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Abstract

Sickle cell disease (SCD) is a type of hemoglobinopathy due to an autosomal reces-

sive genetic defect, causing significant red cell sickling, multi-organ damage and long-

term severe morbidities. Due to its complicated care and the impact on quality of life,

a curative treatment for SCD is highly desirable. In recent years, gene therapy is

emerging as a curative option for SCD, where autologous haematopoietic stem cells

are collected from SCD patients and genetically modified ex vivo to reduce its sick-

ling tendency before reinfusion. Although still largely investigational, a limited num-

ber of gene therapy options have been recently granted approval for SCD patients.

Published data are still currently limited, but early studies have so far demonstrated

the intended outcomes of less vaso-occlusive crisis and haemolysis. Nonetheless,

despite its curative potential, larger clinical trials and longer follow-up period are still

necessary to evaluate the safety of this treatment option, especially the risk of unin-

tended genetic modifications. Furthermore, SCD patients frequently have limited

access to specialty care; hence, the issues of affordability and accessibility to SCD

gene therapy must also be addressed for it to benefit the appropriate patient

population.

Keywords
gene editing, gene therapy, haematopoietic stem cells, sickle cell disease

Highlights
• Gene therapy is potentially a curative treatment for sickle cell disease.

• Early findings show lower occurrence of vaso-occlusive crisis and reduced haemolysis,

although longer follow-up is still necessary to evaluate adverse effects.

• The cost of gene therapy will be a significant barrier to its accessibility.

INTRODUCTION

Sickle cell disease (SCD) is a type of hemoglobinopathy with an auto-

somal recessive genetic inheritance. The required genetic defect in

SCD is the HbS allele, which arises from a point mutation in the HBB

gene that results in the substitution of glutamate (hydrophilic) to

valine (hydrophobic) at the sixth amino acid residue of the β-globin

chain. In addition to the HbSS genotype, clinical manifestations of

SCD are also seen when HbS is inherited with other HBB mutations in

a compound heterozygous manner, such as HbSC, HbSβ0-thalassemia

or HbSβ+-thalassemia. HbS haemoglobin tends to polymerize under

low oxygen tension, leading to sickled red cells with reduced deform-

ability and survival. When a significant proportion of red cells sickle,

this can occlude blood vessels, especially in microvasculature, causing

either severe pain episodes known as vaso-occlusive crisis (VOC) or

end organ damage. Any organ can be affected by SCD; when signifi-

cant occlusion occurs in pulmonary or brain microvasculature, it can

respectively lead to acute chest syndrome or acute stroke, which are

medical emergencies. SCD patients also experience chronic haemoly-

sis due to the abnormal red cells with shortened lifespan—the
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resulting free heme leads to production of cytokines and chronic sys-

temic inflammation [1]. Overall, SCD affects multiple organ systems,

often with long-lasting morbidity.

CURRENT TREATMENT OPTIONS FOR SCD

Treatments for SCD have been limited, with only four drugs currently

Food and Drug Administration (FDA)-approved for SCD (Table 1) [2].

Of these, hydroxyurea is the first-line treatment and is effective in

reducing SCD pain symptoms, although continuous long-term use and

careful dose escalation are required for clinical response [3]. Due to

its myelosuppressive effect, patients on long-term hydroxyurea must

be monitored appropriately. Notably, the benefit of hydroxyurea is

unclear with the HbSC or HbSβ+thalassemia genotypes. Furthermore,

it is insufficient in preventing other complications, such as stroke

[4, 5]. Therefore, many SCD patients still rely on frequent red cell

transfusions for symptom control; for example, effective stroke pre-

vention in SCD requires long-term chronic red cell transfusion therapy

[6, 7]. Because simple chronic red cell transfusions can lead to iron

overload with its associated organ damages, many SCD patients need

to go on automated exchange transfusion programme to avoid iron

overload. Chronic red cell exchange transfusions require large number

of red cell units, exposing patients to a high risk of alloimmunization to

red cell antigens that can lead to increased difficulties with obtaining

compatible red cell units over time. Altogether, SCD care and treatment

can be complicated and costly, with significant impact to the patient’s

quality of life; as such, a curative treatment is highly desirable.

Allogeneic haematopoietic stem cell transplant (HSCT) is one way

to correct the genetic deficiency in SCD. Although post-transplant

GVHD remains a concern, an international retrospective survey

reported excellent 5-year and overall survival rates at 91.4% and

92.9%, respectively, when performed with an HLA-identical donor

sibling [8]. The current guidelines from the American Society of Hae-

matology conditionally recommend HSCT only for SCD patients with

severe complications (such as stroke, recurrent acute chest syndrome)

and have HLA-identical donor siblings [9]. Unfortunately, only a

minority of HSCT recipient candidates are expected to have HLA-

identical donor siblings [10], while alternative haploidentical or

matched unrelated donors for SCD treatment are only used in the

context of clinical trials and may be associated with worse survival

outcome when compared with HLA-identical sibling [11]. In addition

to GVHD, development of donor-specific red cell antibodies, which

could have clinical effects ranging from asymptomatic to severe hae-

molysis, should also be considered as a post-transplant complica-

tion [12]. This is because post-transplant mixed chimerism has been

frequently observed for SCD patients who underwent HSCT with

either myeloablative [13] or non-myeloablative conditioning [14] and

may lead to development of donor-specific red cell antibodies

because red cell antigen matching is not usually considered in HSCT.

GENE THERAPY STRATEGIES IN SCD

In recent years, gene therapy has emerged as an alternative to alloge-

neic HSCT for curative treatment of SCD. Using this strategy, autolo-

gous haematopoietic progenitor cells (HPCs) from an SCD patient are

collected and genetically modified ex vivo to reduce its sickling ten-

dency (Figure 1). Patients undergo conditioning chemotherapy before

infusion of these genetically modified cells to repopulate the marrow.

The use of autologous HPCs mitigates the risk for GVHD. While this

treatment option was previously only available through participation

in clinical trials (Table 2), a limited number of gene therapy options

have been recently approved for SCD patients with history of VOC

events including exagamglogene autotemcel (exa-cel) and lovotibeglo-

gene autotemcel (lovo-cel) in the United States, exa-cel in the

United Kingdom. However, accessibility to these approved options

remains limited to highly specialized treatment centres.

Different genetic modification strategies may be used for gene

therapy and may include gene addition (where additional genetic

material is introduced into the cells), gene editing (where

genetic material in the cells is directly modified) or gene correction

(where genetic material in the cells is both directly modified and new

genetic material is introduced). The interim analysis of 35 patients

who received lovo-cel during its investigation phase is by far the larg-

est peer-reviewed published cohort study on gene therapy for

T AB L E 1 Mechanism of action and clinical effects of the
currently FDA-approved drugs for SCD.

Drug Mechanism of action Clinical effect

Hydroxyurea Stimulation of fetal

haemoglobin

production

Reduced frequency

of VOC [4, 5]

L-glutamine Exact mechanism unclear,

but L-glutamine uptake

is increased in sickle

cells and oral

administration of

L-glutamine may

reduce adherence of

sickle cell to

endothelium

Reduced frequency

of VOC [42]

Crizanlizumab Humanized monoclonal

antibody to P-selectin;

expression of

P-selectin on

endothelium mediates

adherence of sickle

cells and development

of VOC, which is

inhibited by

crizanlizumab

Reduced frequency

of VOC [43]

Voxelotor Inhibitor of HbS

polymerization by

reversibly binding to

haemoglobin and

stabilizing its

oxygenated state

Increased

haemoglobin

levels and

reduced

haemolysis [44]

Abbreviations: FDA, Food and Drug Administration; SCD, sickle cell

disease; VOC, vaso-occlusive crisis.
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SCD [15]. Lovo-cel is based on a gene addition strategy, where a copy

of the modified β-globin gene HbAT87Q, which sterically prevents

red cell sickling, is introduced into the cells by lentiviral transduction.

Eligibility criteria to the non-randomized, open label, single-dose trial

included SCD with genotypes of either HbSS, HbSβ0 or HbSβ+, and

recurrent VOC episodes; the primary outcome evaluated was resolu-

tion of VOC. All 35 patients described in the interim analysis achieved

engraftment with the genetically modified cells. Among the 25 patients

who could be evaluated for VOC for at least 6 months post-infusion,

all but two patients had no recurrence of VOC episodes; the two

patients who continued to have VOC experienced these episodes

with reduced severity and frequency.

Gene editing is a different genetic modification strategy and has

been used to disrupt haemoglobin F (HbF) repression, which conse-

quently increases the expression of HbF. This may be achieved either

by preventing the expression of BCL11A (HbF repressor) or by pre-

venting repressor binding at the HBG1 and HBG2 (γ-globin) gene pro-

moters. Although hydroxyurea may be used to increase HbF

expression, the increase achieved through gene therapy happens at a

greater magnitude and without the hydroxyurea-associated myelo-

suppression effect. Furthermore, while the induction of HbF by

hydroxyurea tends to be uneven across circulating red cells, gene edit-

ing ensures a more even and broader distribution of HbF per red cell.

Instead of total HbF concentration, the proportion of HbF-expressing

Reinfusion

modified HPC

HbAT87Q

CRISPR-Cas9 shRNA

variant haemoglobin
Increase of fetal

haemoglobin

↓Vaso-occlusion
↓Haemolysis

IMPROVED SYMPTOMS: SICKLE CELL
DISEASE

↑Vaso-occlusion 

   organ systems

↑Haemolysis

β

Ex vivo

of autologous

progenitor
cells (HPC)

F I GU R E 1 Key stages in the process of gene therapy. Genetic modification strategies used for sickle cell disease treatment have included:
(1) lentiviral expression of variant haemoglobin with reduced sickling tendency; (2) disruption of fetal haemoglobin repression using CRISPR-Cas9
or shRNA in order to increase its expression; (3) direct correction of the β-globin gene mutation using CRISPR-Cas9.
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cells and individual cellular HbF content are better predictors of anti-

sickling effect [16]. Two different gene editing methods to eliminate

BCL11A expression have been evaluated in clinical trials—one method

utilized the CRISPR-Cas9 system to knock out BCL11A (CLIMB-SCD

121 trial, NCT03745287), now approved as exa-cel for use in the

United States and United Kingdom [17, 18], while another used short

hairpin RNA interference to inactivate BCL11A transcription

(NCT03282656) [19]. Participants of both studies were found to have

increased HbF expression per cell, reduced frequency of VOC epi-

sodes and decreased transfusion needs that persisted after 1 year.

Nonetheless, because both studies have only published detailed find-

ings from a very small number of initial trial participants, it is difficult

to conclude whether one gene editing approach is superior to the

other—the allelic editing frequency by CRISPR-Cas9 in the CLIMB-

SCD trial was reported to be 79–83% [17], while the transduction

efficiency of the short hairpin RNA was reported at 62%–100%, with

five of the six study participants having a transduction efficiency of

>90% [19]. Another method to increase HbF expression is by disrupt-

ing repressor binding sites at HBG1 and HBG2 (γ-globin) gene pro-

moters using CRISPR-Cas9 systems (NCT04443907, NCT05456880)

[20, 21]. Of the two phase 1/2 studies evaluating this strategy, peer-

reviewed published data are available for NCT04443907 (OTQ923)—

multiple editing outcomes could be simultaneously generated from

this strategy, but the most common was an intergenic deletion

producing a hybrid gene with the HBG2 promoter sequence fused to

the downstream HBG1 [20]. During its phase 1 study, OTQ923 was

infused into three patients and the allelic editing frequencies of the

infused product were approximately 80%. Across a 12-month follow-

up period, all three patients achieved persistent bone marrow engraft-

ment of the genetically modified cells, with increased and stable

expression of HbF that were broadly distributed among red cell

(69.7%–87.8% of red cells). All three patients continued to have at

least one VOC episode and mild haemolysis post-infusion, but the

severity of the clinical symptoms was reduced.

Although no peer-reviewed data so far are available, some clinical

trials are also investigating the possibility of correcting the β-globin

gene mutation directly using different methods. One method uses

CRISPR-Cas9 in combination with an adeno-associated virus type

6 (AAV6) DNA template—this first induces DNA breakage at the

β-globin gene mutation, followed by insertion of the donor AAV6

DNA template in order to correct the gene mutation [22, 23]. In a

mouse model carrying a humanized globin gene cluster, this method

of gene correction produced stable HbA production; the CEDAR trial

was initially planned to evaluate its safety and efficacy in human but

was voluntarily paused and now discontinued due to prolonged cyto-

penia in its first trial participant [24]. Another method of β-globin gene

correction is to use a modified CRISPR-Cas9 protein coupled with a

base-editing deaminase enzyme—this enables editing of the point

T AB L E 2 SCD gene therapy clinical trials listed on ClinicalTrials.gov as of 8 January 2024.

Trial number Status Phases Mechanism of action Age (years)

NCT05456880 (BEACON) Recruiting 1, 2 Gene editing on the γ-globin gene promoter to induce HbF,

using a CRISPR-Cas9 protein coupled to a base-editing

deaminase enzyme

18–35

NCT05353647 (GRASP) Recruiting 2 Gene editing using a lentiviral vector with short hairpin RNA

that suppresses BCL11A expression to induce fetal

haemoglobin

13–40

NCT04853576 (RUBY) Recruiting 1, 2 Gene editing on the γ-globin gene promoter to induce HbF,

using a proprietary CRISPR-Cas system

18–50

NCT04293185 Recruiting 3 Gene addition using a lentiviral vector that expresses an anti-

sickling β globin HbAT87Q [15]

2–50

NCT02140554 Active, not recruiting 1, 2 12–50

NCT03964792

(DREPAGLOBE)

Active, not recruiting 1, 2 Gene addition using a lentiviral vector that expresses an anti-

sickling β globin AS3 [45]

12–20

NCT03745287 Active, not recruiting 2, 3 Gene editing to suppress BCL11A expression and induce HbF,

using CRISPR-Cas9 [17, 18]

12–35

NCT05477563 Recruiting 3 12–35

NCT05329649 Recruiting 3 2–11

NCT03282656 Active, not recruiting 1 Gene editing using a lentiviral vector with short hairpin RNA

that suppresses BCL11A expression to induce HbF [19]

3–40

NCT02247843 Recruiting 1, 2 Gene addition using a lentiviral vector that expresses an anti-

sickling β globin AS3

≥18

NCT02186418 Active, not recruiting 1, 2 Gene addition using a lentiviral vector that expresses a variant

HbF

18–45

NCT04443907 Active, not recruiting 1 Gene editing on the γ-globin gene promoters to disrupt

repressor binding and induce HbF, using CRISPR-Cas9 [20]

2–40

Note: The initial search criteria used were: condition = sickle cell disease; intervention = gene; study type = interventional; only trials investigating gene

therapy with a status of ‘Recruiting’ or ‘Active, not recruiting’ are included.

Abbreviations: HbF, haemoglobin F; SCD, sickle cell disease.
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mutation without inducing DNA breakage and is thought to be more

precise. This gene correction method has been applied to the β-globin

gene to induce a non-pathogenic haemoglobin variant that is compati-

ble with HbA function [25, 26].

TREATMENT PROCESS FOR GENE THERAPY

Collection of autologous haematopoietic stem cells

The first step in gene therapy is the collection of autologous HPCs.

This can be challenging in SCD patients due to their underlying dis-

ease, necessitating modifications to the collection procedure. Given

the likelihood of cell loss during ex vivo genetic modification, the tar-

get collection yield for gene therapy is typically higher than that in

standard-of-care autologous HSCT to ensure successful engraftment.

The three anatomic sources for HPCs are peripheral blood, bone

marrow and umbilical cord. Although some of the SCD gene therapy

protocols used bone marrow harvest to collect HPCs, peripheral HPCs

collected by apheresis have become the most common source of

HPCs these days. However, as HPCs rarely circulate peripherally

under physiological condition, they must be mobilized from the bone

marrow to the periphery using mobilization agents. While granulocyte

colony stimulating factor (G-CSF) is widely used as a mobilizing agent,

it should be avoided in SCD patients due to increased risk of severe

adverse reactions, which include severe VOC, multi-organ failure and

death [27]. These may represent consequences of G-CSF-induced

hyperleukocytosis that are worsened by the underlying chronic

inflammation in SCD.

Instead, plerixafor has emerged as an alternative mobilizing agent

for SCD patients. Plerixafor is a CXCR4 inhibitor and mobilizes HPC

by disrupting the interaction between HPCs and bone marrow stromal

cells [28]. It is currently approved for HPC mobilization in patients

with multiple myeloma or non-Hodgkin’s lymphoma who will be

undergoing autologous HSCT, but its safety and efficacy as a mobiliz-

ing agent for SCD patients have been demonstrated in several phase I

clinical studies [29–32]. Specific steps were also implemented in these

studies to reduce the risk of adverse reactions during mobilization and

HPC collection, which included hydroxyurea discontinuation and reg-

ular red cell transfusions to decrease HbS level to <30% in the few

months prior to mobilization. Hydroxyurea has myelosuppressive

effect and a washout period of at least 1 month has been proposed,

although some studies discontinued hydroxyurea for a longer period

of 2–3 months prior to mobilization. Pre-mobilization red cell transfu-

sions may be performed either as simple or exchange transfusions; in

addition to reducing stress erythropoiesis, scheduled red cell transfu-

sions may also help reduce vaso-occlusive symptoms after hydroxy-

urea discontinuation prior to mobilization. Peripheral HPC collection

by plerixafor mobilization and apheresis had lower adverse reaction

rates when compared with bone marrow HPC harvest [31].

In addition to optimizing patient-specific factors, the HPC collec-

tion process will also require certain optimization specific to SCD

patients. Esrick et al reported poor collection yield in SCD patients

when apheresis was performed at the collection interface

recommended by manufacturer for routine HPC collection; however,

this was improved when collecting at a deeper interface [30]. The

mechanism for improved yield when collecting at a deeper interface is

still unknown but is thought to be related to altered cell shape and

sedimentation in SCD patients. However, while modification to the

collection interface is required, HPCs collected from SCD patients by

plerixafor mobilization are similar to HPCs collected from SCD

patients by bone marrow harvest and HPCs collected from healthy

donors by G-CSF mobilization, when compared by gene expression

profiles [29].

In addition to SCD symptoms severity and length of hydroxyurea

discontinuation, the other factors predictive of HPC collection yield

among SCD patients include patient’s age and bone marrow reserve

at time of mobilization and collection, which are similar to findings

from the general population [32]. Interestingly, HbS level did not cor-

relate with HPC collection yield [32]. Some of these factors may not

be easily modifiable and the likelihood of successful mobilization

should be taken into consideration before enrolling a patient into gene

therapy study.

Conditioning

In allogeneic HSCT for haematological malignancies, myeloablative con-

ditioning has a therapeutic anti-leukaemic effect and reduces risk of

graft rejection. While there is no concern for graft incompatibility in

gene therapy that uses autologous cells and the anti-leukaemic effect is

not indicated in SCD patients, optimization efforts from the lovo-cel

trial suggest that myeloablative conditioning may increase the expres-

sion of the therapeutic gene product [15]. Currently, most gene therapy

trials are performed with myeloablative conditioning, with the excep-

tion of NCT02186418 [33], which uses reduced intensity conditioning

and a lentiviral vector to produce the anti-sickling HbFG16D—this trial

may provide insight on how to optimize a gene therapy treatment pro-

cess without myeloablation, which may be more appropriate for

patients with existing end organ damage. Early results of this trial sug-

gested that engraftment of the genetically modified cells was possible

with reduced intensity conditioning and production of HbF comparable

with other trials with myeloablative conditioning, although one of the

three patients experienced lower engraftment and HbF production that

were attributed to sub-therapeutic melphalan [34].

Infusion and engraftment

Gene therapy trials with published findings reported engraftment in

patients approximately 1 month post-infusion. During the engraft-

ment period, patients may require transfusion support and irradiated

blood products should be used, due to the immunocompromised state

and risk for transfusion-associated GVHD. Once engraftment occurs,

the therapeutic gene products have been shown to persist throughout

the study follow-up periods, which ranged between 1 and 3 years cur-

rently [15, 17, 19, 20]. Nonetheless, many SCD patients receiving allo-

geneic HSCT were previously found to have mixed chimerism with
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variable proportion of donor cells [13, 14]; whether this would occur

with genetically modified autologous cells and affect long-term persis-

tency of the therapeutic gene product is still unknown due to the lim-

ited follow-up period with gene therapy trials.

CHALLENGES IN GENE THERAPY

Safety and adverse events from gene therapy

The limited safety analysis available from current gene therapy studies

showed that most adverse reactions were effects of myeloablative

therapy [15, 19, 20]. While commonly reported adverse reactions

(such as stomatitis and cytopenias) are reversible, one long-term con-

sequence that is still not well documented in SCD gene therapy trials

is gonadal toxicity from high-intensity myeloablative conditioning,

which can pose a significant risk for infertility—most patients who

receive busulfan-based myeloablative conditioning would be infertile

and post-pubertal patients are at higher risk of gonadal failure after

myeloablative conditioning [35].

