 77 cells/ul (range,
24-217) in the historical control group (p-value 0.255).

When comparing the results in subgroups A, B, C and D, statisti-
cally significant differences were revealed. The absolute number of
CD34+ cells in PB by day 5, CD34+ cell increase, and the total num-
ber of collected CD34+ were expectedly lower in the subgroups of
‘poor mobilizers’ (subgroups A and B) (all p < 0.001, Table 4). How-
ever, no statistically significant differences were found within each of
the subgroups between the two-dosage regimens of plerixafor

(Figure 1a-c).

Median Q1 Q3 Standard deviation p-value
14.6 9.0 19.7 8.74 0.409
12.7 8.2 20,8 8.52
86 61 107 42.08 0.320
92 68 121 37.29
69 51 91 36.26 0.255
77 56 99 33.11

0.75 0.56 0,98 0.31 0.582
0.77 0.58 1,0 0.29

525 342 654 251 0.329

541 369 698 233
65.2 55.3 82,8 238 0.365
67.1 57.6 84,0 18.9
14.4 10.8 19,5 8.3 0.118
12.9 9.8 18 8.8

Abbreviations: r.b.w., recipient body weight; TNC, total nuclear cells.
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FIGURE 1 Effect of plerixafor depending on the response to granulocyte colony-stimulating factor (G-CSF) by day 4 of stimulation: (A) 0-10

cells/pl; (B) 11-20 cells/pl; (C) 21-30 cells/pl; (D) 31-45 cells/pl

Sub-optimal results of mobilization and apheresis (collection <8
CD34+ x10° cells/kg recipient body weight [r.b.w.]) were noted in
16 donors (7.6% of cases), with no significant difference between two
plerixafor dosing regimens (0.24 mg/kg, 10 cases; 0.12 mg/kg, 6 cases;
p-value 0.436). Fifteen donors could be attributed as ‘poor mobilizers’
(subgroups A and B), with the median dose of collected CD34+ cells
was 6.8 x 10° (5.0-7.8 x 10%/kg r.b.w.) (Table 5).

Mobilization side effects

G-CSF toxicity was mild and occurred in 125/211 donors (59%). In
most cases, it manifested with malaise, muscle, bone and joint pain.
Headaches were noted in 50 donors and dyspeptic disorders in 5 cases
(nausea, epigastric pain and diarrhoea).

Side effects developed after the addition of plerixafor in
92 donors (43%); 26 of them had no previous toxic effects from
G-CSF administration. The most common adverse effects were mild
to moderate nausea, headache, bone, joint, muscle pain and diarrhoea
(Table 6). Other side effects were much less common, and their sever-
ity was mild. The frequency of side effects among donors who

received 0.24 mg/kg of plerixafor was significantly higher: 58 cases

out of 106 (55%) versus 34 out of 105 (32%) who had received a
lower dose of plerixafor (p-value 0.001). There was significant
decrease in the frequency of nausea (p-value 0.041), headache
(p-value 0.029), paresthesia (p-value 0.033) and subcutaneous tissue
swelling (p-value 0.035) in the group of donors with reduced
plerixafor dose. The severity of symptoms was mild to moderate in all
cases, and there was no serious complications after plerixafor injec-
tion in both dosages. Treatment of all side effects was symptomatic, if
necessary. The development of side effects did not affect the possibil-

ity of an apheresis procedure.

DISCUSSION

The focus on plerixafor in the context of allogeneic HSC transplanta-
tion with graft modification has grown significantly in recent years
due to the possibility of obtaining a transplant with different immuno-
logical characteristics, a shorter period of donor mobilization, and the
need to optimize the dose of transfused CD34-+ cells.

Since the protocols for immunomagnetic depletion have their
own peculiarities (limit on the number of nuclear cells, TCRap+ cells,
CD19+ cells; higher doses of CD34+ cells in the primary product),

85UBD17 SUOWIWOD BA1IES1D 3(cedt dde ay) Ag peusenob a2 sajoluie O ‘88N J0 SajnI 10J AT UIUQ 9|1 UO (SUONIPUOD-PUE-SWLISIW0D A 1M Afe.q 1 |Bu1|UO//SANL) SUONIPUOD PUe SwWie | 81 89S *[6202/20/c2] U0 ARiq1TauIuO A8 ‘usweded SLBS 79 $901N0say-3 AISIBAIUN [BUI0D AQ 99ZET XOATTTT OT/I0p/W00 A | 1M Akeaqipuluoy//sdny wouy pepeojumoq 9 ‘220z ‘0Tr0sZyT



PLERIXAFOR: LOWER DOSE IN HEALTHY DONORS

859

TABLE 5 Sub-optimal mobilization and collection results

Plerixafor,
No. mg/kg CD34+ day 4 (cells/pl) CD34+ day 5 (cells/pl)
1 0.24 13 96
2 0.24 7 41
3 0.24 10 84
4 0.24 42° 141
5 0.24 25 121
6 0.24 11 45
7 0.24 42 36
8 0.24 16 104
9 0.24 8 44
10 024 2 32
11 012 19 59
12 0.12 11 55
13 012 5 68
14 012 14 43
15 012 5 33
16 012 3 39

Vox Sanguinis qg_j% oy | 859

Apheresis, Processed Collected Collected
min TBV CE2 CD34+ x10° CD34+ x10%kg rb.w.
407 3.1 368 461 7.8

211 3 733 393 6

316 2.2 57.9 469 77

216 1.8 51 759 6.3

228 1.9 46.6 547 7.8

304 2.7 529 296 6.6

329 3.4 62 306 5

332 2.1 89 1308 7.2

327 2.8 64.3 324 74

287 3.4 82 267 6.5

316 2.6 725 540 7.1

272 3.2 55.3 355 5.9

296 3.6 57.3 538 7.6

334 2.9 56.3 341 7.4

211 21 49.5 125 5.6

258 3.1 43.6 185 5.8

?Recipient body weight (r.b.w.) 2119 kg.

TABLE 6 Frequency of side effects after administration of
plerixafor

Plerixafor Plerixafor

0.12 mg/kg 0.24 mg/kg
n = 92 donors?® (n = 34) (n = 58) p-value
Nausea 6 16 0.041
Headache 3 11 0.029
Paresthesia 2 10 0.033
Tissue swelling 1 8 0.035
Bone and joint pain 6 6 1.0
Diarrhoea 15 25 0.113
Malaise 5 6 1.0
Vomiting 0 4 0.121
Dizziness 0 2 0.498
Hypersalivation 0 3 0.246
Stomach ache 1 5 0.212
Hypertension 1 1 1.0
Flatulence 1 1 1.0

250% of donors had a combination of different side effects.

most centres that actively use this method of graft processing have
developed their own protocols of SCT mobilization. For example,
Rutella et al. classified donors as ‘poor mobilizers’ with indications for
plerixafor if the number of CD34+ cells in the PB by the 4th day of
mobilization did not reach 40 cells/pl and/or the predicted dose of
CD34+ cells per recipient weight in the apheresis product was less
than 12 x 10° [19]. Similar data were published by Jaiswal et al.,
according to whose protocol donors with less than 50 cells/pl by the

4th day of mobilization with G-CSF were stratified as

mobilizers’ with indications for plerixafor [20]. The possibility of

‘poor

plerixafor dose reduction in the context of the mobilization of autolo-
gous HSCs was of interest to some authors. Sanikommu et al. used
reduced dose of plerixafor in combination with G-CSF for mobilization
of HSC in adult patients with plasma cells disorders [25]. Since the
median body weight of these patients was 88 kg (62.4-149.5 kg), it
can be easily calculated that the dose of plerixafor varied between
0.19 and 0.08 mg/kg, and the number of collected CD34+ cell did not
differ between the groups of patients. Gutiérrez-Aguirre et al. con-
ducted a ‘proof-of-concept’ study to evaluate the efficacy of reduced
dose of plerixafor (0.12 mg/kg) in the mobilization protocol for adult
patients with lymphomas and multiple myeloma [22]. The authors
showed that a reduced dose of plerixafor was sufficient for effective
mobilization in 85% of patients. If we consider that there are no sig-
nificant differences in the peak CD34+ values when using plerixafor
doses below 0.24 mg/kg in heavily pretreated patients with, it is pos-
sible to conclude that a lower dose of plerixafor in combination with
G-CSF would be sufficient for mobilization for healthy donors as com-
pared with 0.24 mg/kg.

Since March 2018, we began to use a reduced dose of
0.12 mg/kg s.c. in the case of a poor or sub-optimal mobilization in
healthy allogeneic haploidentical donors, detected on the 4th day of
G-CSF administration, instead of the standard conventional dose of
plerixafor (0.24 mg/kg). When comparing the results of mobilization
and apheresis obtained after the administration of 0.12 mg/kg of
plerixafor with a similar historical control group, treated with
plerixafor at a dose of 0.24 mg/kg, no statistically significant differ-
ences were detected. Thus, the median multiplicity of CD34+ cells in
the PB between days 4 and 5 was 6.1 and 6.6 times in the study and
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historical control groups, respectively, which is slightly lower than the
8-fold increase described by other authors [19, 20]. In the apheresis prod-
uct, with comparable medians of CD34+ cells concentration (0.75% and
0.77%, respectively) and collection efficiency (65% and 66%, respectively),
the amounts of collected CD34+ cells in the study group were slightly
higher than in historical control, but the difference did not reach statistical
significance, which could be explained by insignificant differences in the
medians of body weight of the recipients.