In addition, there is also concern for the possibility of new haema-

tological condition following gene therapy. Two patients, who were

among the earlier group A participants of the lovo-cel trial, developed

anaemia after infusion and were also found to have abnormal ery-

throid precursors and chromosome 8 trisomy; this constellation of

clinical findings was initially concerning for myelodysplastic syndrome,

but no predisposing new mutation was detected in either patient and

the aetiology for these findings remained unclear [15]. Two different

patients from the lovo-cel trial developed new acute myeloid leukae-

mia 3–6 years post-infusion, although it was subsequently determined

that insertional mutagenesis from lentiviral transduction was unlikely

to have been the cause [36]. Off-target editing is also a concern with

CRISPR-Cas9-based gene therapy, although the limited published data

so far have not reported this phenomenon [17, 20]. Nonetheless,

detection of low-frequency off-target editing can be challenging.

Most recently, the CEDAR trial, which uses CRISPR-Cas9 with AAV6

to perform β-globin gene correction, has been voluntarily paused and

ultimately terminated due to prolonged cytopenia in the first enrolled

patient [24]. It is unclear what may have caused this, although no

myelodysplastic changes have been reported. Overall, the limited

cohort and short follow-up period from gene therapy trials so far can-

not definitively rule out the possibility of haematological abnormality

as an unintended consequence of genetic modification and patients

who have received gene therapy should be appropriately monitored

in the long term. Patients receiving exa-cel will be enrolled into a

15-year follow-up study (NCT04208529) to monitor for new malig-

nancies and serious adverse events post-infusion.

Barriers to access

Even with the recent approvals granted to exa-cel and lovo-cel, the

availability of gene therapy remains limited to specialized treatment

centres. Unfortunately, within the United States, approximately 60%

of SCD patients rely on Medicare or Medicaid as their primary health-

care payer, which limits access to specialized healthcare [37]. In con-

trast, for patients with haemophilia and von Willebrand disease, both

of which are diseases that require long-term specialty care, this rate is

approximately twofold to threefold lower [37]—this highlights the

healthcare inequity that must be addressed for gene therapy to bring

benefit among patients with severe SCD. The lack of access to sickle

cell specialists and specialized transplant centres poses a significant

barrier to bring gene therapy to the SCD patient population. In addi-

tion, gene therapy for SCD is currently not available in low-income

countries, such as Sub-Saharan Africa where SCD is prevalent, and

none of the clinical trials for gene therapy in SCD are recruiting from

these low-income countries [38]. Furthermore, the price of a gene

therapy product is estimated to range between $1.4 and 2.1 million in

the United States; according to a budget impact analysis, this can sig-

nificantly limit the immediate affordability of this treatment option

and may force healthcare payers to adopt restrictive policies on eligi-

bility [39]. Hence, developing innovative strategies to finance SCD

gene therapy is also an important area of research. One proposal is to

adopt a value-based payment model [40], where the manufacturer will

only be paid in full if the treatment benefits the patient. Nonetheless,

this represents a change from the current fee-for-service payment

model in the United States and may not be readily adopted. Academic

and research institutions are also encouraged to increase the cost-

efficiency of their production process and to change their licensing

methods for innovation to be less exclusive, especially when the dis-

coveries were supported by public funding [41].

In conclusion, early studies among patients with severe SCD dem-

onstrated that the various gene therapy strategies investigated in clin-

ical trials might help reduce frequency of VOC episodes, increase total

haemoglobin and decrease haemolysis. However, longer follow-up is

still necessary to evaluate the safety and risk of this treatment option

more comprehensively. In addition, strategies to broaden specialty

care coverage in SCD patients and innovative healthcare financing

strategies to improve the affordability of gene therapy must also be

developed.
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COMMEN TAR Y

Limited evidence, lasting decisions: How voluntary
non-remunerated plasma donations can avoid the
commercial one-way street

INTRODUCTION

In July 2022, the European Commission published their proposal for a

regulation on substances of human origin, which has since undergone

debate [1]. The core of this debate surrounds whether or not the princi-

ple of voluntary non-remunerated donation (VNRD) should be loosened

to increase the plasma supply in the European Union (EU). Based on

the Committee of Ministers to Member States [2] and in line with the

Council of Europe [3], we follow this definition of VNRD: ‘Donation is

considered voluntary and non-remunerated if the person gives blood,

plasma or cellular components of his or her own free will and receives no

payment for it, either in the form of cash or in kind which could be consid-

ered a substitute for money. This would include time off work other than

that reasonably needed for the donation and travel. Small tokens, refresh-

ments and reimbursements of direct travel costs are compatible with volun-

tary, non-remunerated donation’. As such, we define remuneration as

anything that falls outside of this definition, including financially non-

neutral compensation, financial gain, or monetary compensations. Both

proponents and opponents of VNRD use ethical or ideological argu-

mentation, not often relying on empirical data to support their argu-

ments [1]. Based on the limited available data, we argue that EU

member states should retain VNRD at the core of their policies, even if

a new regulation would allow remuneration. Our argumentation uses

empirical findings surrounding three themes: safety for donors and

donated products, product pricing, and supply resilience.

HIGHER SAFETY FOR DONORS AND
DONATED PRODUCTS

In the United States, the maximum plasmapheresis donation frequency

is twice per week (maximally 104 donations/year) [4]. Most plasma

donors are remunerated 50–75 USD per donation, with certain centres

advertising that regular donors can earn 6,000 USD annually [5, 6]. In

Austria, Czechia, Germany and Hungary, although there is a lower maxi-

mum donation frequency, plasma donors are remunerated between

15 and 30€ [7]. It is reasonable to assume that when donors are

remunerated, they will donate more frequently, as donors may depend

on these payments as a source of income [8]. This differs from coun-

tries with VNRD, such as most countries in the EU [9]. Guidelines of

the European Directorate for the Quality of Medicines and HealthCare

of the Council of Europe recommend a maximum plasma donation fre-

quency of once per week (maximally 33 donations/year) [10], such as

in France, where the minimum interval between two plasma donations

is 2 weeks (maximally 24 donations/year) [11].

A randomized controlled trial examined blood parameters across

four plasma donation frequencies [12]. During the trial (Day 42) and after

(Day 84), immunoglobulin G levels decreased (on average to <6 g/L on

Day 84) within the group that donated twice a week (the maximum

allowance in the United States [4]), corroborating previous research [13].

Because commercial plasma donation centres are located in areas of

greater poverty [14], vulnerable populations are made even more vulner-

able concerning their health safety, especially given the aforementioned

advertising from these centres to donate frequently [4–6, 8].

Within Lithuania, blood and blood components donations shifted

from mostly remunerated to mostly VNRD due to national pro-

grammes promoting VNRD following Lithuania’s EU membership [15].

A study examining this unique within-country natural experiment

showed higher prevalence of transfusion-transmitted infectious (TTI)

disease markers for remunerated donations compared to donations

based on VNRD from 2013 to 2017 [15]. This is consistent with previ-

ous research that found lower TTI disease markers for voluntary com-

pared to paid donors in the Democratic Republic of Congo [16] and

Nigeria [17].

In the case of plasma donations specifically, a human immunodefi-

ciency virus/hepatitis C infection outbreak occurred in the 1970s–80s

within the haemophilia community, whose individuals depend on

plasma-derived clotting factor products [18]. Consistent with the

research on Lithuania [15], at that time, higher infection rates were

found for products made plasma in countries with a collection system

based on remunerated donations than countries with a collection sys-

tem based on VNRD [19]. The procedure has since been improved to

reduce infectious risk, but there remains an infectious burden on

donated products.
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LOWER PRICES FOR PATIENTS AND THE
HEALTHCARE SYSTEM

Plasma-derived medicinal products (PDMPs), such as Privigen®

[20–22], an immunoglobulin product, are medicines derived from

plasma to treat several medical conditions. We gathered Privigen®

price data for several European countries, through personal communi-

cation and government websites (see Appendix S1), as publicly avail-

able data on PDMP prices is limited. Our data showed that Privigen®

prices (per gram) increased less in countries with only public and non-

governmental organization (NGO) plasma collection (non-remunera-

tion) compared to countries with private plasma collection (donors are

effectively remunerated) from 2018 to 2023 (Table 1; Figure 1).

This illustrates seemingly differing pricing mechanisms for PDMPs

between these European countries. Moreover, since these dates are

before and during the coronavirus disease 2019 (COVID-19) pan-

demic, these data also show that PDMP prices seem to be better

managed in countries with only public and NGO plasma collection

compared to countries with private plasma collection.

MORE RESILIENT SUPPLY

Ensuring plasma supply is maintained if a crisis arises is crucial

[23, 24]. By comparing the plasma supply before (2019) and during

(2020) the COVID-19 pandemic, we measured supply resilience

across the private sector (donors are effectively remunerated) and

public sector (non-remuneration). Results showed that the plasma

supply collected through the private sector decreased more drastically

than the plasma supply collected through the public sector from 2019

to 2020 (Figure 2) [25, 26].

Moreover, research on remunerated donations in Germany found

77% of remunerated donors would discontinue donating if remunera-

tion ceased [27]. This further demonstrates the issues with remuner-

ated donations: once remuneration is expected by donors, the

decision is irreversible without a major loss of donors (i.e., 50% [27]),

thus causing a significant supply shortage.

CONCLUSION

The empirical evidence presented here complements the ethical and

ideological argumentation surrounding the importance of VNRD.

Research indicated that when donors are remunerated and there-

fore donate very frequently, donor safety is at risk and the infec-

tious burden of the donated products is higher [11–19]. Moreover,

PDMP prices increased less over time when plasma was collected in

countries with collection system based on VNRD as opposed to

remunerated donations (Figure 1). In addition, once countries allow

remuneration, they enter a ‘one-way street’: the supply of plasma—

and potentially also whole blood and components—will be at risk

when re-introducing VNRD policies [27]. It should be noted that the

data on pricing and resilience are limited due to a lack of transparent

data and do not allow for establishing a causal mechanism between

implementing a system based on VNRD and the impact on price or

resilience, especially since different countries have different pricing

procedures for medicines. We encourage future research to explore

the causal links between VNRD and outcomes such as pricing of

PDMPs and reslience of supply. In conclusion, based on the above

empirical evidence, we argue that EU members should retain VNRD

at the core of their policies and refrain from introducing remunera-

tion, even if the new regulation enables it.

T AB L E 1 Mean price (in euros) of Privigen® (per gram) for 2018 and 2023 in private collection centres compared to public collection centres.

2018 2023 % change from 2018 to 2023

Private collection 38.95€ 73.20€ 88%

Public collection 51.73€ 64.33€ 24%

F I GU R E 1 Mean price (in euros) of Privigen® (per gram) for 2018
and 2023 in private plasma collection centres compared to public
collection centres. Increase in price from 2018 to 2023 is shown as a
positive percentage difference with an arrow. Data extracted from
personal communication and government websites (see Appendix S1).

F I G U R E 2 The percent change in total plasma collected between
2019 and 2020 for different sectors. Exact percentages and direction
of change are reflected directly in front of bars [25, 26].
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Abstract

Background and Objectives: Severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2) serosurveys are typically analysed by applying a fixed threshold for

seropositivity (‘conventional approach’). However, this approach underestimates the

seroprevalence of anti-nucleocapsid (N) in vaccinated individuals—who often exhibit

a difficult-to-detect anti-N response. This limitation is compounded by delays

between the onset of infection and sample collection. To address this issue, we com-

pared the performance of four immunoassays using a new analytical approach

(‘ratio-based approach’), which determines seropositivity based on an increase in

anti-N levels.

Materials and Methods: Two groups of plasma donors and four immunoassays

(Elecsys total anti-N, VITROS total anti-N, Architect anti-N Immunoglobulin G (IgG)

and in-house total anti-N) were evaluated. First-group donors (N = 145) had one

positive SARS-CoV-2 polymerase chain reaction (PCR) test result and had made two

plasma donations, including one before and one after the PCR test (median = 27 -

days post-PCR). Second-group donors (N = 100) had made two plasma donations

early in the Omicron wave.

Results: Among first-group donors (97.9% vaccinated), sensitivity estimates ranged

from 60.0% to 89.0% with the conventional approach, compared with 94.5% to

98.6% with the ratio-based approach. Among second-group donors, Fleiss’s κ ranged

from 0.56 to 0.83 with the conventional approach, compared with 0.90 to 1.00 with

the ratio-based approach.
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Conclusion: With the conventional approach, the sensitivity of four immunoassays—

measured in a predominantly vaccinated population based on samples collected

�1 month after a positive test result—fell below regulatory agencies requirement of

≥95%. The ratio-based approach significantly improved the sensitivities and qualita-

tive agreement among immunoassays, to the point where all would meet this

requirement.

Keywords
COVID-19 antibodies, donors, epidemiology, high throughput testing, nucleocapsid
immunoassay, ratio-based approach, sensitivity, serological testing, vaccination

Highlights
• When the conventional approach was used to analyse the results of samples collected

�1 month after a positive severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

test result, the sensitivity of four immunoassays (which included three commercial immuno-

assays and one in-house immunoassay) failed to meet the minimum sensitivity of ≥95%

required for regulatory agencies.

• The ratio-based analytical approach significantly improved the sensitivities and the degrees

of qualitative agreement among immunoassays (both assessed �1 month after a positive

SARS-CoV-2 test result), to the point where all would meet this regulatory requirement.

• These results highlight the need to compare the performance of diagnostic or serological

assays in vaccinated populations, especially when no standalone assay can be considered as

the gold standard.

INTRODUCTION

Blood services have collaborated with public health authorities for the

conduct of severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) serosurveys targeting mostly anti-nucleocapsid (N) because of

its ability to distinguish infection from vaccination which elicit anti-

spike (S) response. This experience has laid the foundations for

expanding the scope of collaborations between blood services and

public health authorities [1, 2].

However, blood services faced many challenges while conducting

these serosurveys, including the fact that the anti-N response to an

infection is often blunted and hardly detectable in recipients of a

SARS-CoV-2 messenger ribonucleic acid (mRNA) vaccine [3–7]. This

issue may be addressed in at least two ways.

First, more sensitive immunoassays or lower cutoff thresholds

may be used to allow for the detection of low anti-N levels. However,

the performances of existing immunoassays have primarily been char-

acterized in unvaccinated individuals [8], which makes it challenging

to select an optimal immunoassay or lower cutoff for a predominantly

vaccinated population.

Second, a new analytical approach developed and validated by

Bazin et al. (termed ‘ratio-based approach’) may be used to improve

sensitivity [9]. This approach determines seropositivity based on an

increase of (or ‘ratio’ between) the anti-N signal of two longitudinally

collected samples, as opposed to applying a hard threshold to a single

sample (i.e., ‘conventional approach’) [9]. However, the performance

of this approach has only been characterized with an in-house

immunoassay and is therefore unknown for other commercial

immunoassays [9].

To fill these knowledge gaps, the performance of various anti-N

immunoassays and their qualitative agreement were assessed in a pre-

dominantly vaccinated population, and the data were analysed with

the conventional and ratio-based approaches.

METHODS

Donors

The study included two groups of plasma donors enrolled in

PlasCoV—a Québec-based (Canada) plasma biobank dedicated to cor-

anavirus disease (COVID-19) research [10]. Approximately two thirds

of previous PlasCoV donors made at least two donations [10], thus

enabling the conduct of longitudinal studies on COVID-19 immunity

and, importantly, the use of the ratio-based approach.

The first group was used to assess the sensitivity of different

SARS-CoV-2 immunoassays (with two analytical approaches). The

donors included in this group met the following criteria (Figure 1):

(1) one positive SARS-CoV-2 polymerase chain reaction (PCR) test

result recorded between 14 December 2021 and 11 February 2022

and (2) two plasma donations, including one made between

1 November 2021 and 14 January 2022 (i.e., before the positive PCR

test) and one between 14 January 2022 and 15 March 2022

(i.e., after the positive PCR test).
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The second group was used to assess the degree of qualitative

agreement (as measured by the overall percentage agreement [OPA]

and Fleiss’s κ) among the results of different SARS-CoV-2 immunoas-

says. The donors in this group met the following criteria (Figure 1):

(1) 2 plasma donations, including one between 1 December 2021 and

10 February 2022 and one between 14 February 2022

and15 February 2022, and (2) no PCR-confirmed SARS-CoV-2 infec-

tion recorded in Trajectoire de Santé Publique (i.e., a government regis-

try) between 14 December 2021 and 10 March 2022. Of note, the

second inclusion criterion aimed to lower the prevalence of SARS-

CoV-2 into real life conditions.

Serological testing of plasma samples

Three commercial and one in-house SARS-CoV-2 anti-N immunoas-

says were evaluated. The three commercial immunoassays were

Elecsys® Anti-SARS-CoV-2 immunoassay (total anti-N) from Roche

diagnostics (‘Elecsys’), VITROS Anti-SARS-CoV-2 Total N Antibody

immunoassay from Ortho-Clinical Diagnostics (‘VITROS’) and Archi-

tect anti-SARS-CoV-2 chemiluminescent microparticle N Immuno-

globulin G (IgG) immunoassay from Abbott Laboratories (‘Architect’).
The commercial immunoassays were carried out according to manu-

facturers’ instructions, and the in-house total anti-N immunoassay

was carried out as previously described [9].

Analytical approaches

The results of these immunoassays were analysed with the conven-

tional and ratio-based approaches. For the conventional approach,

seropositivity was determined according to a hard threshold (which

varied among immunoassays) applied to the anti-N signal of the sec-

ond sample. For the ratio-based approach, positivity was defined by

an increase of ≥50% in the anti-N signal of the ‘reference sample’

(i.e., collected before the positive PCR test) and the ‘test sample’
(i.e., collected after the positive PCR test), as previously described [9].

Based on the fact that lower absorbance may have higher coefficient

of variation, test samples with an absorbance <0.100 were excluded

and considered seronegative [9].

Ethics approval

All plasma donors enrolled in PlasCoV have given their informed

consent for the use of their samples and personal data for

SARS-CoV-2 diseases and immunity studies, including linkage with

provincial infection and vaccination registries, as described in the

Management and Governance Framework for the Plasma Donor

Biobank (https://www.hema-quebec.qc.ca/userfiles/file/media/anglais/

rd/Governance_Framework_Plasma_Donor_Biobank_HQ.pdf). All data

collection and management have been performed in accordance with

the directive and legislation of research in Canada and Quebec. Con-

sequently, all donors, blood donations and patients were identified

by a unique anonymous number and no patient identifiers were

stored with clinical data. The resulting database is encrypted and

stored centrally. Access is restricted and only designated members

of the study team have access to the dataset. This project was

approved by Hema-Quebec Research Ethical Board (REB #

2021-020).

RESULTS

Donors

The first group included 145 PlasCoV donors who had a PCR-

confirmed SARS-CoV-2 infection. These donors were aged

(on average) 41.5 years and included 67 (46.2%) female donors and

132 (91.0%) White donors (Table 1). In total, 142 (97.9%) donors had

No PCR-confirmed SARS-CoV-2 
infec�on between 14 December 2021  

and 10 March 2022  

Yes

Yes No

One posi�ve SARS-CoV-2 PCR test 
result recorded between 14 December   

2021 and  11 Febuary 2022

Two plasma dona�ons: one between
1 November 2021 and 14 January 2022 

and one between 14 January and 
15 March 2022     

Eligible Not eligible

Yes

Yes No

First group Second group

Two plasma dona�ons: one between
1 December 2021 and 10 Febuary 2022

and one between 14 Febuary and
15 Febuary 2022   

No

Eligible Not eligible

No

F I GU R E 1 Donor selection flowchart. PCR, polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

PERFORMANCES OF SARS-CoV-2 IMMUNOASSAYS 535

 14230410, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13625 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

nline L
ibrary on [24/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.hema-quebec.qc.ca/userfiles/file/media/anglais/rd/Governance_Framework_Plasma_Donor_Biobank_HQ.pdf
https://www.hema-quebec.qc.ca/userfiles/file/media/anglais/rd/Governance_Framework_Plasma_Donor_Biobank_HQ.pdf


received ≥2 doses of a vaccine against SARS-CoV-2 before their posi-

tive PCR test result.

Among the reference samples (i.e., pre-PCR) of these donors, the

same seven (4.8%) tested seropositive with the Elecsys immunoassay

(N = 144) and with the VITROS immunoassay (N = 145); none tested

seropositive with the in-house (N = 145) or Architect immunoassay

(N = 143). The gap between the positive PCR test result and the sec-

ond donation was �1 month (mean = 30.3 days; median = 27 days)

(Figure S1).

The second group included 100 regular plasma donors. These

donors were aged (on average) 56.1 years and included 35 (35.0%)

female donors and 98 (98.0%) White donors (Table 1). Ninety-eight

(98.0%) had received ≥2 doses of a SARS-CoV-2 vaccine when their

test sample was collected.

Sensitivity of SARS-CoV-2 immunoassays with the
conventional approach

With the conventional approach used on test samples (post-PCR),

94 (64.8%) first-group donors tested seropositive with the in-house

immunoassay, 106 (73.1%) tested seropositive with the Elecsys immuno-

assay, 129 (89.0%) tested seropositive with the VITROS immunoassay

and 87 (60.0%) did so with the Architect IgG immunoassay (Figure 2).

One donor could not be assessed with the Elecsys immunoassay.

Overall, 75.0% of the samples missed by the VITROS immunoas-

say, and 76.9% of those that were missed by the Elecsys

immunoassay were collected ≤27 days after the positive PCR test

(Table S1). These proportions fell to 52.9% for the in-house immuno-

assay and 50.0% for the Architect immunoassay. Among all samples

missed by the VITROS and Elecsys immunoassays (N = 16), 4 (25.0%)

were captured by either the in-house or Architect immunoassay.

Sensitivity of SARS-CoV-2 immunoassays with the
ratio-based approach

With the ratio-based approach, one donor was not tested with the

Elecsys immunoassay (N = 144), and two were not tested with

the Architect immunoassay (N = 143), all owing to the unavailability

of reference sample measurements.

Using this approach, 136 (94.5%) first-group donors tested sero-

positive with the in-house immunoassay, 141 (97.9%) tested seroposi-

tive with the Elecsys immunoassay, 143 (98.6%) tested seropositive

with the VITROS immunoassay and 140 (98.6%) did so with the Archi-

tect immunoassay (Figure 2). The relative increase in signal between

the reference (pre-PCR) and test samples (post-PCR) as well as the rel-

ative increase in ratio was higher with the VITROS immunoassay

(Figure S2).

One of the two donors missed by the VITROS immunoassay

donated only 7 days after the PCR result. With the conventional

approach, this donor tested seronegative with all immunoassays.

However, with the ratio-based approach, the donor tested positive

with the in-house and Elecsys immunoassays. The other missed donor

donated 54 days after the PCR test. With the conventional approach,

this donor’s reference sample tested seropositive with the VITROS

and Elecsys immunoassays but seronegative with the other immuno-

assays, and the test sample was seronegative with all immunoassays.

With the ratio-based approach, the donor tested seronegative with all

immunoassays.

Qualitative agreement among anti-N SARS-CoV-2
immunoassays performed on second-group donors

Among second-group donors, the anti-N seroprevalence ranged

between 6.1% and 11.6% depending on the immunoassay and analyti-

cal approach being used (Table S2).

With the conventional approach, the OPA ranged between 91.9%

and 97.0% (Table 2) and Fleiss’s κ ranged between 0.56 and 0.83

(Table 3). With the ratio-based approach, the OPA ranged between

97.9% and 100.0% (Table 4) and Fleiss’s κ ranged between 0.90 and

1.00 (Table 5). The qualitative agreements appeared largely similar,

regardless of the immunoassays being compared.

T AB L E 1 Characteristics of donors included in the first and
second group.

First-group
donors

Second-group
donors

N = 145 N = 100

Age, mean ± SD (median), years 41.5 ± 14.7 56.1 ± 17.2

Female, n (%) 67 (46.2) 35 (35.0)

Race, n (%)

White 132 (91.0) 98 (98.0)

SARS-CoV-2 vaccines received, n (%)

≥2 142 (97.9%) 98 (98.0%)

≥3 49 (33.8%) 90 (90.0%)

Anti-N-positive test result on the

reference donation, n (%)a

In-house immunoassay 0 (0.0%) NA

Elecsys immunoassay 7 (4.9%) NA

VITROS immunoassay 7 (4.8%) NA

Architect immunoassay 0 (0.0%) NA

Gap between the first donation and

the positive PCR test result,

mean ± SD (IQR), days

36.5 ± 13.4

(25–47)
NA

Gap between the positive PCR test

result and the second donation,

mean ± SD (IQR), days

30.3 ± 14.9

(19–39)
NA

aThe reference sample measurement was unavailable for one donor tested

with the Elecsys immunoassay (N = 144) and for two donors tested with

the Architect immunoassay (N = 143).

Abbreviations: IQR, interquartile range; N, nucleocapsid; NA, not

applicable; PCR, polymerase chain reaction; SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2; SD, standard deviation.
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DISCUSSION

This study estimated the sensitivity of anti-N SARS-CoV-2 immunoas-

says in a predominantly vaccinated population based on samples col-

lected �1 month after a positive PCR test. The sensitivity estimates

ranged from 60.0% to 89.0% with the conventional approach, com-

pared with 94.5% to 98.6% with the ratio-based approach. Likewise,

the qualitative agreement among immunoassays (as measured by

Fleiss’ κ) ranged from 0.56 to 0.83 with the conventional approach,

compared with 0.90 to 1.00 with the ratio-based approach. A similar

trend (albeit more modest) was observed when measuring the OPA.

With one exception (i.e., VITROS immunoassay), the observed

sensitivities obtained with the conventional approach—and in a pre-

dominantly vaccinated population—were lower than those previously

reported in unvaccinated populations (Table S3). This observation is

consistent with the blunted anti-N response in vaccinated individuals

[3–7]. Notably, with samples collected �1 month after a positive

SARS-CoV-2 test result, none of the study immunoassays would meet

Sensitivity (%)

50 55 60

Architect

VITROS

Elecsys

In-house

●

●
Conventional approach
Ratio-based approach

●
●

●●

●●

●●

●●

●●

●●

●●

●●

10095908580757065

Estimate (95% CI)a

64.8% (56.5%–72.6%)

94.5% (89.4%–97.6%)

73.1% (65.1%–80.1%)

97.9% (94.0%–99.6%)b

89.0% (82.7%–93.6%)

98.6% (95.1%–99.8%)

60.0% (51.5%–68.0%)

98.6% (95.0%–99.8%)c

F I GU R E 2 Sensitivity estimates for the study immunoassays, measured with the conventional and ratio-based approaches. aClopper–
Pearson confidence intervals (CIs). bOne donor could not be assessed with the ratio-based approach given the unavailability of reference
sample measurements (N = 144). cTwo donors could not be assessed with the ratio-based approach given the unavailability of reference sample
measurements (N = 143).

T AB L E 2 Qualitative agreement among the results of the study immunoassays analysed with the conventional approach, as measured by the
overall percentage agreement (95% CI)a in second-group donors.

In-house Elecsys VITROS Architect

In-house 92.9% (86.1%–96.5%) 91.9% (84.9%–95.8%) 96.0% (90.1%–98.4%)

Elecsys 97.0% (91.5%–99.0%) 97.0% (91.5%–99.0%)

VITROS 96.0% (90.1%–98.4%)

Architect

aClopper–Pearson CIs.

Abbreviation: CI, confidence interval.
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Canada’s regulatory requirement for sensitivity (i.e., ≥95% [11]) if

these immunoassays were used in a vaccinated population and the

results were analysed with the conventional approach using

manufacturer-recommended cutoffs.

Part of this limitation can be addressed with the ratio-based

approach, which reliably estimates incidence insofar as a sufficient

number of individuals can be longitudinally observed over consecutive

periods (something easily achievable with blood donors). This analyti-

cal approach substantially enhanced the sensitivity of all immunoas-

says, to the point where all would meet the sensitivity threshold of

≥95% in Canada [11]. The ratio-based approach would therefore

make all of these immunoassays appropriate for public health surveil-

lance and modelling studies, contingent on the availability of test

results for many repeat donors. This approach also significantly

improved the degree of agreement among the study immunoassays

with OPA between 97.9 and 100%. Readers interested in knowing

more about the strengths and limitations of the ratio-based approach

are referred to the original publication by Bazin et al. [9].

Interestingly, with the conventional approach, the false-negatives

obtained with the VITROS and Elecsys immunoassays were associated

with shorter gaps between the PCR test and sample collection. This

result suggests that these immunoassays—although highly sensitive—

are prone to missing cases if the time interval between PCR test and

sample collection is short. By contrast, this association was not

observed with the in-house and Architect immunoassays, that is, the

false-negatives were evenly distributed around the median gap of

27 days (Table S1). However, these two immunoassays appeared

slightly less sensitive.

Although reliable, the ratio-based approach did not eliminate all

discrepancies among immunoassays. However, those remaining could

be resolved by other means, such as Bayesian latent class modelling

(BLCM). BLCM is increasingly used to estimate disease prevalence,

assay sensitivity and assay specificity when an established reference

standard is lacking [12, 13]. With BLCM, an assay’s sensitivity and

specificity and disease prevalence (without a priori knowledge on the

true history of infection) can be inferred, as the approach combines

prior information on these parameters with the observed results of

several imperfect tests [14]. Our data highlight the need for such an

approach, as the study immunoassays seemed (at least partially)

complementary.

T AB L E 3 Qualitative agreement among immunoassay results analysed with the conventional approach, as measured by Fleiss’s κ (95% CI)a in
second-group donors.

In-house Elecsys VITROS Architect

In-house 0.59 (0.32–0.87) 0.56 (0.28–0.83) 0.73 (0.48–0.98)

Elecsys 0.83 (0.63–1.00) 0.78 (0.55–1.00)

VITROS 0.73 (0.48–0.98)

Architect

aClopper–Pearson CIs.

Abbreviation: CI, confidence interval.

T AB L E 4 Qualitative agreement among immunoassay results analysed with the ratio-based approach, as measured by the overall percentage
agreement (95% CI)a in second-group donors.

In-house Elecsys VITROS Architect

In-house 99.0% (94.5%–99.8%) 99.0% (94.5%–99.8%) 97.9% (92.6%–99.4%)

Elecsys 100.0% (96.3%–100.0%) 98.9% (94.3%–99.8%)

VITROS 98.9% (94.3%–99.8%)

Architect

aClopper–Pearson CIs.

Abbreviation: CI, confidence interval.

T AB L E 5 Qualitative agreement among immunoassay results analysed with the ratio-based approach, as measured by Fleiss’s κ (95% CI)a in
second-group donors.

In-house Elecsys VITROS Architect

In-house 0.95 (0.84–1.00) 0.95 (0.84–1.00) 0.90 (0.76–1.00)

Elecsys 1.00 (1.00–1.00) 0.95 (0.84–1.00)

VITROS 0.95 (0.84–1.00)

Architect

aClopper–Pearson CIs.

Abbreviation: CI, confidence interval.
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Interestingly, before testing positive for SARS-CoV-2 (by PCR),

seven donors tested seropositive with the Elecsys and VITROS immu-

noassays (along with the conventional approach); the seven donors

identified by both immunoassays fully overlapped. The fact that the

Elecsys and VITROS immunoassays were the most sensitive (with

the conventional approach) suggests that these seven donors might

have had anti-N titres below the seropositivity threshold of the other

immunoassays before their PCR test. These donors may, therefore,

have been re-infected or may have developed anti-N relatively early,

that is, after the onset of the infection but before PCR testing. With

the ratio-based approach, all but one of these seven donors tested

positive with all immunoassays; the one that tested negative (again

with all immunoassays) exhibited stable anti-N levels in the reference

and test samples, suggesting potentially a false-positive PCR result or

a long viral shedding that could still be detected by PCR, although the

infection was acquired a few weeks before.

The mechanism behind the blunted anti-N response of vaccine

recipients remains unclear. In a recent retrospective analysis of the

COVE trial (i.e., mRNA-1273 to prevent SARS-CoV-2 infection),

the anti-N response of vaccine recipients was not only weaker than

that of placebo recipients but also highly heterogeneous, with some

donors seemingly exhibiting no anti-N response at the study time

points [5]. Similar to the current study, the samples were collected

�1 month after symptom onset [5]. According to Follmann et al., the

low rate of seroconversion in vaccine recipients (i.e., 37%) ‘was not

attributable to transient or low-level [antibodies]’ [5]. Our results are

not, however, consistent with this interpretation. In fact, the ratio-

based approach hinges on the premise that breakthrough infections

induce a weaker anti-N response that may be undetectable with the

conventional approach. Therefore, if Follmann et al.’s interpretation

was correct [5]; the ratio-based approach would have a relatively poor

sensitivity. Yet it captures nearly all infections in vaccine

recipients [9].

Our study is subject to some limitations. To begin, specificity

could not be evaluated for the ratio-based approach because no

included donors had available pre-pandemic samples. However, the

high qualitative agreement among the test results of second-group

donors might suggest a high specificity for all study immunoassays,

although this is speculative. Likewise, specificity was not evaluated

for the conventional approach, as vaccination should not impact this

parameter (unlike sensitivity) [15].

Another limitation of the ratio-based approach is that samples

collected before and after an infection (or after a reinfection) must be

available. Blood services are, therefore, ideally positioned to leverage

the ratio-based approach, as they routinely collect samples from

repeat donors (who account for 90% of all donors). Moreover, the gap

between the collection of the test samples and the PCR test may have

impacted the sensitivity of the ratio-based approach. On one hand,

the gap of �1 month may not have been sufficient to enable anti-N

seroconversion due to the blunted viral replication and seroconver-

sion in vaccine recipients. On the other hand, longer gaps might have

caused anti-N waning [16, 17]. Our previous data showed that the

optimal period between the reference and test samples is 3–

4 months, which correlates with anti-N waning [9]. Use of longer

intervals (e.g., 6–12 months) would decrease the sensitivity of detec-

tion of new infections and may miss reinfection that could happen

within the interval.

In a predominantly vaccinated population, none of the study

immunoassays met Canada’s minimum sensitivity requirement of

≥95% [11] when the results were analysed with the conventional ana-

lytical approach. Lowering the cutoffs of commercial assays has been

evaluated to increase sensitivity but this would be at the cost of

reduced specificity [15, 18]. The ratio-based analytical approach sig-

nificantly improved the sensitivities and the degrees of qualitative

agreement among immunoassays, to the point where all would meet

the regulatory requirement for sensitivity. These results highlight the

need to compare the performance of diagnostic or serological assays

in vaccinated populations, especially when no standalone assay can be

considered as the gold standard.
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Abstract

Background and Objectives: The variability in the number of donations together

with a growing demand for platelet concentrates and plasma-derived medicines make

us seek solutions aimed at optimizing the processing of blood. Some mathematical

models to improve efficiencies in blood banking have been published. The goal of this

work is to validate and evaluate an algorithm’s impact in the production of blood

components in the Blood and Tissues Bank of Aragon (BTBA).

Materials and Methods: A mathematical algorithm was designed, implemented and

validated through simulations with real data. It was incorporated into the fraction-

ation area, which uses the Reveos® fractionation system (Terumo BCT) to split blood

into its components. After 9 months of daily routine validation, retrospective activity

data from the Blood Bank and Transfusion Services before and during the use of the

algorithm were compared.

Results: Using the algorithm, the outdating rate of platelet concentrates

(PC) decreased by 87.8% in the blood bank. The average shelf life remaining of PC

supplied to Transfusion Services increased by almost 1 day. As a consequence, the

outdating rate in the Aragon Transfusion Network decreased by 33%. In addition,

extra 100 litres of plasma were obtained in 9 months.

Conclusions: The algorithm improves the blood establishment’s workflow and facili-

tates the decision-making process in whole blood processing. It resulted in a

decrease in PC outdating rate, increase in PC shelf life and finally an increase in the

volume of recovered plasma, leading to significant cost savings.
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Highlights
• In recent years, there has been an increasing demand for platelet concentrates and a short-

age of plasma for the production of plasma-derived medicines in some countries.

• Automation contributes to improving the productivity, efficiency and quality of blood

components.

• The incorporation of mathematical algorithms can help address the challenging task of man-

aging blood components production.

INTRODUCTION

The mission of blood establishments is to provide timely supply of the

products required by Transfusion Services. Moreover, whole blood

(WB) fractionation must be optimized to minimize waste and obtain

blood components with the highest quality and safety possible. To

achieve this goal, blood establishments face two problems: the rising

demand for platelet concentrates (PC) [1, 2] and the insufficient col-

lected volume of plasma to satisfy the current need for plasma-

derived medicines [3].

PC is a blood component with short shelf life (a maximum of

5 days, extendable to 7 if a bacterial detection method is used or it is

treated with a pathogen reduction technology [PRT] [4–6]). This,

coupled with a growing and variable demand [7], makes it difficult to

achieve a balance between sufficient supply and minimum outdating.

Many methodologies have been reviewed [8] and can be used by

PC inventory managers to reduce the level of outdating. Some publi-

cations discussed the use of mathematical models to reduce the

expiry of PC [9–12], showing that if the PC are subjected to PRT, its

shelf life can be extended by 2 days and almost entirely eliminate the

outdating rate [13].

Furthermore, increasing the total volume of plasma recovered

from WB fractionation may be an important step in helping countries

achieve self-sufficiency in the production of plasma-derived medicinal

products [14]. Spain has a low level of self-sufficiency in plasma for

haemoderivatives, leading to a continuous increase of the import of

these medicines. In recent years, self-sufficiency has dropped, due to

a fall in WB donations arising from the decrease in use of red blood

cell concentrates (RBC) in transfusion and the increased use of hae-

moderivatives (IVIG and albumin) [15].

Reveos® Automated Blood Processing System (Terumo BCT) can

process up to four units of WB within 20 min, into two (plasma and

RBC; 2C-protocol) or three components (plasma, RBC and interim

platelet unit; 3C-protocol) [16, 17]. This decision may be adopted at

the time of processing the unit, as the set of bags is the same for all

protocols. Both protocols allow for the WB unit to be separated

within 2 and 12 h of collection, so called fresh blood, or after over-

night hold, for the units collected between 12 and 24 h before the

processing [17]. In this way, it is possible to obtain the platelet units

needed with the 3C-protocol maximizing the plasma collection with

the 2C-protocol [18]. Moreover, this system provides a platelet yield

index (PYI) which estimates the platelet count in the interim platelet

unit (IPU) containing approximately 30 mL of plasma. In order to make

the final PC it is necessary to add additive solution or more

plasma [19].

A software called T-Pool IPU select tool selects the units accord-

ing to ABO/Rhesus blood groups and PYI. It produces PC with a mini-

mum yield [20] in accordance with internal procedures (3.0 � 1011

platelets per unit), national procedures (Committee of Transfusion

Accreditation—more than 2.4 � 1011 platelets per unit) [21] and inter-

national procedures (European Directorate for the Quality of Medi-

cines & HealthCare—more than 2.0 � 1011 platelets per unit)

specifications [22]. Besides, it proposes the number of units (four or

five depending on IPUs availability) in each pool.

The Blood and Tissues Bank of Aragon (BTBA) is a public service

that collected and processed 41,183 WB units and 2349 apheresis

donations (plasmapheresis and plateletpheresis), suppling 6255 PC,

38,515 RBCs and 2083 plasma units in 2023 to 19 Transfusion Ser-

vices (public and private hospitals) in the region of Aragon (Spain), with

more than 1.3 million of inhabitants [23]. The Transfusion Services

together with the BTBA compose the Transfusion Network of Aragon.

The BTBA implemented the Reveos system in 2013 and started

using the Mirasol PRT (Terumo BCT) [5] in 2015 for improving the

safety of platelet transfusions, and since March 2020, all produced PC

are treated with PRT, extending their shelf life from 5 to 7 days.

In this scenario, this study presents the results of applying a math-

ematical algorithm in a blood establishment using Reveos and treating

all PC with PRT.

Our objective is to show that a mathematical algorithm for blood

processing:

1. Achieves minimum outdating rates of PC while avoiding

stock-outs.

2. Gets the highest plasma recovery.

3. Reduces wastage during the process of WB fractionation.

4. Improves the planning of WB collections to avoid blood shortages

for PC.

5. Facilitates the delivery of fresher PC to Transfusion Services.

MATERIALS AND METHODS

Mathematical algorithm and data used

To design the mathematical algorithm, the BTBA provided historical

data on estimated donations and number of units collected,
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production of PC, supply of PC to Transfusion Services per day and

per hour and PC units transfused and discarded from 1 January 2018

to 30 November 2020. The data were divided into two sets. All data

from 2018 were used to design and develop the algorithm, whereas

data from 1 January 2019 to 30 November 2020 were used to vali-

date the algorithm through mathematical simulations.

Statistical analyses were carried out on the first dataset to calcu-

late key parameters and identify trends in the data. Then a mathemat-

ical algorithm was proposed. The algorithm uses a mathematical

model with nonstationary stochastic demand. To design it, the charac-

teristics of the Reveos automatic fractioning system, the collection

days, the production days and the expired PC discarded at the end of

the day were taken into account. In addition, extraordinary holidays

were also considered to avoid the problem of overproduction or insuf-

ficient stocks. It automatically adapts to periods of uneven demand

and production such as holidays by changing the input parameters.

The algorithm was implemented in the programming language Python.

To facilitate its routine use, the algorithm has been integrated into

a user-friendly software application. The software consists of an Excel

sheet (Figure 1), linked to a Python script. In order to prevent unin-

tended changes, the Excel sheet has protected cells allowing users to

modify only those designated for input data. Except for the data to be

entered manually, the software code is compiled into an executable

so that users cannot access or modify its contents.

To use the software, eight data fields must be completed daily.