When comparing the effect of plerixafor in those subgroups of
donors that differed in the level of response to G-CSF stimulation, the
‘poor mobilizers’ were expectedly characterized by a lower level of
CD34+ cells in the PB and CD34+ cell concentration in the apheresis
product after the addition of plerixafor. At the same time, there
was no dose-dependent differences within each subgroup (all
p-values > 0.05), which confirms the validity of our hypothesis.
The cumulative risk of sub-optimal collection (<8 x 10%/kg r.b.w.)
was relatively low and did not depend on the plerixafor dosage.

The use of plerixafor was quite safe. Side effects that could be
attributed to plerixafor were noted in 92 donors (43%). The manifes-
tation of symptoms was mild to moderate in most cases, which is con-
sistent with published data [14-17]. At the same time, the frequency
of side effects among donors who received 0.24 mg/kg of plerixafor
was significantly higher: 58 cases out of 106 (55%) versus 34 out of
105 (32%) who received the lower dosage of plerixafor (p-value
0.001). Statistically significant differences in the frequency of occur-
rence of side effect have been proven for nausea (p-value 0.041),
headache (p-value 0.029) and paresthesia (p-value 0.033). Since about
60% of stem cell donors experience G-CSF toxicity, reducing the like-
lihood of new additional unpleasant effects being added may be very
important.

In conclusion, based on the present study for the combined
use of plerixafor in conjunction with G-CSF in a cohort of healthy
haploidentical allogeneic donors, the use of lower doses can be
recommended. Our data were obtained with paediatric cohort of
recipients with the average weight of the donor being higher than
that of the recipient. This may be a limitation for the approach to
be used in adult transplantation and needs further investigation.
The risk of ineffective mobilization and apheresis did not show a
significant dependence on the dose of plerixafor, and, despite the
absence of differences in the severity of side effects, the toxicity
profile of the lower dose of plerixafor was favourable. This
approach requires controlled randomized trials to confirm both
efficacy and safety.
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Transfusion double whammy? Adrenaline-takotsubo-
anaphylaxis-Kounis complex post transfusion?
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Abstract

Background and Objectives: The adrenaline-takotsubo-anaphylaxis-Kounis, or the
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ATAK complex, where there are clinical and pathophysiological overlaps between
takotsubo and Kounis syndromes, in which histaminergic, adrenergic and other media-
tors may play roles, was recently described. The objective of this report was to describe

three cases where the ATAK complex was suspected to have occurred after transfusion.
Funding information

None Materials and Methods: Three cases were recently reported to the New Zealand

Blood Service haemovigilance programme that appeared to have features in common
suggestive of the ATAK complex.

Results: All three patients had had a blood component transfused, an initial severe
allergic reaction, treatment with adrenaline or a congener, subsequent acute left ven-
tricular failure or transfusion-associated circulatory overload, and features suggestive
of takotsubo cardiomyopathy.

Conclusions: Although rarely described, transfusion-associated ATAK complex may be
occurring more often than believed. Circumstances during a transfusion may predispose
to it. It should be suspected if the sequence of events described above occur. Its charac-

teristics need to be better understood. Risk factors for it may be modifiable.
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ATAK complex, Kounis syndrome, takotsubo syndrome, transfusions

Highlights

e Transfusion-related severe allergic reactions may quickly develop into transfusion-associated
circulatory overload in some patients.

o The features are suggestive of the recently described adrenaline-takotsubo-anaphylaxis-

Kounis or ATAK complex.