Once all the WB donations for a given day have been collected by the

blood establishment, the staff introduces into the software: the total

number of WB donations received (column 3 [REAL] in Figure 1), the

number of platelet apheresis received and pending analysis (column

4 [APHERESIS]) and the stock of PC categorized by their expiry at the

time of decision-making (column 5 [S1] to column 10 [S6], from

the number of PC expiring tomorrow to the number of PC expiring in

6 days). In addition, the estimated number of donations for each day

must be completed at the beginning of each month (column 2 [ESTI-

MATED]) at least 1 week before using the software. Finally, by click-

ing on the executable, the software generates the production

recommendations based on the algorithm’s calculations. More specifi-

cally, the software indicates the number of PC to be produced

(column 12 [PC]) and the number of WB units to be fractionated with

the 3C-protocol (column 11 [WB INTO 3C PROTOCOL]). The remain-

ing WB units are fractioned with the 2C-protocol. If the software

detects a potential blood shortage to meet the demand for PC, it gen-

erates a warning message 1 week in advance (column 13 [WARNING]),

indicating the exact number of additional WB donations needed to

prevent such a shortage.

Mathematical simulations performed

Due to the importance and potential impact of the software output, we

decided to perform an initial validation of the algorithm using mathemat-

ical simulations with real data, prior to its incorporation into the BTBA.

The dataset from 1 January 2019 to 30 November 2020 was split into

two subsets. The subset of data from 1 January 2019 to 30 June 2019

was used to validate the algorithm against the usual BTBA-specific

trends prior to the onset of the coronavirus disease 2019 (COVID-19)

pandemic (first simulation). The subset of data from 1 January 2020 to

30 November 2020 was used to validate the algorithm against abrupt

changes in trends, both in donations and demand of PC, such as those

present during the COVID-19 pandemic (second simulation).

In both simulations, the activity flow of the BTBA was modelled

to determine what results would have been obtained if the recom-

mendations of the software had been followed. Then, those results

were compared with the real data of the BTBA without using the soft-

ware. The parameters studied to assess the performance of the algo-

rithm were the number and percentage of produced and expired PC

in the BTBA, the number of PC stock-outs, the number of WB units

fractionated with the 3C-protocol and those with the 2C-protocol.

Validation in a real environment

In May 2021, following the good results obtained in the simulations,

the software was incorporated into the fractionation and distribution

area of the BTBA, independently of any software or medical device

present there.

11 May 2022

12 May 2022

13 May 2022

14 May 2022

15 May 2022

16 May 2022

17 May 2022

F I GU R E 1 Excel sheet illustrating the software installed in Blood and Tissues Bank of Aragon (BTBA). PC, platelet concentrates; WB, whole
blood.
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To ensure proper use, BTBA professionals received 1 h of train-

ing, and a 15-day time limit was set to become proficient with the

software. At the end of the trial period, the staff started using the tool

on a regular basis.

After 9 months of daily routine use, retrospective activity data

from the BTBA and Transfusion Services was collected. On the one

hand, the BTBA provided data from 1 May 2020 to 31 January 2021

on processed PC (pools and apheresis), supplied and expired PC in the

BTBA and the Transfusion Services, the number of PC stock-outs,

the outdating rate of PC in the BTBA, the average shelf life of PC sent

to Transfusion Services, the number of WB units processed, the per-

centage of these units fractionated with each of the protocols, the

number of IPUs discarded and the volume of plasma obtained from

WB units. During this period, no tool was used to support production

decision-making. We call this period ‘Period 1’ (no software). On the

other hand, the BTBA provided the same data from 1 May 2021 to

31 January 2022, when the software was being used. This period is

referred to as “Period 2” (with software). The phases of the algorithm

development and evaluation are shown in Table 1.

RESULTS

This section shows the results of the mathematical simulations

(Tables 2 and 3) and the results of the algorithm validation (Table 4).

Table 2 compares the results of the mathematical simulations

with real data from 1 January to 30 June 2019. Table 3 compares the

results of the mathematical simulations with real data from 1 January

to 30 November 2020 (in the midst of the COVID-19 pandemic). In

both simulations, the mathematical algorithm improves the real data

of the BTBA, reducing the outdating rate of PC, avoiding stock-outs

and increasing the percentage of WB units fractionated with the 2C-

protocol. The results in Table 3 show that the mathematical algorithm

performs well in the presence of large trend changes such as those

faced during the COVID-19 pandemic.

Table 4 shows the results of the algorithm validation in the BTBA

from May 2021 to January 2022 compared with the same period a

year before. The demand for PC from the Transfusion Services

increased from May 2021 to January 2022, compared with the same

period 1 year prior (May 2020 to January 2021), so the number of PC

produced in the BTBA was 12.9% higher in Period 2. Using the algo-

rithm, the PC outdating rate decreased significantly (87.8%) and

65 PC less were discarded due to outdating in 9 months, only 0.18%

of those produced because the PC production better adjusted to

demand. The outdating rate decreased not only in the BTBA but also

in the Transfusion Services from 4.35% to 3.80%. The algorithm

also helped to increase the remaining PC shelf life supplied by nearly

1 day. Using the algorithm, the units processed with the 2C-protocol

(higher volume plasma and RBC) increased to 41.6% (1313 more units

in 9 months). As a result, the algorithm led to a reduction of the per-

centage of discarded IPUs from 25.8% in Period 1 to 11.0% in Period

2. Furthermore, 100 L of extra plasma were recovered from WB

donations. No stock-outs occurred in both periods. However, the

software warned of a possible shortage of 85 donations for the supply

of PC and a stock-out was avoided by improving collection planning

in time.

DISCUSSION

Good Manufacturing Practices [24] requires the optimization of the

processing of WB units. This requirement is in line with the resolution

of two of the problems faced by the blood establishments: a balanced

production of PC and the maximum collection of plasma.

T AB L E 1 Data used in the development and validation of the
algorithm.

Start date End date

Design and development of the algorithm

1 January

2018

31 December

2018

Validation of the algorithm via simulation

Normal situation 1 January

2019

30 June 2019

Extraordinary situation

(COVID-19)

1 January

2020

30 November

2020

Evaluation of the algorithm BTBA

Period 1 (without software) 1 May 2020 31 January 2021

Period 2 (with software) 1 May 2021 31 January 2022

Abbreviations: BTBA, Blood and Tissues Bank of Aragon; COVID-19,

coronavirus disease 2019.

T AB L E 2 Results of the simulation and real data from 1 January
to 30 June 2019.

BTBA (real data)

Simulation

(estimate data)

PC expired 75 7

PC stock-outs 1 0

3C-protocol fractionated WB 19,350 12,400

2C-protocol fractionated WB 1207 8157

Abbreviations: BTBA, Blood and Tissues Bank of Aragon; PC, platelet

concentrates; WB, whole blood.

T AB L E 3 Results of the simulation and real data from 1 January
to 30 November 2020.

BTBA (real data)
Simulation
(estimate data)

PC expired in BTBA 70 58

PC stock-outs 0 0

3C-protocol fractionated WB 31,527 23,670

2C-protocol fractionated WB 3124 10,981

Abbreviations: BTBA, Blood and Tissues Bank of Aragon; PC, platelet

concentrates; WB, whole blood.
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The gradual increase in automation of WB processing over the

last four decades has resulted in continued improvements in product

quality, productivity, yield, processing time and product safety, as well

as reducing costs through reduced wastage and resources [25].

Reveos System (Terumo BCT) avoids many manual steps. The

possibility of several working protocols together with the PYI and

the T-pool Select software for selecting and combining the IPUs in

the production of PC helps to optimize the production of PC [18]. In

addition, it was found that treating PC with PRT, which allows for a

two-day extension in shelf life, resulted in a decreased rate of PC

expiration [13]. However, the number of PC that have to be produced

each day, as well as the number of units that can be processed with

the 2C-protocols to obtain more plasma are ultimately determined by

production managers based on demand trends, their experience and

quality indicators. This is where automated decision-making tools can

be useful in streamlining the process.

In this article, we present a software tool based on a mathemati-

cal algorithm that has proven to be effective for this purpose. The

algorithm considers the stochastic nature of demand, as production

orders for a day are established before knowing the PC demand.

Moreover, it is well suited to handle periods of uneven demand and

production. For instance, Christmas holidays fell within Period 2 of

validation, and the algorithm performed exceptionally well throughout

the period. It showed that it is possible to optimize the production of

blood components, getting the highest possible yield from each WB

donation and improving the production of PC, while maintaining an

adequate stock without expiry or stock-outs. Thus, this software is

another step in the automation of blood processing.

There have been numerous studies attempting to develop models

for managing PC inventory [26]. This algorithm has been able to

reduce the percentage of PC discarded due to expiration, without any

stock-out (see Table 4). Although the outdating rate of PC without

using the algorithm was 5.94%, which is less than the national average

(10% in Spanish Transfusion Network [27]), the use of the algorithm

further reduced the percentage of PC that expired. Using this tool,

the outdating rate of PC in the Transfusion Network of Arag�on

decreased to 3.98%. Note that the increase in demand in the second

period naturally led to a higher production, so the outdating rate

should not have seen a significant reduction if the system operated

similarly in both periods. Thus, the substantial decrease in outdates in

the second period can be attributed, at least in large part, to the

implement of our algorithm. This conclusion is reinforced by the find-

ings in Tables 2 and 3, where the algorithm’s impact on outdating was

evaluated under identical daily demands.

The fact that during the period of use of the software PC had

been supplied to Transfusion Services with longer remaining shelf-life

(from 3.02 to 3.73 days) contributed to a reduction in the outdating

rate of the Transfusion Services and, consequently, in the Transfusion

Network of Aragon. This aspect is also important because the patient

receives a fresher and therefore more effective PC [28]. Also, from an

economic point of view, the cost of manufacturing an inactivated

platelet pool in the BTBA was 447.58 euros [29]. Therefore, the

reduction in outdated PC units resulted in significant savings. Addi-

tionally, each PC contains approximately 150 mL of plasma, contribut-

ing further to the overall savings.

With this software, it was possible to optimize the WB fraction-

ation process. During the period of use of the software, the number

of discarded IPUs decreased by 56.7%, and the software proposed to

fractionate more units with the 2C-protocol (not to elaborate IPUs).

The ratio 3C/2C decreased from 8.17 in 2020 (without software) to

T AB L E 4 Results of the validation in the BTBA.

Period 1 Period 2

May 2020–January 2021
(without software)

May 2021–January 2022
(with software)

PC produced (pools + apheresis) 4083 + 365 = 4448 4604 + 420 = 5024

Expired PC at BTBA 74 9

PC sent to Transfusion Services 4374 5015

PC stock-outs 0 0

PC outdating rates (%)

BTBA 1.66 0.18

Transfusion Services 4.35 3.80

Aragon Transfusion Network 5.94 3.98

Average remaining shelf-life of PC sent to Transfusion Services (days) 3.02 3.73

WB units 28,941 29,315

WB units fractionated with 2C-protocol (%) 10.90 15.24

WB units fractionated with 3C-protocol (%) 89.10 84.76

Discarded IPUs 7458 3224

Volume of plasma recovered (L) 7541 7641

Abbreviations: BTBA, Blood and Tissues Bank of Aragon; IPU, interim platelet unit; PC, platelet concentrates; WB, whole blood.

ALGORITHM WB PROCESSING 545

 14230410, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13609 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

nline L
ibrary on [24/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5.56 in 2021 with the software. Hence, there was an increase of

100 L in plasma recovery in Period 2 compared with Period 1, as one

IPU contains approximately 30 mL of plasma. Although this increase

might appear modest, it is important to consider that it is derived from

a comparable number of WB units and under a significantly higher

demand for PC (14.6%). This indicates that the algorithm has success-

fully enhanced the efficiency of plasma extraction from each WB

donation. Plasma is considered a strategic resource [30]. However, in

2017, the level of self-sufficiency for albumin and immunoglobulins

was 62.4% and 42.9%, respectively [15]. From a logistical, economic

and ethical point of view, it is mandatory to obtain as much plasma as

possible from WB donations. In 2021, in Spain, 1,622,610 WB were

collected, producing 235,677 PC from WB donations. If each PC was

derived from four to five donations, approximately 1,000,000 WB

units were used for their production. This means that around 600,000

platelet units (buffy coat and IPU) were discarded for several causes,

mainly because of outdating (e.g. 87% in the BTBA). Assuming this

percentage and since each platelet unit contains 30 mL of plasma,

this means that more than 16,000 L of plasma have been lost in buffy

coat and IPU—otherwise valid—that were not used in the production

of PC. Furthermore, during 2021 in Spain, 26,925 PC expired [27].

Assuming an approximate volume of 150 mL of plasma per PC, this

would amount to over 4000 L of plasma. In summary, we estimate

that the annual plasma volume discarded due to the expiration of

buffy coats, IPU and PC was around 20,000 L. Given that one aphere-

sis donation contains approximately 600 mL of plasma, this is equiva-

lent to more than 33,000 plasmapheresis donations. Therefore, the

usefulness of an algorithm to recover part of this plasma is evident.

In conclusion, the successful results of the BTBA validation dem-

onstrate that, despite having approximately the same number of WB

units but facing a 14.6% increase in demand for PC in Period 2, the

algorithm not only met the demand without experiencing any stock-

outs of PC but also provided PC of higher quality. Additionally, it suc-

cessfully recovered more plasma.

Aside from the obvious economic savings resulting from the

reduction in the outdating rates of PC (the unitary cost of manufac-

ture is around 450 euros [29]) and the increase in the volume of

recovered plasma, our algorithm is beneficial from an ethical stand-

point. By minimizing waste, we ensure effective utilization of WB

donations, given freely by donors, contributing positively to ethical

considerations.

The software has the capability to forecast, with a one-week lead

time, situations where there may not be sufficient WB donations to

produce the required number of PC. For this forecasting, it is neces-

sary to include WB collection forecasts for at least the following

week. This early warning allows the blood establishment to increase

the number of planned WB collections.

The tool is very intuitive and easy to use as shown by the fact

that 1 hour of training is enough to learn how to use it. This, coupled

with the speed of data calculation, makes its routine application very

straightforward.

The tool facilitates and guides production decisions regardless of

the experience of the blood establishment staff. It facilitates the incor-

poration of new professionals and decision-making in the absence of

the head of the area in the blood establishment. If the staff are very

experienced, they can still use their judgement but with the help of

software, which would give even better results.

The software has been applied in a blood establishment with an

automated fractionation system, but it could be implemented in blood

establishments that use the buffy coat method for WB fractionation,

in which case the 2C protocol would be equivalent to dry-buffy coat.

It can also be applied in those centres that do not treat PC with PRT

or treat only a part of them. Other particular conditions of the blood

establishment may require minor modifications to the algorithm, but

those such as the size of the blood establishment or the distance to

hospitals are not relevant in this case. Although the current algorithm

does not explicitly account for blood groups, it can be adapted for

individual blood groups. Some modifications would be needed in the

algorithm to take into account the groups and their compatibilities in

a unified way. In this situation, it would be necessary to re-validate

the new version of the algorithm in one blood establishment to ensure

an optimal result.

In summary, the software meets the objectives by improving PC

inventory management, optimizing WB fractionation, recovering more

volume of plasma as well as providing guidance on collection

planning.
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Abstract

Background and Objectives: Geographical limitations in remote island medical facili-

ties result in excessive wastage of blood products. To address this, we explored the

feasibility of a novel blood rotation system, which enables the return and redelivery

of blood products to/from the blood bank while ensuring the management of prod-

uct quality, including temperature control. This study aimed to enhance the supply of

blood products to these facilities.

Materials and Methods: The Japan Red Cross Nagasaki Blood Center, Nagasaki Goto

Chuoh Hospital (NGCH) and Nagasaki University Hospital collaborated to coordinate

the transport and supply of red blood cell (RBC) products. Type O, RhD-positive, irra-

diated RBC products were stored at a precise 4.0 ± 2.0�C in an active transport

refrigerator (ATR). After transport from the Japan Red Cross Nagasaki Blood Center

to NGCH, RBC products were held for 1 week in the ATR, and unused products were

returned. Eligible returned products were reissued to the Nagasaki University

Hospital.

Results: All the returned RBC products met the redelivery criteria. Among the

103 redelivered RBC preparations, 101 bags (98.1%) were successfully used. NGCH

utilized 597 RBC products and discarded 80 samples. The ATR supplied 107 type O

RBC bags without any wastage. The overall wastage rate was 10.2% during the study

period compared with 24.2% in the same period in the previous year.

Conclusion: This innovative supply and operation system ensures a consistent and

secure RBC product supply to remote islands while maximizing blood product use.

Keywords
blood rotation, quality management, red blood cell product, remote island

Highlights
• The use of an active transport refrigerator to transport and store red blood cell products

ensured appropriate temperature maintenance.

• Reshipped red blood cell products can be utilized effectively after being returned from a hos-

pital on a remote island, where strict temperature control is ensured.

• This innovative blood rotation system ensures a consistent and secure supply of red blood

cell products to remote islands while maximizing their use.
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INTRODUCTION

In medical institutions located in remote island areas, the management

of transfusion medicine presents unique challenges owing to the

time-consuming transportation and delivery of blood products [1, 2].

In Japan, the Japan Red Cross Nagasaki Blood Center (JRCNBC)

serves as the sole source of blood products for transfusions, and a

network of medical institutions with blood bank capabilities is absent

in daily practice. Additionally, blood products are supplied to remote

islands through regular transport services conducted directly via sea

or air routes from the blood centre (BC) in the mainland to various

medical facilities. However, emergency transport via sea or air routes

is carried out in cases of urgent demand that cannot be met by an on-

site inventory. Factors such as transportation delays and interruptions

caused by the time required for shipment or adverse weather condi-

tions affecting maritime transport result in excessive stockpiling of

blood products, leading to higher wastage rates than in mainland facil-

ities. The 2020 National Survey investigated the status of blood trans-

fusions in remote islands in Japan. Among the surveyed hospitals,

78% indicated that they would transport patients requiring massive

emergency transfusions to core regional hospitals. However, only

17% of these institutions were regularly prepared. Furthermore, the

time required for product delivery, including routine and emergency

deliveries, from the BC exceeded 4 h in 68.6% of hospitals [3].

This study focused on the remote islands of Nagasaki Prefecture,

situated in the westernmost part of Japan, with the Goto Islands

approximately 102 km from the mainland (Figure 1). The transporta-

tion of blood products to Nagasaki Goto Chuoh Hospital (NGCH) in

Goto City typically takes approximately 4 h via the sea route. Conse-

quently, the prolonged transit time from the blood bank in Nagasaki

City to the NGCH, which takes approximately 16 h, contributes to the

annual wastage rates of unutilised blood products, ranging from 10%

to 20% in these hospitals. In contrast, the wastage rate of red blood

cell (RBC) bags in Japan stands at 1.76%, as per the nationwide survey

results [4]. Therefore, improving the supply system of blood products

to medical institutions in regions with limited geographical supply con-

straints is imperative to optimize the efficient use of these valuable

resources [5, 6]. However, it is worth noting that research on this

issue is limited, with only a few reports available [7].

To address these challenges, we investigated the feasibility of

implementing a novel operational framework, the blood rotation

(BR) system, which employs the active transport refrigerator (ATR)

705 developed by Toho Pharmaceutical Co., Ltd., Tokyo [8, 9]. This

system is designed to enable the efficient return and redelivery of

F I GU R E 1 Geographical relationships of the relevant institutions in this study. Nagasaki Prefecture, in the westernmost part of Japan, has
many remote islands. The Goto Islands in Nagasaki Prefecture are situated approximately 102 km from the mainland, and usually, it takes
approximately 4 h via sea to and from Goto City, where Nagasaki Goto Chuoh Hospital (NGCH) is located. NGCH is a core general hospital in the
secondary healthcare region of the Nagasaki Prefecture. It has 304 inpatient beds and is a hub hospital for secondary emergency medical care,
healthcare in remote areas and disaster medicine. The annual usage of red blood cell products is approximately 850–900 bags, with a 10%–20%
wastage rate. Nagasaki University Hospital (NUH) is the only university hospital in the Nagasaki Prefecture responsible for advanced medical care
and tertiary emergency medical services. The annual usage of red blood cell products exceeds 2000 units, with a wastage rate of approximately
1%. The Japan Red Cross Nagasaki Blood Center (JRCNBC) serves as a supply base for blood products used for transfusion and blood donation
services in the Nagasaki Prefecture.
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blood products while maintaining optimal temperature control, aiming

to streamline the supply chain (SC) for medical institutions in remote

islands. Specifically, in this study, we evaluated whether the BR sys-

tem could establish an effective SC that maximizes the utilization of

red blood cell RBC products, ensuring their proper use in these chal-

lenging settings.

MATERIALS AND METHODS

Blood products

The Japanese Red Cross Society produces RBC products in Japan.

One unit of the RBC product is derived from 200 mL of whole blood

collected from a single donor. At the time of the study, the expiration

period of the RBC products was 21 days after donation. Type O RhD-

positive RBC products are universally used in emergencies, such as for

patients with massive bleeding before blood typing is confirmed.

Temperature-controlled transportation by
ATR705-RC05

ATR705-RC05 (Toho Pharmaceutical, Ltd., Tokyo, Japan) is an ATR

capable of maintaining RBC products at a precise temperature of 4.0

± 2.0�C, regardless of the ambient temperature [8, 9]. This device,

powered by an internal lithium-ion battery, enables the transport of

RBC products for >7 h, even without routine power. The internal tem-

perature and events can be recorded continuously for an extended

period, and an alarm is issued if the internal temperature exceeds the

specified limits (Figure 2).

BR system

The NGCH in Goto City, Nagasaki Prefecture, is a flagship hospital

with 304 beds and is responsible for emergency medical care in the

Goto Islands. Typically, blood products, including RBCs, are trans-

ported daily via the sea route from the JRCNBC to NGCH. Additional

shipping via the sea or aeroplanes is conducted in response to tempo-

rary requests. In clinical practice, blood products are used based on

proper judgement following the Guideline for The Use of Blood Prod-

ucts released by the Ministry of Health, Labor and Welfare’s Pharma-

ceutical and Living Hygiene Bureau, Japan [10].

In this study, RBC products were specially coordinated among the

JRCNBC, NGCH, and Nagasaki University Hospital (NUH), in addition

to the regular supply system described above. An overview of the BR

system is shown in Figure 3. Type O, RhD-positive, irradiated RBC

products were stored in an ATR and transported from the JRCNBC to

NGCH via a scheduled ship (blue arrow). RBC products in the ATR

were stored for 1 week and used in emergencies or shortages of other

blood type products in the NGCH. After 1 week of storage, the

unused RBC products were returned to the JRCNBC in the ATR

(indicated by the red arrow). Only bags that met the shipping criteria

(not deviating from the standard temperature range in the tempera-

ture log data of the returned RBC bags, with no abnormalities during

the visual inspection of the bag and label for damage, haemolysis, or

clot formation) were reshipped from the JRCNBC to NUH and utilized

(indicated by the green arrow). To enhance inventory management

operations at the NGCH, we implemented a three-phase BR system

as follows: Phase 1: 22 January 2019–18 February 2019. This phase

served as a test for the continuous operability of the ATR system and

the efficiency of the transport route. We introduced three additional

bags into the ATR, supplementing the hospital’s standard inventory of

seven bags of O-type blood; Phase 2: 19 February 2019–25 April

2019. During this phase, we reduced the number of conventional type

O RBC products in the inventory by two bags and augmented the

ATR storage, aiming to maintain the overall inventory at 10 bags;

Phase 3: 4 June 2019–4 December 2019. In this phase, we reverted

to the conventional inventory of seven type O RBC products. Five

bags were allocated to the hospital inventory, and two bags were

reserved for emergency use within the ATR system.

Endpoints

The primary endpoint of this study was the utilization rate of products

redelivered to NUH during the planned period. The secondary end-

points included the wastage rate of stored blood products delivered

to the NGCH and the frequency of temporary transportation from the

JRCNBC to the NGCH. A comparative analysis was conducted using

data from before the start of the study as a historical reference.

F I G U R E 2 Active transport refrigerator, the ATR705-RC05 (Toho
Pharmaceutical, Ltd., Tokyo, Japan). ATR705-RC05 is a mobile
refrigerator designed for red blood cell (RBC) products. RBC products
are maintained under precise control at 4.0± 2.0�C. The internal
temperature and events can be recorded for extended intervals. Its
internal battery enables transportation for over 7 h. In the event of
the internal temperature surpassing specified limits, the system
promptly issues an alarm. The main body of the refrigerator
weighs 6.6 kg.
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Ethical approval

This study was approved by the Clinical Research Ethics Committee

of NUH and NGCH.

Statistical analyses

Data are expressed as mean ± standard deviation. The cumulative chi-

squared test was used to analyse the usage and wastage rates. Statis-

tical significance was set at p < 0.05. All analyses were performed

using R 2.14.1 (CRAN: the Comprehensive R Archive Network at

http://cran.r-project.org/).

RESULTS

Validation of storage conditions for RBC products
using ATR

We monitored the temperature conditions of the ATR used to store

and transport the RBC products between NGCH and JRCNBC. Repre-

sentative data are shown in Figure 4. The external temperature fluctu-

ated widely between 2.9 and 24.9�C owing to the installation

environment of the ATR. However, the internal temperature of the

ATR remained within the appropriate range of 3.2–4.4�C. Further-

more, transportation in the ATR allowed us to maintain the tempera-

ture of the RBC products using a thermometer placed between two

RBC bags as a surrogate marker of the core temperature. The temper-

ature range observed for this marker was 3.0–3.7�C, indicating proper

temperature control. Thus, the use of ATR to transport and store RBC

products ensured appropriate temperature maintenance.

Blood utilization at NUH

Of the 107 RBC product preparations stored in the ATR and shipped

to NGCH, 4 were used for patients, resulting in 103 products being

returned to JRCNBC (Figure 5). A re-evaluation of their quality at the

JRCNBC revealed that they all met shipping standards. Among

the 103 returned products reissued to the NUH during the study

period, 101 (98.1%) were transfused into patients. Two bags were dis-

carded because of expiration. Additionally, the wastage rate of type O

RBC products at NUH during the study period was 24 out of 2033

bags (1.18%), nearly equivalent to 19 out of 1854 bags (1.02%) during

the same period in the previous year. The remaining expiration date at

the time of warehousing to the NUH was 4–11 days, but 84 out of

101 bags (83.2%) could be used within 2 days. No adverse reactions

–

–

–

F I GU R E 3 Overview of the blood rotation system. First, as indicated by the blue arrow, type O, RhD-positive, irradiated red blood cell (RBC)
products were stored in an active transport refrigerator (ATR) and supplied from Japan Red Cross Nagasaki Blood Center (JRCNBC) to Nagasaki
Goto Chuoh Hospital (NGCH) by a scheduled ship. The RBC products in the ATR were reserved for a week and used in cases of emergency or
shortages of other blood type products in the NGCH. After a 1-week storage period, as indicated by the red arrow, the unused RBC products
were returned to the JRCNBC in the ATR. If the shipping criteria were met, as indicated by the green arrow, the recovered RBC products were
reissued and used at the Nagasaki University Hospital (NUH).

FEASIBILITY OF A BLOOD ROTATION SYSTEM 551

 14230410, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13626 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

nline L
ibrary on [24/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://cran.r-project.org/


or transfusion-associated hyperkalaemia were observed among

patients who received reshipped RBC products.

Blood utilization at NGCH

At NGCH, 597 RBC products were used, whereas 80 products were

discarded during the entire study period. The ATR supplied 107 type

O RBC bags without any wastage. Consequently, the overall wastage

rate was 10.2% over the entire study period compared with 24.2% in

the previous year (Table 1). The discard rate during Phase 3 was

notably lower than that in Phases 1 and 2, whereas the discard rate in

the corresponding period of 2018 was significantly higher than that in

any other phase of this study, as well as over its entire duration

(p < 0.001).

Furthermore, the results for each blood type are presented in

Figure 6. Two hundred and fifteen bags were used for type O RBC

products, and 13 bags were discarded. Based on the same method-

ology, the wastage rate for 331 type O bags supplied, including

103 ATR-stored and returned products, was 3.93% (compared with

12.9% in the same period in the previous year). During the research

period, 74 scheduled and 103 quick deliveries of RBC products to

the NGCH (excluding ATR transport) were similar to 76 and

110 deliveries, respectively, during the same period in the

previous year.

Three type O RBC products stored in ATR were used in NGCH.

One was used in an artificial bone-head replacement surgery because

of the unavailability of replenishment products owing to bad weather,

resulting in only ATR stock being available for type O blood within the

hospital. Additionally, two products were used for patients with gas-

trointestinal bleeding because replenishment would require >2 h via

the sea route to arrive. Furthermore, one bag was temporarily stored

in the hospital inventory and used for blood transfusion to a urological

patient the following day.

DISCUSSION

In the present study, we revealed that reshipped RBC products can be

effectively utilized after their return from a hospital on a remote

F I GU R E 4 Temperature variation record of red blood cell products stored in active transport refrigerator (ATR). Continuous temperature
data for each operation were obtained from the logs recorded in the ATR. Through the operation period, as indicated by coloured dots indicating
maximum (blue), minimum (orange), and average (grey) temperature in this figure, we could confirm that the temperature inside ATR was stably
controlled within the appropriate temperature range of 2.6–5.3�C, regardless of the ambient temperature; yellow line, maximum; blue line,
minimum.

F I GU R E 5 Summary of the utilization of red blood cell products.
A total of 103 red blood cell products were returned to Japan Red
Cross Nagasaki Blood Center (JRCNBC), as indicated by the red
arrow, and all were reissued to Nagasaki University Hospital (NUH),

as indicated by the green arrow. Of the 103 products returned and
stored at the NUH, 101 (98.1%) were used, as indicated by the orange
arrow. Two discarded bags were used until expiration. NGCH,
Nagasaki Goto Chuoh Hospital.
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island, where strict temperature control during storage in an ATR is

ensured.

Previous research demonstrated that unused RBC bags in hospi-

tals on the Ogasawara Islands, where transfusion therapy is not rou-

tinely performed, could be effectively reused (returned and

redelivered) with an efficiency rate of 87.5% through the BR system

in hospitals in mainland Tokyo, Japan [7]. These studies demonstrated

the effectiveness of implementing the ATR system in medical institu-

tions on the Ogasawara Islands. Our study shows the feasibility of

implementing the BR system for the cyclical operation of blood prod-

ucts, even in a remote island hospital that requires routine transfusion

therapy and inventory management, through collaboration with BC

and hospitals in the mainland. Ayyalil et al. [11] reported that although

they do not explicitly mention transportation methods, temperature

management or quality assurance, the system successfully reduces

the disposal of blood products by efficiently distributing them to med-

ical facilities based on the remaining shelf life of the products. How-

ever, hospitals in Japan are prohibited from supplying blood products

to other medical institutions as businesses operate under the regula-

tions of the Act on Securing Quality, Efficacy, and Safety of Products,

Including Pharmaceuticals and Medical Devices [12].

Additionally, once blood products are shipped from the BC, they

are sold to medical institutions, and no returns are accepted. The

establishment of the BR system aims to address issues related to

the SC of transfusion medicine and blood products while considering

the future of regional healthcare, including the prediction of popula-

tion dynamics and changes in healthcare infrastructure. Therefore,

extensive consultations with medical institutions, BCs and administra-

tive agencies are essential for realizing the operational flow of blood

products in BR systems. It is recommended that the regional transfu-

sion therapy committee engage in the successful implementation of

this system [13].

Our study confirmed that the temperature of RBC bags during

the storage period in the ATR consistently remained within the appro-

priate range during transportation and when delivered at the NGCH.

Additionally, the temperature variations resulting from the opening of

the lid during inspections at the medical facilities and in the quality

control processes at the BC and formulation retrieval remained within

the limits specified by quality management regulations. All the unused

bags returned to the BC met the reshipment criteria. Most of the

reshipped products were properly utilized at the NUH. In this study, a

significant portion of RBC products shipped within the ATR for NGCH

T AB L E 1 Blood utilization at Nagasaki Goto Chuou Hospital.

Phase 1 (22 January
2019–18 February 2019)

Phase 2 (19 February
2019–25 April 2019)

Phase 3 (4 June
2019–4 December 2019)

Corresponding
period in 2018

Bags used 60 129 408 550

Return bags in ATR 12 45 50 -

Bags discarded 12 27 41 176

Discard rate (%) 14.3 13.4 8.2a 24.2b

10.2

aThe discard rate during Phase 3 was significantly lower than that in Phases 1 and 2.
bWhile the discard rate in the corresponding period of 2018 was significantly higher than that in any other phase of this study, as well as over its entire

duration (chi-squared test, p < 0.001).

Abbreviation: ATR, active transport refrigerator.

F I GU R E 6 Impact on the wastage rate of red blood cell products based on blood type in Nagasaki Goto Chuoh Hospital. The histogram
shows the usage and wastage of red blood cell products based on blood type in the Nagasaki Goto Chuoh Hospital. The research period
corresponds to 2019, and data from the same period in 2018 are presented as data when the blood rotation system was not in operation.
The utilized pack numbers are indicated by blue (2018) and violet (2019) bars, and wastage numbers are indicated by red (2018) and green
(2019) bars.

FEASIBILITY OF A BLOOD ROTATION SYSTEM 553

 14230410, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13626 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

nline L
ibrary on [24/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



had a shelf life of approximately 14 days. The wastage rate was also

low because of the high usage of RBC bags at NUH. In practical imple-

mentations, operational considerations regarding shelf life and use at

the reshipping destination significantly affect the effectiveness of the

BR system.

Appropriate management of RBC products is necessary for ATR-

equipped medical facilities to enhance their effectiveness in remote

island hospitals. One crucial aspect is proper control of the quantities

of non-ATR stock bags and the number of ATR-stored units. In this

study, at NGCH, the inventory of blood products other than type O

was managed as usual, whereas the number of type O RBC products

was reduced from seven to five in the conventional stock. Neverthe-

less, the wastage rate of these products during the study period

showed a general decrease compared with the corresponding

period of the previous year. However, various confounding factors,

such as an increase in product usage and remaining expiration dates

of incoming products, cannot be ignored. Furthermore, the introduc-

tion of the ATR system resulted in a net increase in round-trip trans-

portation costs of €32 per visit, totalling €1202 over 38 trips. This

cumulative cost is equivalent to the acquisition cost of approximately

10.7 units of RBC products in Japan, valued at €112 each. The initial

investment required to implement the ATR system is approximately

€3100 per unit, with the estimated annual expenses for operation and

maintenance ranging between €310 and €370. Considering the

observed reduction in RBC solution waste during the same period in

the previous year, these additional costs can be effectively offset, and

the initial costs will be depreciated over time. This evaluation high-

lights the enhancement in operational efficiency and the possibility

for cost recovery associated with the ATR system, indicating its signif-

icance extends beyond transportation facilitation.

This study had several limitations. First, because single-arm oper-

ations using ATR were conducted, the impact on factors such as the

use and wastage of blood products at NGCH and NUH, as well as

the frequency of unscheduled (quick) deliveries to NGCH, was limited

to comparisons with data from the corresponding period of the previ-

ous year. Regarding waste reduction at NGCH, we acknowledge that

the retrospective analysis and the potential influence of confounding

factors may limit the interpretation of our findings. Nevertheless,

waste reduction was observed across all phases compared with that

in the same period in the previous year. This reduction held true even

in Phase 2, despite an increase in total inventory to 10 bags. We

believe that a more detailed examination is necessary to optimize the

balance between hospital inventory and ATR storage, considering

institutional function, size and location variables.

Second, owing to restrictions on the use of ATR-preserved prod-

ucts at NGCH, this study did not reveal the impact on the frequency

of transfusions using ATR-preserved type O RBC bags with compati-

ble but ABO-different types during periods of increased in-house

demand, including cases of massive bleeding [14–16]. A continuous

stock of type O RBC bags in ATR is believed to contribute to the life-

saving treatment of patients in emergency situations. It also enables

the medical staff to confidently and safely perform compatible trans-

fusions. Therefore, it is necessary to elucidate the contribution of BR

systems to this process.

In conclusion, the establishment of a BR system supported by

robust quality management and transportation technology demon-

strated in this study can contribute to the effective utilization of valu-

able blood products, even when they are not used after being

dispatched to medical institutions, by reintroducing them into an

effective SC within their expiration dates and ensuring a stable supply

of blood products in remote island regions. Further investigation is

warranted to establish a sustainable and innovative blood product SC,

including cost–benefit and application to platelet or plasma products,

which may require different storage and handling methods.
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Abstract

Background and Objectives: Malaria continues to be a significant public health con-

cern in India, with several regions experiencing endemicity and sporadic outbreaks.

The prevalence of malaria in blood donors, in India, varies between 0.02% and

0.07%. Common techniques to screen for malaria, in blood donors and patients,

include microscopic smear examination and rapid diagnostic tests (RDTs) based on

antigen detection. The aim of this study was to evaluate a new fully automated ana-

lyser, XN-31, for malaria detection, as compared with current practice of using RDT.

Materials and Methods: Cross-sectional analytical study was conducted to evaluate

clinical sensitivity and specificity of new automated analyser XN-31 among blood

donors’ samples and clinical samples (patients with suspicion of malaria) from outpatient

clinic collected over between July 2021 and October 2022. No additional sample was

drawn from blood donor or patient. All blood donors and patients’ samples were pro-

cessed by malaria rapid diagnostic test, thick-smear microscopy (MIC) and the haematol-

ogy analyser XN-31. Any donor blood unit incriminated for malaria was discarded.

Laboratory diagnosis using MIC was considered the ‘gold standard’ in the present study.

Clinical sensitivity and specificity of XN-31 were compared with the gold standard.

Results: Fife thousand and five donor samples and 82 diagnostic samples were evalu-

ated. While the clinical sensitivity and specificity for donor samples were 100%, they

were 72.7% and 100% for diagnostic samples.

Conclusion: Automated haematology analysers represent a promising solution, as

they can deliver speedy and sensitive donor malaria screening assessments. This

method also has the potential to be used for pre-transfusion malaria screening along

with haemoglobin estimation.

Keywords
blood donors, haematology analyser, malaria, rapid detection test, thick-smear microscopy

Highlights
• A new haematology analyser, XN-31, evaluated for malaria detection in whole blood donors,

was found to be 100% sensitive and specific in over 5000 donor samples.
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• In diagnostic samples of patients with suspicion of malaria, the sensitivity and specificity

were 100% and 72.7%, respectively. [Corrections were added on 4 April 2024: After the first

online publication, the preceding sentence was corrected.]

• This haematology analyser, XN-31, also has the potential to be used for pre-transfusion

malaria screening, along with haemoglobin estimation.

INTRODUCTION

Blood transfusions are critical and life-saving medical interventions

that are commonly employed in various healthcare settings. Safety of

blood transfusions relies on rigorous screening procedures to identify

potential infections and reducing the risk of transmission of patho-

gens. In India, these screening procedures are governed by strict regu-

latory guidelines defined in the Drugs and Cosmetic Act, specifically

Part X11 B of Schedule F [1]. These guidelines have been put in place

to safeguard the health of both recipients and blood donors, and to

maintain the safety of the national blood supply.

According to these regulatory provisions on blood screening pro-

cedures, five transfusion transmissible infection (TTI) tests are man-

dated on all donated blood units, before they can be released for

transfusion. These essential tests are provisioned to detect the pres-

ence of specific pathogens and disease markers that poses significant

risks to the recipient’s health. The five TTI tests include screening for

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

bodies to hepatitis C virus (anti-HCV), hepatitis B virus surface antigen

(HBsAg), serological tests for syphilis and test for malaria.

Malaria continues to be a significant public health concern in

India, with several regions experiencing endemicity and sporadic out-

breaks [2]. The prevalence of malaria in blood donors, in India, varies

between 0.02% and 0.07%, in few published studies [3–5], with

cumulative sample size of 393,730 whole blood donors. It is therefore

important to ensure detection of malaria in blood donors and prevent

transfusion-transmitted malaria (TTM). To date, various techniques

have been employed by blood transfusion services (BTS) across India

to screen for malaria. These techniques include microscopic smear

examinations and rapid diagnostic tests (RDTs) based on antigen

detection; the latter seems to be overtaking the former with more

widespread use, across BTS. While RDTs are commonly used for

malaria detection, they have certain disadvantages, such as being

manual, difficult to batch, quality control and document, which limit

their usefulness.

This study was undertaken to evaluate a new fully automated

analyser XN-31 (Sysmex Corporation, Kobe, Japan) for malaria detec-

tion, as compared with the current practice of using RDT.

MATERIALS AND METHODS

Study design and settings

A cross-sectional analytical study was conducted to evaluate the clini-

cal sensitivity and specificity of a malaria screening technique among

consecutive blood donors in the department of transfusion medicine,

in a tertiary care hospital in the National Capital Region (NCR), India.

Blood donor samples were collected over a period of 15 months (from

July 2021 to October 2022).

Subject groups

Blood donors

The study population primarily consisted of prospective whole blood

(WB) donors who registered, provided basic demographic information,

completed a health history questionnaire, underwent a brief physical

examination and granted their consent for donation. The brief physical

examination encompassed measurements of weight, blood pressure,

pulse rate, body temperature and an overall assessment of their health

condition. Donors meeting the selection criteria outlined in the Drugs

and Cosmetic Act of 1940 [1] were eligible. Individuals with a recent

history of malaria infection within the last 3 months or a body temper-

ature exceeding 37.5�C were deferred from blood donation.

Clinical samples

Besides blood donor samples, few clinical samples from patients with

suspicion of malaria were also used, because the probability of finding

a positive result in donors was very low, as evidenced by historical

published data [3–5]. These clinical samples were sourced from

patients visiting outpatient clinics of the hospital, where these individ-

uals sought medical attention due to symptoms such as fever, head-

ache, fatigue, muscle and joint pain, and other symptoms suggestive

of possible malaria infection.