INTRODUCTION

Three patients with common features showed a rare sequence of
transfusion-associated adverse reactions (henceforth, reactions or reac-
tion). Initially, all had respiratory and other features suggesting severe
allergic reactions. They were treated as such. Shortly afterwards, the
nature of the reactions changed to resemble transfusion-associated cir-

culatory overload (TACO). None fitted a recognized reaction category.® 2

CASE 1

A 71-year-old female with platelet count less than 10 x 10%/L (proba-
ble immune thrombocytopenic purpura) received an ABO-identical,
non-pathogen-reduced, 7-day-old unit of pooled platelets in platelet
additive solution. Pre-transfusion temperature (T) was 36.3°C, heart
rate (HR) 96 beats/min, blood pressure (BP) 138/82 mmHg, respira-
tory rate (RR) 17/min and peripheral oxygen saturation (SpO,) 97%
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ATAK COMPLEX POST TRANSFUSION

on room air (RA). After 230 ml of transfusion, she developed breath-
lessness, restlessness, extensive skin rash, chills, rigours, hypotension
(BP = 78/62 mmHg), tachycardia (HR = 103 beats/min), tachypnoea
(RR = 29/min) and hypoxia (SpO, = 95% on O, at 6 L/min). She was
given metaraminol for the hypotension. Shortly afterwards, her obser-
vations were T = 36°C, HR = 145 beats/min, BP = 201/148 mmHg,
RR = 31/min and SpO, = 90% on RA. The electrocardiogram (ECG)
showed segment elevation in the anterior leads, and troponin T and
B-natriuretic peptide (BNP) were elevated (510 ng/L and 953 pg/ml,
respectively). Chest X-ray (CXR) taken 30 min post the event showed
no pulmonary oedema. A chest CT scan taken 6 h post the event
showed bilateral apical and lower lobe ground-glass attenuation,
suggesting haemorrhage or oedema. Trans-thoracic echocardiography
9 h after the event was suggestive of a new takotsubo cardiomyopa-
thy with an estimated left ventricular (LV) ejection fraction (EF) of
40%-45% (Figure 1). CT coronary angiography 10 days post the event

showed normal coronary arteries.

CASE 2

An 89-year-old female presented with breathlessness of short dura-
tion. Initial observations were T = 36.2°C, HR = 89 beats/min,
BP = 180/65 mmHg, RR = 23/min and SpO, = 100% on RA. CXR
taken shortly after admission showed clear lungs, normal cardiac size
and no pleural effusions. Baseline blood results were consistent with
iron-deficiency anaemia (haemoglobin 76 g/L, mean corpuscular vol-
ume 80 fl, mean corpuscular haemoglobin 24 pg, serum ferritin
14 pg/L and transferrin saturation 4%). She was admitted for an
elective red blood cell (RBC) transfusion. She also had type 2 diabe-
tes mellitus (T2DM), hypertension, hyperlipidaemia, osteoarthritis,
gout, cataracts and glaucoma.

RBC transfusion (ABO-identical, 20-day-old) started 8 h post
presentation. Pre-transfusion observations were T = 36.7°C,
HR = 88 beats/min, BP = 210/75 mmHg, RR = 28/min and
SpO, = 93% on RA. After 40 min and 57 ml of the transfusion, she
became breathless, tachypnoeic, wheezy, desaturated, hypoten-
sive (systolic BP = 60-70 mmHg) and febrile (T = 38.5°C), but
there was no skin rash.

Adrenaline (1 mg im x 2), hydrocortisone 100 mg and fluids
intravenously (iv) were given for anaphylaxis. CXR taken 30 min
post the event showed small volume lungs, bilateral, confluent air-
space opacities consistent with acute LV failure but no card-
iomegaly. During pre-intubation laryngoscopy, foamy material, but
no oedema, was seen in the oropharynx. CXR taken in the inten-
sive care unit (ICU) 90 min later showed bilateral, extensive and
confluent opacities. She was given esmolol 20 mg iv (because
HR = 130 beats/min and BP = 210/130 mmHg), became hypoten-
sive, and was given further adrenaline. In the ICU, she needed cir-
culatory support with noradrenaline and vasopressin, and
piperacillin + tazobactam for persistent fever. Clinical and radio-

logical improvement started within 24 h. The next day, she was
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FIGURE 1 Case 1 (a) Chest X-ray taken 30 min after the initial
allergic reaction. The lung fields are clear, and there is nothing to
suggest pulmonary oedema. (b) Contrast-enhanced chest CT taken

6 h after the initial reaction, showing ground-glass attenuation in both
lower lobes with nodular foci. The overall appearance, taken in
context, is suggestive of pulmonary oedema or haemorrhage.