Routine testing for malaria in blood donors/clinical
samples

Routine testing for blood donors

For donor samples, as per institutional standard operating procedures

(SOP), three blood samples were collected from each blood donor:

two in EDTA tubes (3 mL and 6 mL, respectively) and one in a clot

activator tube (4 mL). These tubes were labelled with unique donation

identification numbers (UDIN) and intended for blood grouping,

nucleic acid amplification tests (NAT) and screening for TTIs, respec-

tively. Testing for malaria was performed by malaria RDTs (mRDTs) in
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the blood centre of the hospital, using the residual sample from 6-mL

EDTA tube, after the NAT assay. If the test result was non-reactive,

no further tests were performed and it was released for transfusion.

As part of study protocol, reactive mRDT was further submitted to

thick-smear microscopic examination (MIC) for confirmation in the

haematology section of the laboratory in the hospital. Any incrimi-

nated WB unit on mRDT/MIC was discarded as per institutional SOP.

Routine testing for clinical samples (patients’ samples)

Clinical samples (patients’ samples with suspicion of malaria) collected

in 3-mL EDTA sample collection tube was submitted simultaneously

to both mRDT and thick-smear examination in the haematology

section of the laboratory in the hospital. Any sample positive by

mRDT and/or MIC was considered positive and treated clinically.

Testing protocol followed in the study

In the study protocol, besides routine testing, all blood donor and

patients’ samples were additionally processed using the new haema-

tology analyser XN-31. The haematology analyser used the residual

sample from the blood group sample tube, which was used for initial

ABO and RhD blood group test. Testing on XN-31 included complete

blood counts and malaria parasite testing, which was performed

within 12 h of venipuncture. No additional sample was drawn from

blood donor or patient. Laboratory diagnosis using MIC was consid-

ered gold standard in the present study. Sensitivity and Specificity of

tests results from XN-31 and the gold standard were calculated and

tabulated.

Equipment/testing techniques employed in the study

XN-31 haematology analyser

XN-31 (Sysmex Corp., Kobe, Japan) uses a combination of optical

fluorescence techniques, flow cytometry and laser-optical recognition

by a violet semiconductor 405 nm laser beam that analyses the resul-

tant forward-scattered light (FSC) and side fluorescent light (SFL). The

blood cells are initially treated automatically with reagents such as

Lysercell M and Fluorocell M (Sysmex Corporation). Lysercell M

shrinks the red blood cells (RBCs), and the size of these shrunken cells

reflects the parasite cell size within the RBCs. Treatment with the

Fluorocell M stains the nucleic acids inside the cells. After these treat-

ments, the Plasmodium-infected RBCs are effectively analysed

according to the intensity of the FSC and SFL of each cell. The inten-

sity of the FSC signal mainly reflects the size of the cells, whereas that

of the SFL reflects the amount of each cell’s nucleic acids. These sig-

nals are consequently used to detect malaria-infected RBCs (MI-RBC)

with the help of unique proprietary algorithms [6]. There were two

modes of testing: the LM (low malaria) mode and the PD (pre-dilution)

mode. The LM mode used 60 μL WB samples and was optimized to

count low numbers of Plasmodium-infected RBCs (analytical limit was

quantification of 20 parasites/μL). XN-31 also has a PD mode (analyti-

cal limit was quantification of 40 parasites/μL), which uses 70 μL

blood sample, which is diluted seven times with Cellpack DCL

(Sysmex Corporation) [6]. This mode can be used to test capillary

blood at the time of screening of donor. In the present study, blood

samples were measured by only LM mode of the XN-31 within 12 h

of blood collection from patients. LM mode was preferred, because

low positivity rate was anticipated in blood donors, who are appar-

ently healthy individuals and do not exhibit signs or symptoms of

malaria infection.

XN-31 output included parasite count, both as a percentage of

infected RBCs and absolute parasite density, expressed as ‘MI-RBC%’
and ‘MI-RBC#’, respectively. Information on the species of malaria

parasites was suggested by various flags of the algorithm used in the

XN-31 haematology analyser. These flags were, namely, ‘Malaria? (P.

f)’ suggesting Plasmodium. falciparum and ‘Malaria? (Others)’ suggest-
ing Plasmodium species other than P. falciparum. When the malaria

parasite could not be classified, flagging it as ‘Malaria? (UNC)’ meant

unclassified parasites. Moreover, in rare instances, the detection of

unknown particles in the blood sample sometimes causes indetermi-

nant results, and then flagging of ‘MI-RBC Abn Scattergram’ was sug-

gested, which meant abnormal scattergram. The analyser also

provided a concurrent complete blood count measurement for each

sample analysed.

Malaria rapid diagnostic test

An mRDT was performed on EDTA-anticoagulated venous blood

within 12 h of venipuncture, according to recommendations from the

manufacturer. Malaria antigen test kit PAN pLDH (SureTest, Micro-

gene Diagnostic Systems (P) Ltd. India) was a rapid immunochromato-

graphy based test. The kit format contains two bands: the first band

(test band) detects PAN pLDH (Plasmodium lactate dehydrogenase),

while the second acts as a procedural control, validating the individual

test. The test used WB sample for testing. PAN pLDH is present if a

person is infected from any of the four species, viz. Plasmodium vivax,

P. falciparum, Plasmodium. malariae and Plasmodium. ovale. The manu-

facturer claimed detection level of 100–200 parasites/μL and a speci-

ficity of >99% for the test kit [7].

Thick-smear MIC

Two thick blood films were prepared from capillary samples from all

participants and stained with Giemsa according to international guide-

lines [8]. Two expert malaria microscopists read the thick-film slides

to establish the malaria diagnosis. A third blind reader resolved any

discrepancies (positive vs. negative). Both microscopists had 8 years

of demonstrated expertise in malaria diagnosis and were classified as

level expertise 1 according to World Health Organization (WHO).
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A stained, thick blood smear was used to establish positive and nega-

tive judgement; the smear was considered negative if, after complet-

ing examination of 500 fields at 100� magnification, no parasites

(asexual or sexual) were found. A second thick smear was used as a

backup for cases where there was any problem with staining or

doubts with judgement.

Statistical analysis

Clinical sensitivity and specificity of using the XN-31 was compared

with the gold standard. All recorded variables were presented as

means and SD. The results were compiled using Microsoft Excel

(Microsoft Inc., WA, USA), and descriptive statistics were analysed

using PRISM 10.0 (GraphPad Inc., CA, USA).

Ethical clearance

This study was approved by the institutional review board and addi-

tional study-specific informed consent was waived. Recorded data

from participants were anonymized using a code. Participants who

were diagnosed by mRDT/MIC were treated according to the national

malaria treatment guidelines. The results from the XN-31 were not

used to manage patients because this instrument was under evalua-

tion in this study.

RESULTS

Demographics of donors and diagnostic samples

Five thousand and five donor samples were examined to evaluate the

performance of the XN-31 in routine testing. XN-31 equipment’s clin-

ical sensitivity was also evaluated using clinical samples (n = 82). The

demographic summary of the recruited subjects is mentioned in

Table 1. The WB donor group comprised of 96% (4803 of 5005)

males and 4% (202 of 5005) of females, while patients who provided

diagnostic malaria samples consisted of 62% (n = 51) males, 38%

(n = 31) females. While the median age of blood donors was 32 years

(interquartile range [IQR] 18–65), the median age of patients with sus-

pected malaria was 40 years (IQR 17–60).

Sensitivity and specificity of blood donor samples

Among the 5005 donor samples analysed, overall findings were con-

sistent with the established laboratory testing protocols for identify-

ing malaria infection in blood donors. It is worth noting that both

sensitivity and specificity for donor samples was 100%. A summary of

the evaluation results is collated in Table 2. Remarkably, among the

5005 samples, only one blood donor sample that tested positive by

the gold standard was also identified by XN-31. The instrument raised

an MI-RBC positive flag for this sample. Figure 1 illustrates a repre-

sentative scatterplot generated by the analyser, displaying clear evi-

dence of infected RBCs (MI-RBCs). The instrument also provided

parasitaemia counts and a potential identification of the malaria para-

site species.

Instrument flags

For all negative donors (n = 5004), we observed the instrument XN-

31 with negative flags for any infection. For clinical samples, the scat-

tergram patterns that triggered related flag messages are outlined in

Table 3. While all 71 true positives were flagged, three false positives

were flagged, too. In the positive clinical samples, the most common

instrument flag was P. vivax cases, categorized under the flag ‘others’
category (n = 41), with instrument flag corresponding to P. falciparum

infections, were the second most common (n = 6). These 47 falci-

parum and vivax also corroborated with MIC observations.

Though these features may not be applicable to donor

services when screening blood donations, they may provide supporting

diagnostic value when linking infected positive cases to routine care.

Sensitivity and specificity of clinical samples

Among the 82 clinical samples that warranted a suspicion of malaria

infection, we observed a remarkable agreement in measurements

between gold standard and XN-31 as illustrated in Table 2: clinical

sensitivity of 100% and clinical specificity of 72.7%. Importantly, in

this randomly selected group, we did not encounter any false nega-

tives. [Corrections were added on 4 April 2024: After the first online

publication, the preceding sentence was corrected.]

DISCUSSION

TTM is a relatively infrequent occurrence, with reported frequencies

ranging from 0.2 cases per million in non-endemic regions to 50 or

more cases per million in malaria-endemic areas [9]. However, the

continuous quest for ideal diagnostic tools that are simple, rapid and

reliable is more crucial than ever before. The advent of newer haema-

tology instruments has presented an opportunity to streamline and

automate the detection of malaria-positive infections, ultimately

enhancing laboratory efficiency [10].

T AB L E 1 Demographic details of blood donors (donor samples)
and patients (clinical samples).

Description

Donor samples

(N = 5005)

Clinical samples
(patient samples)

(N = 82)

Age (median ± SD) 32 ± 8.5 40 ± 17.49

Gender

Male 4803 51 (62)

Female 202 31 (38)
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Automated haematology analysers represent a promising solution,

as they can deliver speedy, sensitive and cost-effective assessments

for suspected malaria infections. These analysers not only reduce ana-

lytical time but also enhance accuracy, with a quantification limit of

20 infected RBCs per microliter (iRBCs/μL) [11]. In our study, we eval-

uated the performance of the XN-31 automated haematology analy-

ser, which demonstrated impressive sensitivity and specificity. It

achieved a sensitivity of 100% for both donors and patients, coupled

with a specificity of 100% for donors and 72.7% for patients.

[Corrections were added on 4 April 2024: After the first online publi-

cation, the preceding sentence was corrected.] All 75 true-positive

samples (one donor sample and 74 clinical samples), which were posi-

tive on MIC (gold standard), were also positive on mRDT. These

results underline the potential of the XN-31, a new automated tech-

nology with a limit of quantification of 20 iRBCs/μL holds promise as

an effective tool for the detection of common Plasmodium species,

offering high sensitivity and specificity. Its automated design facili-

tates rapid and high-throughput analysis, making it well-suited for

transfusion malaria screening. Pillay et al. found that the results

reported by similar haematology analyser XN-30 correlated with

microscopy and the analyser demonstrated 100% sensitivity and spec-

ificity. They concluded that haematology analyser XN-30 provided a

robust, rapid, automated and accurate platform for diagnosing malaria

in a clinical setting [12].

In the clinical samples, there were three false-positive results that

were reported by XN-31. It has been speculated that triggering of

false positive and indeterminate in XN-31 results is correlated with

diseases and conditions associated with the presence of immature

cells of the erythrocyte lineage or mature RBCs with abnormal mor-

phology. Few of these diseases/conditions are sickle cell disease, beta

thalassemia, haemochromatosis premature newborns, etc. [13].

Though these individual diseases/conditions were not evaluated in

the present study, it is possible that few of the samples in the present

study cohort of ‘clinical samples’ had one of these underlying disease

conditions, triggering false-positive results in XN-31.

In the field, malaria screening in blood donors primarily relies on

two modalities: RDTs and MIC. However, both methods have their

respective drawbacks. The mRDT assay format employs either lactate

dehydrogenase (pLDH) or histidine-rich protein 2 (HRP2), both of

which are expressed by human malaria parasites [14]. RDTs are often

F I GU R E 1 XN-31 scattergram plot and accompanying instrument
flags identifying the positive blood donor sample. FSC, forward-
scattered light; LM, low malaria; MI-RBC, malaria-infected red blood
cell; SFL, side fluorescent light; WB, whole blood; WBC, white
blood cell.

T AB L E 3 Different instrument flags of XN-31 in positive
diagnostic samples.

XN-31 instrument flag
Positive diagnostic
samples (N = 74)

MI-RBC Abn Scattergram + Malaria?

(others)

11

Malaria? (P.f) 6

Malaria? (others) 41

Malaria? (UNC) 2

Malaria? (P.f) + Malaria? (others) 9

Malaria? (UNC) + MI-RBC Abn

Scattergram

1

MI-RBC Abn Scattergram + Malaria?

(P.f) + Malaria? (others)

2

MI-RBC Abn Scattergram 2

Abbreviation: MI-RBC, malaria-infected red blood cell.

T AB L E 2 Sensitivity and specificity of XN-31 in detecting malaria in blood donors and diagnostic samples.

XN-31

Donor samples (N = 5005) Clinical samples (N = 82)

Gold standard

Total

Gold standard

TotalPositive Negative Positive Negative

Observed positive 1 (TP) 0 (FP) 1 71 (TP) 03 (FP) 74

Observed negative 0 (FN) 5004 (TN) 5004 0 (FN) 8 (TN) 8

Total 1 5004 5005 71 11 82

Sensitivity 100% 100%

Specificity 100% 72.7%

Abbreviations: FN, false negative; FP, false positive; TN, true negative; TP, true positive. [Corrections were added on 4 April 2024: After the first online

publication, Table 2 was corrected.]
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preferred due to their ease of use, minimal infrastructure require-

ments, the capability to detect parasite densities exceeding

100 parasites/μL and rapid results delivery within 15–30 min [15]

However, despite the advantages of malaria RDTs, they are not with-

out limitations. They have a relatively high limit of detection, typically

in the range of 100–200 parasites/μL [16]. Environmental factors

such as humidity and extreme temperatures can adversely affect their

performance. Furthermore, false-negative results can occur in regions

where certain variants of P. falciparum do not express HRP2 [17].

Moreover, HRP2-based RDTs have an additional limitation that they

may give false-positive result in donors with recent infection (though

the donor may have had infection earlier than ‘3 months of deferral

period’) because HRP2 antigens can persist in circulation for weeks

following parasite clearance [18]. Additionally, the emergence of para-

site gene deletions in pfhrp2 and pfhrp3, which enable parasites to

evade detection by RDTs, underscores the evolving challenge of diag-

nosing malaria [19] using RDT. However, in the present study, HRP2

antigen based were not used; pLDH-based RDTs were used. MIC con-

tinues to be another commonly employed and dependable method for

malaria diagnosis in several centres. It is cost-effective and provides

the potential for identifying other pathogens. Nevertheless, MIC has

inherent subjectivity [20], is manual, time-consuming, necessitates

trained personnel, depends on slide quality and possesses an

operator-dependent limit of detection. Expert microbiologists can

identify parasite densities as low as 10–50 parasites/μL, whereas

non-experts typically have detection limits in the range of 100–

500 parasites/μL [21]. Consequently, novel approaches are urgently

needed to overcome the existing obstacles in the global effort to

eradicate malaria. Malaria detection by newer haematology analyser

seems to be one such approach, as evidenced in the present study.

One of the possible and interesting applications could be the

use of XN-31 at the time of brief physical examination prior to WB

donation. During this physical examination, haemoglobin

(Hb) estimation is performed to ensure that donors with Hb of

12.5 g% or higher are bled, while anyone with lower Hb is coun-

selled and temporarily deferred. In the present study, only LM mode

was used, companion complete blood count (CBC) results did reveal

that all blood donors had haemoglobin higher than 12.5 g%. All 5005

donors were considered eligible for blood donation with existing

institutional practice. While this finding does enhance our confi-

dence in the currently used POC (point-of-care) equipment for Hb

estimation, it also makes us think whether we could replace the cur-

rent POC with XN-31 doing twin functions of Hb estimation and

malaria detection. The PD (pre-dilution) mode of XN-31 has an ana-

lytical limit of quantifying 40 parasites/μL and uses only 70 μL blood

sample (capillary blood), which can be drawn from the finger tip.

Besides Hb estimation, XN-31 output offers the added benefit of

obtaining comprehensive CBC parameters, which may be useful in

even suspecting thalassemia minor donors, though identification

would involve additional confirmatory tests like Hb electrophoresis

or high-performance liquid chromatography (HPLC) [22]. These addi-

tional features enhance our ability to provide donors with access to

their health status and refer them for appropriate care. The

additional benefit of a CBC with every malaria analysis offered by

XN-31 would be helpful for donor health management and quality

control testing of blood products. Wataru Kagaya et al used paired

capillary and venous blood samples collected from 169 malaria-

suspected outpatients in Homa Bay County Referral Hospital,

Kenya. Malaria infections were diagnosed with the XN-31p, micros-

copy, RDT and PCR. Identical results in malaria diagnosis were

observed between venous and capillary blood samples processed

immediately after collection with the Sysmex XN-31p (prototype of

XN-31). Relative to PCR, the sensitivity and specificity of the XN-

31p with capillary blood samples were 0.857 and 1.000, respec-

tively. Short-term storage of capillary blood samples at chilled tem-

peratures had no adverse impact on parasitaemia and CBCs

measured by the XN-31p [23].

Targeting the human reservoir of infection, including individuals

who are infected but do not exhibit symptoms, such as healthy blood

donors, is necessary to eradicate malaria. Asymptomatic malaria is

possible in healthy adult blood donors, and the percentage of donors

who are infected with the disease generally reflects the region’s over-

all malaria burden, according to research done in areas where malaria

is endemic [24, 25]. Blood donors should be routinely screened for

malaria, which would be a significant data source for surveillance.

Because blood donation is a continuous round-the-year process,

screening donors for malaria would produce data continually and in

real time, enabling the quick identification of shifting trends.

In conclusion, XN-31 was found to have 100% sensitivity and

specificity in malaria screening of donors. This method also has the

potential to be used for pre-transfusion malaria screening along with

Hb estimation.
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Abstract

Background and Objectives: Blood transfusion is performed daily in hospitals. Gaps

exist between transfusion guidelines and day-to-day clinical care. These gaps are

prevalent in resource-limited settings due to scarce continuing medical education.

Transfusion Camp Rwanda aims to bridge this gap by (1) delivering context-

appropriate up-to-date education, (2) teaching participants how to independently

deliver a case-based curriculum and (3) identifying strategies to promote change in

transfusion practice in Rwanda.

Materials and Methods: In May 2023, a multidisciplinary team from Canada and

Rwanda carried out a Transfusion Camp train-the-trainer workshop for clinicians from

all five provinces in Rwanda. Participants attended in-person lectures, seminars and

workshop group discussions on the implementation of the Rwanda National
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Directives on Rational Use of Blood and Blood Components. Course feedback was

based on the Kirkpatrick Model of Training and Evaluation.

Results: Fifty-one physicians and laboratory technicians participated in the course.

Confidence in caring for patients based on transfusion guidelines was self-rated as

‘excellent’ by 23% of participants before and 77% after, while 84% reported they

planned to teach Transfusion Camp to others and 100% responded that they will

apply course content to clinical practice. Workshop groups recommended strategies

to improve transfusion medicine practice in Rwanda in four domains: Communica-

tion, Institutional Approval, Practice Audits and Education.

Conclusion: Transfusion medicine education in Rwanda using a train-the-trainer

approach was well-received by participants and allowed for a more detailed under-

standing of the local medical and educational environment. These observations can

inform the further expansion of the Transfusion Camp Rwanda project.

Keywords
global health, medical education, Rwanda, training of trainers, transfusion medicine

Highlights
• Transfusion Camp Rwanda train-the-trainer course participants gained transfusion medicine

knowledge and confidence in the ability to teach colleagues and trainees.

• Workshop groups focused on four domains: Communication, Institutional Approval, Practice

Audits and Education, and generated recommendations to disseminate and implement the

Rwanda National Directives on Rational Use of Blood and Blood Components.

• Both the train-the-trainer course and the workshop together aim to improve adherence to

transfusion medicine practice guidelines.

INTRODUCTION

Blood transfusion is a life-saving therapy and access to blood is on the

World Health Organization (WHO) list of essential medications [1].

Transfusion medicine (TM) education is essential as physicians and

nurses in almost every specialty prescribe and manage transfusions

and associated reactions [2]. Significant deficits in baseline TM knowl-

edge have been described in postgraduate trainees [3, 4].

Transfusion Camp is a longitudinal curriculum, originally designed

in Canada and now scaled internationally, that aims to provide a

strong baseline level of TM knowledge for non-transfusion specialty

trainees [2]. Transfusion Camp has demonstrated the capacity to

increase trainee TM knowledge and confidence in their transfusion

practice [2, 5–7]. In 2022, Transfusion Camp was piloted in Rwanda,

with the ultimate goal of improving the appropriate use of blood prod-

ucts in that country [8], and demonstrated similar knowledge and con-

fidence increases from pre- to post-testing in Rwandan postgraduate

trainees [8]. However, the lack of Rwandan Transfusion Camp trainers

and faculty exposure to up-to-date TM guidelines limited the long-

term sustainability of this course.