(c) Transthoracic echocardiogram, apical four-chamber view, 9 h after
the event, suggestive of regional wall motion abnormalities (left
ventricular apical hypo-/dys-kinesia and basal hyper-kinesia), leading
to the ‘takotsubo’ (octopus pot) appearance (arrows)

extubated, but she still needed intermittent respiratory support

following discharge to the ward.
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Serologic anomalies suggestive of a haemolytic transfusion reac-
tion and evidence of bacterial contamination of the transfusion were
absent. Patient blood cultures were negative. There was evidence of
stage 2 acute kidney injury, likely secondary to hypoperfusion (serum
creatinine 90 pmol/L at admission rising to 160 pmol/L 2 days later).
Troponin T rose from 28 ng/L on admission to 243 and 1139 ng/L at
3 and 11 h post the event, respectively, with no cardiac ischaemia
symptoms or new ECG changes (there was evidence of a chronic left
bundle branch block). This was considered to be consistent with type
2 NSTEMI. Trans-thoracic echocardiography 18 h post the event
showed moderate left atrial dilatation and global LV impairment with
estimated LVEF of 35%-40%, significant mitral regurgitation, and mild
aortic stenosis and tricuspid regurgitation. N-terminal pro-BNP at
admission was 507 pmol/L (suggesting heart failure). No post-event

result was available.

CASE 3

A 42-year-old male with spondylodiscitis, myositis, gluteus maximus
abscesses, end-stage renal failure (ESRF), anaemia secondary to ESRF,
T2DM, peripheral neuropathy, chronic diarrhoea, gout, hyper- and
dys-lipidaemia, cardiomyopathy and raised BMI with a baseline
haemoglobin of 69 g/L was receiving an ABO-identical, 20-day-old
RBC transfusion. Pre-transfusion observations were T = 36.2°C,
HR = 81/min, BP = 108 beats/42 mmHg, RR = 18/min and
SpO, = 99% on RA. After about 1 h and 246 ml of the transfusion, he
developed a choking sensation in the throat (but not shortness of
breath initially) and abdominal and left-sided chest pain, and he
became anxious, restless and nauseous. Later, he developed extensive
flushing, dyspnoea, increased work of breathing, bilateral wheezes,
chills and rigours. He had no skin rash or oro-pharyngeal or peripheral
oedema. At this point his observations were T = 37.9°C, RR = 25/
min, SpO, =79% (RA), HR = 108 beats/min and BP = 158/
60 mmHg. He was given 0.5 mg adrenaline im, 5 mg salbutamol nebu-
lized, 10 mg loratadine orally and 100 mg hydrocortisone iv for ana-
phylaxis. ECG was normal. CXR taken 50 min post the event showed
a new atelectatic band in the left mid-zone and prominent pulmonary
arteries with upper lobe redistribution, but no air-space shadowing,
pleural effusions or cardiomegaly. The next day he was found to have

bilateral basal chest crepitations. Echocardiography was not done.

DISCUSSION

Our cases suggest that initial severe allergic reactions can sometimes
quickly change to TACO and may be examples of the recently
described adrenaline-takotsubo-anaphylaxis-Kounis (ATAK) complex.
Takotsubo syndrome (TS) is a well-recognized cause of acute
reversible heart failure often precipitated by ‘stressors’ such as sud-
den BP drops, asthma attacks, medical procedures, pain, surprises and
so on. It is especially common in post-menopausal women. The defin-

ing feature is regional ventricular dysfunction, causing characteristic

echocardiographic abnormalities. Atherosclerotic coronary artery dis-
ease is absent, but ECG and biochemical features often suggest car-
diac ischaemia. Symptoms include chest pain, breathlessness,
dizziness and other features of heart failure.®

Catecholamines (e.g., noradrenaline) and stress-related neuro-
peptide Y are believed to play central roles in TS causing not only
cardio-inhibitory effects but also acute microvascular dysfunction.®
Interestingly, asthma exacerbation, especially after treatment (short-
acting B2 adrenergic receptor agonist, adrenaline and intubation), is
well described as a TS trigger.* ®

Kounis syndrome (KS) is an acute coronary syndrome precipitated
by severe allergic events. In KS, it is postulated that mast cell mediators
such as histamine, platelet-activating factor, cytokines, and so on cause
coronary artery spasm, atheromatous plaque rupture or coronary artery
stent thrombosis. Many drugs, foods, and so on—although not yet blood
or its derivatives—have been implicated. Clinical, biochemical, ECG and
angiographic features overlap allergic reactions and cardiac ischaemia.

Lately, the ATAK complex, which overlaps TS and KS, has been
described. Exogenous adrenaline may also play a role.” Recent reports
include a female aged 60 years receiving gelofusine who became
breathless and sweaty and received adrenaline; a male aged 48 years
in Addisonian crisis treated with steroids and noradrenaline; and a
44-year-old anaesthetised female who received adrenaline for peri-
anaesthesia anaphylaxis.® ¢

Our patients showed initial features of significant allergic reactions.
One had extensive rashes; another, significant hypotension; the third,
bilateral wheezes and a choking sensation. Two patients received RBC
and one patient received platelets. Two received adrenaline, and the
third metaraminol (a direct a-1 and an indirect f-1 adrenoreceptor ago-
nist). CXR in all was consistent with TACO. In one, there was also echo
evidence of TS. In another, echocardiography was done 18 h post the
event and global LV impairment was seen. In the third, echocardiogra-
phy was not done. Early echocardiography is recommended because
changes can be transient. Mitral regurgitation (as seen in one) is known
in TS, and CXR may show features of pulmonary oedema, cardiomegaly
and upper lobe diversion (as seen in all our patients).** 12

We came across one other similar transfusion-associated case. A
48-year-old female developed acute reversible heart failure with TS
features and urticaria while receiving platelets. Adrenaline was not
given. The authors suggested combined histaminergic and (endoge-
nous) adrenergic elements, causing the cardiac effects.®

In conclusion, some transfused patients, some or all of the follow-
ing may occur together (the ‘perfect storm’):

1. Borderline cardiac function

2. Catecholamine release (secondary to stress of the underlying
disorder, the transfusion or the reaction to it)

3. Histamine release (in allergic reactions)

4. Treatment with adrenaline

5. Volume overload.

This may cause the ATAK complex and TACO. An epidemiological
study on KS-associated TS suggests that older people, females, non-
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Whites, hypertensives and the dys-lipidaemics may be at risk.**

Although rarely described in transfused patients, they may be at par-
ticular risk. Transfusion-associated ATAK complex (TAAC) should be
considered in patients with the following sequence: severe allergic
reactions, treatment with adrenaline or congener and TACO. TAAC
may be occurring more often than is known. Its incidence, patho-
physiology, transfusion correlates and clinical course need to be bet-

ter understood.
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Breast milk contains red cell isohaemagglutinins: Doubts

and dilemmas

I am writing this letter in response to the article published by Kumar
et al. [1]. Although the study consists of nice data, there are few ques-
tions that remain unaddressed. Herein | would like to highlight those
areas that could pave the way for future research on this interesting

topic.

1. The antibody titres were estimated in breast milk by column agglu-
tination technology (CAT), but breast milk is not included in the
standard sample acceptance criteria for CAT. The micro-columns
using glass beads as the column ingredient or presence of polyeth-
ylene glycol in the cassettes could interact with the paraprotein
present in breast milk and give false-positive results, which might
lead to overestimation of the ABO antibody levels. Therefore, it
would be better to use conventional tube technique rather than
CAT until satisfactory validation data are available for antibody
titration in breast milk.

2. Although the method for testing the levels of ABO immunoglobu-
lin isotypes in elutes was intriguing, it would have been further
appreciated if the IgG subtypes were classified. It is reported that
foetal anaemia correlates well with the maternal IgG1 and 1gG3
alloantibodies [2] but due to some unknown reasons, 1gG2 anti-
bodies, which poorly activate complement, are commonly formed
against carbohydrate A and B antigens [3]. Therefore, estimation
of 1gG subtypes in breast milk might help in predicting the clinical
significance of ABO antibodies.

3. The FcRn plays a central role in establishing humoral immunity in
mammalian offspring, but there remain the species-specific differ-
ences. In humans, most of the maternal IgGs are transmitted by
placental transfer, whereas in rats and mice uptake of IgG predom-
inantly occurs across the intestine via FcRn-mediated pathway [4].
Therefore, one must remain mindful before translating the murine
or rodent models to humans due to the differences in FcRn recep-
tors, which transfer IgG significantly more efficiently from intestine
to circulation than human receptors.

4. In contrast to plasma, human breast milk contains a significant
amount of IgA, which is transcytosed across the gut wall via the
polymeric immunoglobulin receptors without any involvement of
FcRn [5]. As FcRn prevents pH-dependent degradation of the
human IgG, it remains in the circulation for 19-21 days, whereas
IgA has a half-life of 5-7 days only. Therefore, the doubt remains
regarding the clinical impact of this short-lived IgA type of ABO
antibodies in neonates.

5. Finally, the maternal antibodies are transported through the
enterocytes to the portal circulation, not to the systemic circula-
tion, as mentioned by the authors. Moreover, the liver eliminates
complex macromolecules from the circulation; therefore, absorbed
immunoglobulin might be catabolized in the liver before entering
into the systemic circulation, which could further reduce the clini-

cal significance of red cell isohaemagglutinins.
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Reply to Datta: Breast milk contains red cell
isohaemagglutinins: Doubts and dilemmas

We appreciate the interest of Dr. Datta on our recently published arti-
cle ‘Breast milk contains red cell isohaemagglutinins: An observational
study of 176 mothers’ and for highlighting the many areas of research
that could be pursued on this front.