Training of trainers using the ‘TRAIN’ framework relies on ‘talent,
resources, alignment, implementation, and nurturing’ as core concepts

to foster sustainable education in LMICs [9]. Another core concept is

the evaluation of trainer ability and confidence to teach others using

the Kirkpatrick Model of Training Evaluation [10]. This model has four

levels—reaction, learning, behaviour and results—measuring skill

acquisition, relevance, changes in behaviour and, ultimately, patient

outcomes.

The objectives of this project were to (1) bring contextually

appropriate TM education and evidence-based practice updates to

practitioners in Rwanda, (2) introduce the team-based learning frame-

work of Transfusion Camp, guided by TRAIN, so that participants could

independently teach their colleagues and medical trainees in the

future, and (3) identify specific knowledge-translation strategies

through which changes in transfusion practice could be realized. The

goal of this report is to describe our experience to date and to provide

a foundation upon which future initiatives may be based.

MATERIALS AND METHODS

Local context

In Rwanda, blood components are all separately available (red blood

cells, platelets, plasma and cryoprecipitate) through hospital laborato-

ries in tertiary care centres or via Zipline© (2023 Zipline International

Inc.), a drone-based blood delivery system [11]. Blood donation is

100% voluntary and order fulfilment exceeded 99% of requests in

564 NIZEYIMANA ET AL.
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2022 [12]. Rwanda has a small geographical area compared with many

other countries (26,338 km2) but travel times remain substantial and

cold chain infrastructure is limited [13]. As course participants were

invited from all five Rwandan provinces, some travelling in excess of

8 h, they came with varying experience on blood product order fulfil-

ment times along with varying hospital laboratory testing capabilities.

Rwandan faculty were provided with a teaching stipend for the prepa-

ration and delivery of course content, and meal catering was provided

for all course participants. The Rwanda Biomedical Centre/Blood

Transfusion Division (RBC/BTD) also provided a travel stipend to

course participants as per their standard practice for continuing pro-

fessional development.

Course planning

Transfusion Camp was first taught in Rwanda to 27 postgraduate

trainees in June 2022 [14]. Through course debriefing, participating

Rwandan faculty and trainees concluded that practicing clinicians

would also benefit from a modified version of Transfusion Camp, with

the ultimate goal of delivering it themselves to other Rwandan

trainees and practitioners. Through the partnership between the Uni-

versity of Rwanda (UR) Department of Anaesthesiology and Critical

Care, the University of Toronto’s Department of Laboratory Medicine

and Pathobiology, Canadian Blood Services (CBS) and the RBC/BTD,

a roadmap was defined to address the education-to-practice divide

faced by Rwandan clinicians.

A memorandum of understanding between the University Teach-

ing Hospital of Kigali (CHUK) and RBC/BTD was updated to reflect

the investment of personnel, time and financial support for future

Transfusion Camp courses. A concept note was created that defined

the objectives and expected outcomes. Additional course funding sup-

port was obtained through a grant from the International Society of

Blood Transfusion. Initially planned as one course, RBC/BTD support

allowed for a second 2-day course to be added due to high demand.

Course content

The workshop offered didactic content in red blood cell, platelet,

plasma and cryoprecipitate transfusion, paediatric transfusion, and

massive haemorrhage protocols; these lectures were interspersed

with case-based small group team-based learning seminars. Lectures

and cases were adapted from Transfusion Camp Canada for delivery in

Rwanda in collaboration with Rwandan physicians specializing in TM,

haematology, paediatrics and anaesthesiology, as previously

described [14].

Lectures were delivered by both Canadian and Rwandan faculty

in English, while team-based learning seminars were led entirely by

local Rwandan faculty (in both English and Kinyarwanda as per group

preference). Advocating for Rwandan faculty to share teaching roles

as much as possible was important feedback from the pilot course of

Transfusion Camp Rwanda in 2022 [14].

Following delivery of the Transfusion Camp curriculum, two work-

shop sessions were held, each moderated by Rwandan physician

leads. In the first, attendees were divided into four groups with the

purpose of reviewing recently updated Rwandan national transfusion

guidelines for the following: (1) red blood cells, (2) platelets, (3) plasma

and cryoprecipitate and (4) massive haemorrhage [15]. As a means of

stimulating discussion, differences in content between these guide-

lines and clinical practice were emphasized.

In the second set of workshop groups, attendees were asked to

reflect on how to shift transfusion practice in Rwanda to be in line

with these national guidelines. The ideas that emerged were identified

and summarized according to the principles of Interpretive Descrip-

tion [16]. Specifically, groups of 5–6 individuals of varying background

and a shared interest in TM practice were assigned a moderator who

was a local Rwandan faculty. The moderator posed questions and pro-

vided reference material to focus the discussion (Table 1). Moderators

were encouraged to let discussion evolve naturalistically, in either

English or Kinyarwanda. If the discussion was in Kinyarwanda and the

note taker was English speaking, permission was sought to record that

T AB L E 1 Workshop reference materials and guiding questions
for discussion.

Subject Reference material Initial questions

Communication Choosing Wisely

Canada, ‘Why Give

Two When One

Will Do’
poster [25]

Would a similar

communication

strategy work in

Rwanda? If so, how

could it be

promoted? If not,

what other type of

strategies exist?

Institutional

Approval

International Society

for Blood

Transfusion, ‘The
Role of Transfusion

Committees’ [26]

How common are

hospital transfusion

committees in

Rwanda? Are they

useful, and if so,

what are the

barriers to creating

them?

Practice Audits Ontario Regional Blood

Coordinating

Office, ‘RBC
Audit’ [27]

Can such audits be

feasible in

Rwandan

healthcare

facilities? What are

the barriers? What

modifications

would make them

work better?

Education University of Rwanda

College of

Medicine and

Health Sciences,

‘Bachelor of
Medicine and

Surgery, Revised

5-Year Curriculum

(2015)’

How are medical

trainees currently

taught about

transfusing blood

products? Are there

ways this can be

improved?

TRANSFUSION CAMP RWANDA 2023 FACULTY WORKSHOP 565
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portion of the discussion for translation afterwards. Each workshop

was held twice with different attendees.

RESULTS

Participants

Fifty-one Rwandan healthcare workers travelled from across the

country to participate in one of two 2-day Transfusion Camp train-

the-trainer workshops (Figure 1). Approximately three-quarters were

physicians, including general practitioners and specialists, while the

remainder were either laboratory technicians or quality assurance spe-

cialists (Table 2).

Most attendees completed feedback forms. Fewer were received

at baseline (68%) than at course completion (86%) as some attendees

arrived after the forms had been distributed. Course evaluations were

positive (Table 3), with participants reporting that it met their educa-

tional needs in TM, and that they would like to participate in more

Transfusion Camp courses in the future. Specific feedback included an

appreciation for learning in an interactive and multidisciplinary envi-

ronment. When evaluated for teaching efficacy (Table 4), pre- and

post-course evaluations demonstrated effectiveness in the Reaction

category of the Kirkpatrick model. The largest improvement was seen

in self-evaluation of knowledge and skills in TM, with 39% of

participants ranking themselves as advanced or expert in this domain

before attending, increasing to 91% immediately afterwards (Table 4).

Less improvement seen in self-rated capability and confidence in

teaching TM, with participants having high baseline confidence (87%

were at least fairly confident prior to the course vs. 96% afterwards).

Participants endorsed plans to apply guidelines to their daily practice,

implement transfusion guidelines at their local institution and teach

the TM curriculum themselves.

Transfusion Camp Rwanda workshops

Communication

The group noted that many physicians in Rwanda were not aware that

national transfusion guidelines were available, and that guideline dis-

semination needed improvement. While different strategies were con-

sidered (e.g., easy-to-read posters in clinical locations), the most

effective approach was believed to be using established hospital com-

munication networks: emphasizing in-person meetings wherever pos-

sible. While participants were urged to take the lead in developing

communication strategies at their home institution, the most effective

delivery of information was thought to be provided by local opinion

leaders. In addition, while presentations at the hospital or provincial

level were recognized as an efficient means of reaching a large

F I GU R E 1 Course participants travelled from throughout Rwanda to attend one of two 2-day Transfusion Camp Rwanda train-the-trainer
courses in Nyamata, Rwanda.
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audience, departmental meetings were favoured, tailoring messaging

to the specific audience (e.g., anaesthesia vs. obstetrics, or physician

vs. nursing staff); attendance could be encouraged through continuing

professional development credits. While the duration of training ses-

sions might vary (e.g., in some departments a bullet-point summary

would suffice, while others may prefer a morning seminar), regular

outreach was felt to be important. This would provide opportunity to

report compliance over time with national guidelines.

For communicating the Rwandan national guidelines for massively

bleeding patients, it was deemed desirable to extract the massive

transfusion protocol from within the guidelines as its own stand-alone

document, post a simplified process flow diagram in areas where mas-

sive haemorrhage might occur (e.g., in operating theatres), and per-

form regular simulation exercises as part of the communication

strategy.

Auditing

The group noted in the past year, RBC/BTD hemovigilance visits to

the hospital had begun to include reviewing physician practice

patterns; previously, the focus had been on product discard rates and

adverse transfusion reactions. Prospective transfusion order screening

by laboratory staff was occurring to varying degrees (e.g., requests to

issue red blood cells to non-bleeding patients). Even after a physician

order was accepted by the hospital laboratory, the local blood supplier

(either RBC/BTD, or Zipline©) occasionally questioned orders for

appropriateness. However, these activities were not felt to represent

true auditing, because they did not involve the systematic comparison

of current practices against an established standard.

Rwanda was thought to be well-positioned to perform both retro-

spective and prospective auditing as transfusion orders are universally

submitted to hospital laboratories using a standardized paper requisi-

tion that prompts the physician to provide the order indication and

T AB L E 2 Participant demographics.

Number of course participants 51

Specialty

Anaesthesiology 5

Blood Transfusion Division employee (laboratory technician

or quality assurance officer)

12

Emergency and critical care 1

General practitioner 22

General surgeon 2

Internal medicine 1

Non-physician anaesthetist 1

Obstetrician and gynaecologist 3

Orthopaedic surgery 1

Paediatrics 3

Hospital type (total of 28 institutions represented)a

Health Centre 2

District Hospital 18

Level II Teaching Hospital 4

Referral Hospital 2

Tertiary Referral Hospital 2

Years in practiceb

<1 year 8

1–5 years 16

5–10 years 7

>10 years 12

aDoes not include laboratory facilities.
bData available for 43 participants.

T AB L E 3 Course evaluation.

N (%)

This course met my transfusion medicine education needsa

Strongly agree 33 (77)

Agree 10 (23)

Neutral 0 (0)

Disagree 0 (0)

Strongly disagree 0 (0)

Course content was directly applicable to my daily practice

Strongly agree 29 (66)

Agree 14 (32)

Neutral 0 (0)

Disagree 1 (2)

Strongly disagree 0 (0)

I would like to participate in more Transfusion Camp courses

Strongly agree 40 (91)

Agree 4 (9)

Neutral 0 (0)

Disagree 0 (0)

Strongly disagree 0 (0)

Interactive nature of the course group seminars was beneficial to my

learning

Strongly agree 41 (93)

Agree 3 (7)

Neutral 0 (0)

Disagree 0 (0)

Strongly disagree 0 (0)

I liked learning with my peers from disciplines different than my owna

Strongly agree 36 (84)

Agree 7 (16)

Neutral 0 (0)

Disagree 0 (0)

Strongly disagree 0 (0)

aMissing data on one participant.
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relevant laboratory values. Incomplete forms or verbal orders were

not commonly accepted. When emergency requests for blood prod-

ucts were raised (where prospective auditing was recognized as more

challenging), laboratory staff within the workshop groups noted that a

separate special request form was available, although many clinicians

admitted they were unaware of this form. Transfusion orders in

Rwandan hospitals are not submitted electronically, but there was

confidence that they were routinely translated into laboratory ledgers

and could be used for retrospective audits.

Despite being able to capture physician orders, the group con-

cluded that meaningful, systematic auditing could only be pursued

after other quality improvement initiatives were in place. Existing

national transfusion guidelines would need to be established as the

local practice standard through official institutional endorsement and

then effectively incorporated into departmental policies. The creation

of clinician-led auditing teams was deemed a necessary pre-requisite,

rather than relying solely on laboratory or visiting RBC/BTD staff.

Nursing unit managers could be tasked with creating such teams.

Auditing could also extend to the review of adverse reactions and

practice errors. Audit teams would effectively communicate their

observations to their hospital’s transfusion committee. Currently,

T AB L E 4 Participant feedback.

Pre-course Post-course

N = 31 (%) N = 44 (%)

I would rate my knowledge of transfusion medicine asa

Expert 1 (3) 10 (23)

Advanced 9 (29) 30 (70)

Intermediate 21 (68) 3 (7)

Beginner 0 (0) 0 (0)

None 0 (0) 0 (0)

I would rate my knowledge of transfusion medicine patient care

guidelines asa

Expert 2 (7) 16 (36)

Advanced 8 (27) 24 (55)

Intermediate 20 (66) 4 (9)

Beginner 0 (0) 0 (0)

None 0 (0) 0 (0)

I would rate my knowledge on how to deliver interactive and

evidence-based education asa

Expert 1 (3) 11 (25)

Advanced 15 (49) 27 (63)

Intermediate 14 (45) 5 (2)

Beginner 1 (3) 0 (0)

None 0 (0) 0 (0)

I would rate my confidence in teaching transfusion medicine to

medical students and residents asa

Completely confident 9 (30) 26 (59)

Fairly confident 15 (50) 15 (34)

Neutral 3 (10) 2 (5)

Somewhat confident 3 (10) 1 (2)

Not at all confident 0 (0) 0 (0)

I would rate my confidence in caring for my patients following

Rwanda transfusion medicine guidelines as

Excellent 7 (23) 34 (77)

Good 20 (64) 10 (23)

Fair 3 (10) 0 (0)

Poor 1 (3) 0 (0)

Very poor 0 (0) 0 (0)

I would rate my confidence in leading my hospital department in

adopting transfusion medicine guidelines as

Completely confident 11 (35) 29 (66)

Fairly confident 18 (58) 13 (30)

Neutral 2 (7) 2 (4)

Somewhat confident 0 (0) 0 (0)

Not at all confident 0 (0) 0 (0)

I would rate the transfusion supplies and resources available at my

hospital department to perform transfusions on patients asb

Excellent 10 (34) 18 (41)

Good 14 (48) 19 (42)

Fair 5 (17) 5 (11)

(Continues)

T AB L E 4 (Continued)

Pre-course Post-course

N = 31 (%) N = 44 (%)

Poor 0 (0) 2 (4)

Very poor 0 (0) 1 (2)

Transfusion Camp has provided me with useful reference materials for

my transfusion practice in my hospital departmentb

Strongly agree 32 (76)

Agree 10 (24)

Neutral 0 (0)

Disagree 0 (0)

Strongly disagree 0 (0)

Do you intend to teach future Transfusion Camp courses?a

Yes 36 (84)

No 0 (0)

Not sure 7 (16)

Do you feel like you could now teach a Transfusion Camp seminar

yourself?

Yes 33 (75)

No 1 (2)

Not sure 10 (23)

Do you intend to apply the transfusion medicine guidelines from this

course in your daily practice?

Yes 44 (100)

No 0 (0)

Not sure 0 (0)

aMissing data on one participant.
bMissing data on two participants.
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auditing by either laboratory or RBC/BTD staff is generally not com-

municated to clinicians, while transfusion reactions and errors are

largely confined to departmental mortality and morbidity rounds.

When provided with the results of audits, hospital transfusion com-

mittees (in collaboration with RBC/BTD) would be better able to

address gaps in practice. Ideally, the results of audits would be com-

pared between hospitals and between departments to further

increase the uptake of transfusion guidelines.

Institutional approval

While representatives from RBC/BTD noted that, several years prior,

they had directed all hospitals in Rwanda to establish transfusion com-

mittees, members of the workshop group observed that many transfu-

sion committees had become largely non-functional. Some hospitals

relied instead on committees whose task was to review and approve

any hospital guideline or policy; once passed, this guideline would be

sent to the hospital’s Director General (DG) for final approval. For

hospitals that lacked such an approval process, national guidelines

were simply accepted as a practice standard as written. In both

models, however, local physicians were often unaware that national

transfusion guidelines existed. Having a dedicated hospital transfusion

committee, with a defined responsibility of improving local

transfusion practice, would be of benefit. Ideas for ensuring transfu-

sion committee sustainability included appointing a local ambassador

with accountability for ensuring that such committees were fulfilling

their mandate, the nomination of other committee members by the

hospital DG, and provision of committee terms of reference by the

RBC/BTD. A functioning hospital transfusion committee would not

only approve clinical policies but would ensure policies were commu-

nicated to hospital staff, review audit results and ensure gaps in prac-

tice were addressed.

Education

This workshop group reported that the Rwandan medical school cur-

riculum (currently 5 years in duration) focused most of its TM teaching

in fourth year, during which a module in immunology and haematol-

ogy provided students 10 credits towards their degree. This allots

100 h of instruction (divided into didactic lectures, seminars, and labo-

ratory work), with little time dedicated to how to appropriately pre-

scribe blood products. While there was some inclusion of transfusion

practice in other modules (e.g., surgery and paediatrics), the discussion

there was deemed superficial. Due to time constraints, it would not

be possible to fully incorporate the Transfusion Camp curriculum into

the fourth-year haematology module (although the existing curriculum

might be more effectively delivered using similar pedagogical tech-

niques, such as team-based learning). In addition, the content of Trans-

fusion Camp was felt to be of greatest benefit to individuals who were

engaged in some clinical work within hospitals.

The ideal time to provide the Transfusion Camp curriculum was

therefore felt to be in the first year of postgraduate training, the

internship year, during which many residency programmes share com-

mon educational rotations. An annual 1-week retreat would be most

effective, noting a similar model was already in place for the teaching

of paediatric medicine. One proposal was that attendees of Transfu-

sion Camp Rwanda could subsequently serve as educational ambassa-

dors at the hospital level, in the form of mentorship, administrative

leadership and continuing professional development initiatives. A sep-

arate series of Transfusion Camps targeted towards practicing physi-

cians was also proposed. While the need for long-term funding of

Transfusion Camp Rwanda was acknowledged, this group was confi-

dent that both hospitals and governmental structures such as

RBC/BTD would offer support if the teaching resulted in the more

judicious use of blood products and better patient outcomes.

DISCUSSION

The Transfusion Camp Rwanda train-the-trainer course demonstrated

that Rwandan physicians and laboratory technicians from across the

country are willing and interested in teaching TM, and after participat-

ing in the course, felt well-equipped in their knowledge and their abil-

ity to teach others. Other strengths of this course included raising

awareness of the RBC/BTD role in the availability of blood compo-

nents and their expertise to clinicians, along with bringing laboratory

technicians and clinicians together to understand one another’s

perspectives.

While previous studies have shown that educational support in

resource-limited settings can improve transfusion practice (e.g., in the

post-war Balkan region, [17]) and decrease the need for transfusion

for conditions such as post-partum haemorrhage (e.g., in

Colombia, [18]), we believe our course workshop is the first to explore

the feasibility of introducing a TM curriculum into such an

environment.

The primary goal of the train-the-trainer initiative in Rwanda was

to build a broader framework within which any future educational ini-

tiatives could be most effectively pursued. Following the principles of

Interpretive Description [16], the authors leveraged their knowledge

of strategies for improving transfusion practice to create a theoretical

scaffolding upon which to begin the inquiry, which was pursued

through the workshop group discussions. The summary reports from

these discussions provide a detailed foundation upon which to plan.

One future strategy might be to incorporate the Transfusion Camp

Rwanda curriculum as a 1-week educational retreat during the intern-

ship year. Invitations would be extended to the DG of each partici-

pant’s home hospital, tasked with supporting a hospital transfusion

committee, and other local opinion leaders who would help communi-

cate the national transfusion guidelines via departmental rounds.

Uptake could be assessed through before-and-after audits of blood

transfusion orders. As previously described [19], audit results could

guide broader quality indicators of good transfusion practice and be
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used to identify opportunities for further intervention. The feasibility

of such a strategy is supported by the institutional culture observed

within the Rwandan medical system, one in which RBC/BTD oversees

transfusion operations within the country’s hospitals. Importantly,

while the Rwandan government is operating in an environment of rel-

ative economic scarcity compared with more highly resourced coun-

tries such as Canada, it has made significant investments towards

providing an adequate and safe blood supply to its citizens. The priori-

tization of transfusion safety is perhaps the most important indicator

that further advancement of the Transfusion Camp curriculum in

Rwanda is achievable.