We wish, however, to clarify a few of the issues raised.

With regard to the suggestion of using the tube technique as
opposed to the column agglutination technology platform for testing
breast milk, while we agree with the author that validation data of
the same are not available for the latter, neither is there data of test-
ing breast milk using the tube technique. Breast milk is an unusual
sample used in the setting of detecting isohaemagglutinins. This has
been recognized by Leonard et al., who compared the two platforms
in his publication and found similar results [1]. Our study describes
the use of negative controls with every breast milk sample to ensure
that no non-specific positivity interfered with our interpretation, a
concern raised by the author. However, we do agree that a formal
validation of the same would offer greater confidence when using
breast milk for testing on either of these platforms.

The title of this study is self-explanatory, in that it demon-
strated breast milk ‘contains’ red cell isohaemagglutinins [2]. The
testing for immunoglobulin types was directed towards demon-
strating 1gG in breast milk, and it was a deliberate decision to not
define subtypes at this stage, particularly as clinical follow-up was
hampered by the pandemic. We are in full agreement with the
author that demonstrating subclasses coupled with neonatal
assessments will definitely enhance our understanding of the clini-
cal significance of the IgG antibodies identified.

The author provides a strong theoretical explanation regarding differ-
ences between rodents and humans in terms of antibody transfer, and
also highlights the complexities of absorption and processing in humans
through the portal circulation, which could render many of these anti-
bodies clinically insignificant [3]. As mentioned in our paper, a major limi-
tation was the inability to follow-up neonates due to the pandemic.
However, earlier literature from our institution, as well as the paper by
Leonard et al., have clearly demonstrated the transfer of alloantibodies to
neonates via breast milk, the presence of these antibodies in neonate
serum, and in most instances causing significant haemolysis well past
1 month of life [1, 4]. We thank Dr. Datta for his insightful comments.
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Massive transfusion protocols during the COVID-19 pandemic

Recently, Yang and colleagues [1] described the impact of the
COVID-19 pandemic on massive transfusion protocol (MTP) activa-
tions at a trauma centre. The authors experienced no change in the
number of MTPs activated during the pandemic. Likewise, our previ-
ous study [2] found that 60% of surveyed institutions (n = 50) across
the United States had no change in activations, while 24% experi-
enced an increase in monthly MTP activations compared to the same
period before the pandemic. Persistent activation of the MTP at pre-
pandemic levels, and an increase at some hospitals, may not only
reflect differences in region- and nation-specific virus control mea-
sures but also demonstrates the impact of societal pressures on hospi-
tal workflow and the character of traumas.

The authors discovered there was an increased amount of time
from MTP initiation until the first unit was transfused. Their hypothesis
was that the use of enhanced personal protective equipment required
more time. Despite this increased time, no significant change in the
amount of blood product wastage was observed. In contrast, our study
found that 27% of institutions experienced increased wastage, with mul-
tiple institutions attributing this to staffing shortages leading to poor
product handling [2]. To that end, if indeed there were challenges in
maintaining adequate staff in Taiwan, these issues may have contributed
to the increased time from MTP activation to transfusion as well; this
underscores the importance of an adequately trained trauma care staff.

Additionally, the authors report that most traumas that required
an MTP activation were due to motor vehicle trauma [1]. We analysed
the number of road traffic accidents, injuries and fatalities in Taiwan
[3] based on the authors’ study time-period. Despite an average of
almost 25% fewer traffic accidents (31,341 vs. 23,560), approximately
25% fewer traffic injuries (41,972 vs. 30,990), and 8% fewer fatalities
(159 vs. 146) during the pandemic compared to earlier times, the
reported number of MTP activations did not change. This may be
related to increased high-speed open road accidents, as seen among
some international drivers during the pandemic [4], as opposed to
more minor ‘fender-bender’ type incidents, given the reduced road
traffic during quarantines. Moreover, recent literature has also
described an increase in drug and alcohol use as well as a reduction in
law enforcement staff internationally, contributing to an increase in
both severe accidents [5] and violent crime, as seen in the
United States. While specific details of traffic accidents are not cap-
tured in the Taiwanese database, the impact of the pandemic on daily
life cannot be ignored. Understanding developing blood supply and

staffing issues, as well as the nature of trauma during a pandemic,

should inform services about the importance of adequate prepared-

ness for continued MTP activations.
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Reply to Jacobs et al.: Massive transfusion protocols during

the COVID-19 pandemic

We thank Jacobs and colleagues for their comments on our article ‘The
impact of the COVID-19 outbreak on activation of the massive transfu-
sion protocol in the emergency department’ [1]. Jacobs and colleagues
found that half of the 50 surveyed institutions had no change of
monthly massive transfusion protocol (MTP) activation in the previous
study [2], which was similar to our results. Jacobs and colleagues also
analysed the number of traffic accident cases according to the nation-
wide database released by the Ministry of Transportation and Commu-
nications, Taiwan, as our study found that the most common reason for
triggering MTP for traumatic cases was motor vehicle accidents. They
found that traffic accidents were seemingly fewer in our study period of
COVID-19 outbreak. However, our study was performed in single medi-
cal centre, which had an MTP in northern Taiwan. Hence, it may be
somewhat difficult to explain totally why there was no remarkable
change in the monthly MTP activation before and during COVID-19
outbreak in our study. Furthermore, we have read the article by Jacobs
and colleagues with high interest and found that 12 of the 50 surveyed
institutions had experienced an increase of monthly MTP activation
since the COVID-19 pandemic began in the United States (March 2020)
compared to the pre-pandemic period [2]. Though the aetiology of MTP
activation was not disclosed in this survey, the increase of monthly MTP
activation may be due to the increasing cases of gun-violence-related
deaths and injuries in the recent 2 years (gun-violence-related deaths:
43,652 in 2020 and 44,912 in 2021; gun-violence-related injuries:
39,519 in 2020 and 40,540 in 2021) as disclosed in the Gun Violence
Archive [3]. In contrast, most Taiwanese citizens are not allowed to have
guns because of the ‘Controlling Guns, Ammunition and Knives Act’.
These could explain why the most common cause of MTP activation for
traumatic cases in our study was due to motor vehicle accidents rather
than trauma due to violence. As a result, the strategies for MTP and
patient management could vary from country to country.

Noteworthy, Jacobs and colleagues wondered whether the
increased interval from MTP activation to transfusion was associated
with challenges in maintaining adequate staff in Taiwan. The COVID-
19 outbreak in mid-May 2021 mainly happened in northern Taiwan
and a majority of COVID-19 patients with severe iliness were admit-
ted to our hospital [4, 5], which was divided into the so-called ‘dirty
zone’ and ‘clean zone’ for optimized patient management. Of these,
the critical care area was set as part of the dirty zone. Medical staff
intending to enter into the critical care area should be equipped with
adequate personal protective equipment (PPE) first, including eye pro-

tection, N95 or P100 respirator and gown. As was the case with the

time-consuming process of wearing PPE, it inevitably took time to
deliver blood products into the critical care area in MTP. Importantly,
however, it ensured the staff safety in case of exposure to severe
acute respiratory distress syndrome coronavirus 2 (SARS-CoV-2) in
the dirty zone.

Finally, we appreciate this comment by Jacobs and colleagues
on our findings and hope that our work could contribute to the grow-
ing body of knowledge concerning the MTP practice during the
COVID-19 pandemic.
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In the article by Putter and Seghatchian [1], published in the July 2021 issue of Vox Sanguinis, reference 42 was incorrect. The correct reference is

as follows:

42. Harrison CN, Koschmieder S, Foltz L, Guglielmelli P, Flindt T, Koehler M, et al. The impact of myeloproliferative neoplasms (MPNs) on patient
quality of life and productivity: results from the international MPN Landmark survey. Ann Hematol. 2017; 96:1653-65.

The online version has been corrected.

The authors apologize for this error.

REFERENCE
1. Putter JS, Seghatchian J. Polycythaemia vera: molecular genetics, diagnostics and therapeutics. Vox Sang. 2021;116:617-27.

872 © 2022 International Society of Blood Transfusion. wileyonlinelibrary.com/journal/vox Vox Sanguinis. 2022;117:872.


http://wileyonlinelibrary.com/journal/vox

DOI: 10.1111/vox.13146

DIARY OF EVENTS Vox Sanguinis q:%_oj B

See also http://www.isbtweb.org/congresses/

10.2.2022 The European Hematology Association (EHA) and the European Society for Blood and Marrow Transplantation (EBMT) -
4th edition of the jointly organized European CAR T-cell Meeting.

15-16.3.2022 The IPFA/EBA Symposium on Plasma Collection and Supply will take place fully physical in Amsterdam,
the Netherlands on March 15 - 16, 2022.

23.3.2022 Eye Drops from Human Origin - First EDHO Workshop on Current Standards and Future Developments organized
by the ISBT Working Party Cellular Therapies.
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