An important limitation of this study is its reliance on subjective

feedback from attendees to demonstrate course efficacy. Such feed-

back is prone to bias (e.g., attendees may have exaggerated the value

of the course as a means of expressing appreciation for its delivery)

and does not necessarily portend a change in more objective mea-

sures. In the current study, only the Reaction category of the Kirkpa-

trick model was assessed, although sustained improvement in test

scores (the Learning category) had previously been demonstrated dur-

ing the pilot phase of the Transfusion Camp Rwanda project [8], and

an intention to both modify future transfusion practices and teach

others to do the same was reported by the current cohort of course

attendees. Future projects will aim to determine whether delivery of

Transfusion Camp curricula has or will change transfusion practice

behaviour [20] and will be informed by concepts drawn from the field

of implementation science [21].

The TRAIN framework for training of trainers in global health part-

nerships guided this course, creating more capacity for sustainable edu-

cation delivery. However, to change practice, the workshops highlighted

that cultural and contextual nuances must be considered and could

impede a sustainable training cascade as highlighted in the TRAIN frame-

work [9]. One model that addresses this is the Consolidated Framework

for Implementation Research [22]. This model conceptualizes five major

domains: (1) the intervention, (2) the external setting (e.g., the economic,

political, and social context), (3) the internal setting (e.g., the structural,

political, and cultural environment of the hospital), (4) the individuals

involved and (5) the process of the implementation [23]. As was noted in

the workshops, the specific context and organizational culture must also

be addressed to change transfusion practice [24].

In conclusion, continuing professional development in TM was

well-received in Rwanda using a train-the-trainer approach. Course

participant self-evaluation of knowledge and skills improved, and par-

ticipants reported a commitment to teach Transfusion Camp in the

future. Course workshops noted that effecting change in transfusion

practice requires a detailed understanding of the local medical and

educational environment. Future efforts should study whether these

educational initiatives effect change in practice and patient outcomes.
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Abstract

Background and Objectives: National-level data on the incidence of red blood cell

(RBC) transfusions and outcomes among very preterm infants (VPIs) are lacking in

China. This study aims to describe the use and variation of RBC transfusion among

VPIs in China.

Materials and Methods: This cohort study was conducted among 70 tertiary hospi-

tals participating in the Chinese Neonatal Network (CHNN) from 2019 to 2020

across China. All VPIs admitted to the CHNN neonatal intensive care units (NICUs)

were included.

Results: A total of 13,447 VPIs were enrolled, of whom 7026 (52.2%) received

≥1 RBC transfusions. The mean number of transfusions per infant was 2 (inter-

quartile range [IQR] 1–4 times) and the median age at first transfusion was

15 days (IQR 3–27 days). The transfusion rate was higher in critically ill infants

compared with non-critically ill infants (70.5% vs. 39.3%). The transfusion rate

varied widely (13.5%–95.0%) between different NICUs. The prevalence of

death, severe intra-ventricular haemorrhage, necrotizing enterocolitis (NEC) or

spontaneous intestinal perforation (SIP), sepsis, bronchopulmonary dysplasia

(BPD), severe retinopathy of prematurity (ROP) and cystic periventricular leuko-

malacia (cPVL) was significantly higher in the transfused group. Among non-

critically ill infants, RBC transfusion was independently associated with BPD,

severe ROP and cPVL.

Conclusion: Our study, providing the first baseline data on RBC transfusions among

VPIs in China, shows an alarmingly high RBC transfusion rate with significant site var-

iations. There is an urgent need for national guidelines on RBC transfusions for VPIs

in China.
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Highlights
• National data regarding the current practice of transfusion in Chinese neonatal intensive care

units (NICU) are lacking.

• Utilizing the latest data (2019–2020) from the Chinese Neonatal Network, we have mapped

Chinese transfusion practice for very preterm infants and provide a valuable starting point

for further studies and highlight the need for guideline development.

• To avoid the confounding effect of disease severity, we presented transfusion practice sepa-

rately in critically ill infants and non-critically ill infants. This may provide a new and rational

way to benchmark NICU treatments.

INTRODUCTION

Advancements in neonatal–perinatal care over the recent decades

have contributed to the increased survival of very preterm infants

(VPIs) (<32-week gestational age [GA]) worldwide, including in

China [1]. Red blood cell (RBC) transfusion is an important treatment

for VPIs, addressing acute and chronic indications. VPIs have a height-

ened risk for anaemia due to their immature haematopoietic system,

impaired erythropoiesis and frequent iatrogenic laboratory loss [2, 3].

Studies indicated that more than 50% of VPIs receive RBC transfu-

sions during hospitalization [4–6].

While RBC transfusion can be life-saving for VPIs, inappropriate

RBC transfusions may lead to adverse outcomes. Previous studies

have associated RBC transfusion with increased rates of complica-

tions, including intra-ventricular haemorrhage (IVH) [7–9], necrotizing

enterocolitis (NEC) [10–12], retinopathy of prematurity (ROP)

[13, 14], and bronchopulmonary dysplasia (BPD) [15]. Moreover,

global guidelines for RBC transfusion lack consistency [16, 17], result-

ing in substantial practice variations across countries, regions and cen-

tres. Notably, two large randomized clinical trials reported similar

short- and long-term outcomes among extremely low birth weight

infants in higher threshold and lower threshold RBC transfusion

groups [18, 19].

Despite the critical role of RBC transfusions, there is a scarcity of

data regarding their utilization in neonatal intensive care units (NICUs)

in China. Furthermore, there is an absence of a national transfusion

guideline for VPIs in the country. The objective of this study was to

describe the incidence and frequency of RBC transfusions for VPIs in

different NICUs across China and to assess the association between

RBC transfusions and clinical outcomes.

METHODS

Chinese Neonatal Network and participating hospitals

The Chinese Neonatal Network (CHNN) is a national network of Chi-

nese tertiary NICUs. CHNN collects and reports outcomes and clinical

practice data from neonatal intensive care in participating NICUs, and

conducts collaborative quality improvement initiatives and research

studies. Enrolled hospitals in CHNN are tertiary referral hospitals with

large neonatal services and recognized expertise in caring for high-risk

neonates. Since 1 January 2019, CHNN has maintained a standard-

ized clinical database, capturing data on preterm infants <32-week

gestation or <1500 g at birth in participating NICUs. A total of 57 hos-

pitals contributed data in 2019, and the number increased to 70 hospi-

tals in 2020.

This study was approved by the Ethics Review Board of Chil-

dren’s Hospital of Fudan University (approval no. 2018-296), which

was recognized by all participating hospitals. Waivers of consent were

granted at all sites.

Data collection

Trained data abstractors were responsible for the data acquisition in

each hospital. Data were directly entered into a customized database

with built-in error checking and a standard manual of operations and

definitions. De-identified data were electronically transmitted to the

CHNN coordinating centre in Children’s Hospital of Fudan University.

Site investigators were responsible for data quality control in each

site. Data such as haemoglobin or RBC specific volume prior to RBC

transfusion, transfusion volume, type of RBC and specific indications

for RBC transfusions were not available in our database.

Study population

All preterm infants <32-week gestation, who were admitted to CHNN

NICUs from 1 January 2019 to 31 December 2020, were included in

this study. Infants with incomplete treatment in the NICUs or with

major congenital anomalies were excluded. Re-admissions and trans-

fers between participating hospitals were tracked as data from the

same infants. Infants were followed until NICU discharge/transfer or

death.

Outcomes

Neonatal outcomes included death and major morbidities of severe

IVH (grade III or IV), NEC (Bell stage 2 and 3) or spontaneous intestinal

perforation (SIP), blood culture positive sepsis, BPD, ROP (grades III–V)
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and cystic periventricular leukomalacia (cPVL). Severe IVH was classi-

fied as ≥grade 3 according to Papile’s criteria [20]. NEC was classified

according to Bell’s criteria [21]. Sepsis was defined as positive blood or

cerebrospinal fluid culture and antibiotic therapy or intent of antibiotics

therapy ≥5 days [22]. ROP was diagnosed according to the Interna-

tional Classification of ROP [23]. BPD was defined as either requiring

invasive mechanical ventilation or oxygen dependency at 36 weeks

post-menstrual age or at the time of discharge/transfer/death if it

occurred before 36 weeks [24]. cPVL was defined as the presence of

periventricular cysts on cranial ultrasound or magnetic resonance imag-

ing (MRI).

Definitions

GA was determined by obstetric estimate based on prenatal ultra-

sound, menstrual history, obstetric examination or all of the above. If

the obstetric estimate was not available or was inconsistent with the

postnatal estimate of gestation for more than 2 weeks, the GA was

estimated using the Ballard score [25]. Small for gestational age (SGA)

was defined as birth weight <10th percentile for the GA according to

the Chinese neonatal birth weight values [26]. Prenatal care was

defined as ≥1 pregnancy-related hospital visit during pregnancy.

Intensive delivery room resuscitation was defined as endotracheal

intubation, cardiopulmonary resuscitation and/or epinephrine to sup-

port circulation.

Statistical analysis

Descriptive analysis was used to describe the rate, frequency and ini-

tial age of transfusion. The descriptions of RBC transfusion were pre-

sented by GA and the severity of illness. The latter was categorized

into two subgroups: critically ill group and non-critically ill group. The

critically ill group included infants with any cause of death, intensive

delivery room resuscitation, severe IVH, sepsis, NEC or SIP, any sur-

gery, ventilation for more than 7 days or inotropic treatment. To

describe the variation among participating sites, both crude and

adjusted rates of transfusion were calculated. The adjusted rate of

transfusion was calculated using a logistic model, adjusting for GA,

Apgar score at 5 min, inborn/out born status, sepsis, NEC, BPD,

severe IVH and any surgery. The Cochran–Armitage test was used for

testing the trend of transfusion rate across GA.

To investigate the relationship between RBC transfusion and neo-

natal outcomes, demographic characteristics were compared between

the transfusion group and non-transfusion group using t-test for con-

tinuous variables and chi-square test for categorical variables. Logistic

regression models were generated to obtain both crude odds ratio

and adjusted odds ratio, with the latter one adjusted for GA, SGA,

male, multiple birth, inborn, Apgar score at 5 min and any antenatal

steroids.

A p value of less than 0.05 was considered statistically significant.

All analyses were conducted using SAS 9.4 software.

RESULTS

During the study period, a total of 16,016 VPIs were admitted to

CHNN NICUs. After excluding 2569 infants due to incomplete treat-

ment (n = 2484) or the presence of major congenital anomalies

(n = 85), the remaining 13,447 were enrolled in our study (Figure 1).

Rate of RBC transfusion

As shown in Table 1, 7026 (52.2%) infants received ≥1 RBC transfu-

sions. The RBC transfusion rates decreased with increasing GA, rang-

ing from 84.9% at 25-week GA to 30.9% at 31-week GA. Even among

more mature VPIs born ≥29-week GA, 42.9% (4145 of 9653) received

RBC transfusion. The number of RBC transfusions also decreased

with increasing GA, while the age of the first RBC transfusion

increased. The mean number of transfusions during hospitalization

per infant was 2 (interquartile range [IQR] 1–4 times). The median age

at the first transfusion for all VPIs was 15 days (IQR 3–27 days),

increasing from 2 days at ≤23-week GA to 18 days at 31 weeks;

76.4% of all VPIs received RBC transfusions before 28 days of life.

RBC transfusion in critically ill infants and
non-critically ill infants

Table 2 shows RBC transfusion stratified by critically ill infants and

non-critically ill infants. Among critically ill infants, 70.5% received

RBC transfusion, with a median of 3 (IQR 2–4) transfusions per infant

and a median age at first RBC transfusion of 11 days (IQR 2–23). In

non-critically infants, although the RBC transfusion rate was 39.3%, a

considerable 33.6% (2177 of 6479) of the more mature VPIs born

≥29-week GA received RBC transfusion. The average number of

transfusions per non-critically ill infant was two times (IQR 1–2), and

the median age at first RBC transfusion was 19 days.

Site variation of RBC transfusion rate

The transfusion rate varied widely among different NICUs, ranging

from 13.5% to 95.0%. Only four NICUs had a transfusion rate <20%,

while transfusion rates were 20.6%–28.3% in 3 NICUs, 31.0%–37.1%

in 7 NICUs, 40.3%–50.0% in 18 NICUs, 51.2%–58.1% in 5 NICUs,

60.5%–69.4% in 8 NICUs, 70.4%–79.0% in 15 NICUs and 10 NICUs

had a transfusion rate exceeding 80%. The variation remained signifi-

cant after adjustment, ranging from 12.7% to 69.2% (Figure 2).

Characteristics of infants with and without RBC
transfusion

Table 3 shows baseline characteristics of the enrolled infants. The

median GA of all infants was 30.0 (IQR 28.7, 31.0) weeks and the
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mean BW was 1344.6 ± 310.3 g. GA (29.3 vs. 30.6 weeks, p < 0.001)

and BW (1225.4 vs. 1475 g, p < 0.001) were significantly lower in the

transfused group compared with the non-transfused group. SGA,

multiple births and intensive delivery room resuscitation were more

frequent in the transfused group, while inborn status and delayed

umbilical cord clamping were more common in the non-transfused

F I GU R E 1 Study population. NICU, neonatal intensive care unit; RBC, red blood cell.

T AB L E 1 Red blood cell (RBC) transfusion among very preterm infants across gestational age (GA).

GA (weeks) RBC transfusion rate, N (%)a Times of transfusion, median (IQR)b Age at first transfusion, days, median (IQR)

<24 30/49 (61.2) 5.5 (2, 7) 2 (1, 7)

24 64/80 (80.0) 4 (2, 7) 2 (1, 10)

25 202/238 (84.9) 4 (2, 7) 6 (1, 16)

26 390/473 (82.5) 4 (2, 5) 9 (2, 20)

27 807/1017 (79.4) 3 (2, 5) 11 (2, 24)

28 1388/1937 (71.7) 2 (2, 4) 15 (3, 27)

29 1540/2584 (59.6) 2 (1, 3) 17 (4, 28.5)

30 1425/3246 (43.9) 2 (1, 3) 17 (5, 27)

31 1180/3823 (30.9) 2 (1, 2) 18 (6, 28)

Total 7026/13,447 (52.2) 2 (1, 4) 15 (3, 27)

Abbreviation: IQR, interquartile range.
aCochran–Armitage trend test p < 0.01.
bCalculated among infants received RBC transfusion.
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group. Significant differences also existed in maternal diabetes, hyper-

tension, premature rupture of membranes >24 h, antepartum haemor-

rhage, placenta previa and histologic chorioamnionitis between the

two groups.

Neonatal outcomes of infants with and without RBC
transfusion

Neonatal outcomes in infants with and without RBC transfusion are

shown in Table 4. In comparison with the non-transfused group, the

prevalence of death, severe IVH, NEC or SIP, sepsis, BPD, severe ROP

and cPVL was significantly higher in the transfused group. After

adjustment, the risk of all outcomes, except death, remained higher in

the transfused group. In the subgroup of non-critically ill infants, RBC

transfusion remained independently associated with BPD, severe

ROP and cPVL (Table 5).

DISCUSSION

This study provided important data on RBC transfusions in VPIs in

China. The findings revealed that more than half of the VPIs received

RBC transfusions during their hospitalization, and the use of RBC

transfusions exhibited significant variability among different NICUs in

China. Notably, even among more mature VPIs born ≥29-week GA or

among non-critically ill infants, the RBC transfusion rate remained

high (42.9% and 39.3%). We also found significant association

between RBC transfusion and adverse neonatal outcomes, especially

in non-critically ill VPIs.

In this large multi-centre study of 13,447 VPIs, the overall rate of

RBC transfusions was 52.2%. This finding aligns with reports from

single-centre studies in United Kingdom and Italy [4, 5], which

observed similar RBC transfusion rates and an average of two RBC

transfusions per infant. Our results are also consistent with prior stud-

ies showing that smaller infants required more transfusions than their

more mature counterparts [27, 28]. Furthermore, we confirmed that

75.9% of VPIs born at <29 weeks of GA received RBC transfusions

during their hospitalization. This is concordant with a multi-centre

study in the United States reporting 78.4% of infants born at 22–

28 weeks of GA received RBC transfusions [29]. However, only

49.3% of infants born at 28 weeks of GA received RBC transfusions

in the US study, while 71.7% of these infants received RBC transfu-

sions in our study. It is important to note that 42.9% of infants

≥29-week GA, comprising the majority of VPIs in our cohort, received

RBC transfusion during their hospital stay. In contrast, in high-income

countries, the RBC transfusion rate was only 13.0%–33.7% among

infants born at 29- to 32-week GA. These countries also reported a

significant decline in RBC transfusion for infants ≥29-week GA after

adopting guidelines [9, 30]. A retrospective cohort study in Canada of

infants <30 weeks of GA found that clinicians tended to have a higher

threshold for transfusion for those with relatively larger

gestation [31].

In our study, the most common cause of anaemia in VPIs

born at 29- to 32-week GA was anaemia of prematurity. Guide-

lines to minimize anaemia of prematurity and to identify the

transfusion threshold in VPIs born at 29- to 32-week GA are

important to reduce RBC transfusions in our NICUs. The differ-

ence in RBS transfusion rates between NICUs in China and those

in high-income countries indicates that there is substantial room

for improvement. We also found that RBC transfusions vary

extensively across different NICUs, further indicating an urgent

need of the development of a national guideline to promote con-

sistency in RBC transfusion for VPIs and to reduce practice varia-

tions in different centres. The benefits of delayed umbilical cord

clamping for reducing RBC transfusions had previously been

reported [32]. However, only 27.4% of VPIs in our cohort

received delayed umbilical cord clamping.

T AB L E 2 RBC transfusion among critically ill and non-critically ill very preterm infants.

GA (weeks)

RBC transfusion rate, N (%)a Times of transfusion, median (IQR)b Age at first transfusion, days, median (IQR)

Critically ill Non-critically ill Critically ill Non-critically ill Critically ill Non-critically ill

<24 30/49 (61.2) N/A 5.5 (2, 7) N/A 2 (1, 7) N/A

24 62/78 (79.5) 2/2 (100.0) 4.5 (2, 7) 3 (3, 3) 2 (1, 10) 8 (8, 8)

25 171/202 (84.7) 31/36 (86.1) 5 (3, 7) 2 (2, 4) 4 (1, 14) 19 (10, 27)

26 301/361 (83.4) 89/112 (79.5) 4 (2, 6) 2 (1, 4) 8 (2, 18) 15.5 (7, 23.5)

27 572/684 (83.6) 235/333 (70.6) 3 (2, 5) 2 (1, 3) 7 (2, 21) 18 (6, 31)

28 834/1041 (80.1) 554/896 (61.8) 3 (2, 5) 2 (1, 3) 11 (2, 23) 19 (9, 30)

29 809/1116 (72.5) 731/1468 (49.8) 2 (1, 4) 2 (1, 2) 13 (3, 25) 20 (9, 33)

30 645/1088 (59.3) 780/2158 (36.1) 2 (1, 3) 2 (1, 2) 12 (3, 25) 20 (8, 29)

31 514/970 (53.0) 666/2853 (23.3) 2 (1, 3) 1 (1, 2) 16 (4, 26) 19 (8, 29)

Total 3938/5589 (70.5) 3088/7858 (39.3) 3 (2, 4) 2 (1, 2) 11 (2, 23) 19 (8, 30)

Abbreviations: GA, gestational age; IQR, interquartile range; RBC, red blood cell.
aCochran–Armitage trend test p < 0.01 for both subgroups.
bCalculated among infants received RBC transfusion.
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Although RBC transfusions are generally considered to be safe,

emerging evidence indicates associations between RBC transfusions

and major morbidities of preterm infants. Previous studies have

identified several potential complications associated with transfusions,

including death [33], IVH, NEC (the so-called TANEC, ‘transfusion-
associated necrotizing enterocolitis’), ROP and BPD. The underlying

F I GU R E 2 Adjusted red blood cell transfusion rate among 70 sites in China. Adjusted for gestational age, Apgar score in 5 min less than
7, Inborn, sepsis, necrotizing enterocolitis, bronchopulmonary dysplasia, severe intra-ventricular haemorrhage and any surgery.
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T AB L E 3 Baseline characteristics of the total study population and comparison between RBC-transfused and non-transfused group.

Total (N = 13,447)
Non-transfused
(N = 6421)

RBC-transfused
(N = 7026)

Test
value p value

Maternal characteristics

Maternal age, mean (SD) 31.0 (4.9) 31.1 (4.9) 31.0 (4.9) 1.340 0.179

Primigravida 6928/13,368 (51.8) 3233/6388 (50.6) 3695/6980 (52.9) 7.231 0.007

Prenatal care 12,882/12,982 (99.2) 6210/6254 (99.3) 6672/6728 (99.2) 0.703 0.402

Diabetics 2541/13,356 (19.0) 1299/6380 (20.4) 1242/6976 (17.8) 14.138 <0.001

Hypertension 2640/13,364 (19.8) 1120/6384 (17.5) 1520/6980 (21.8) 37.683 <0.001

Any antenatal steroids 10,385/12,823 (81.0) 5145/6173 (83.4) 5240/6650 (78.8) 43.039 <0.001

PROM > 24 h 3214/12,886 (24.9) 1737/6215 (28.0) 1477/6671 (22.1) 57.973 <0.001

Caesarean delivery 7940/13,418 (59.2) 3859/6414 (60.2) 4081/7004 (58.3) 4.995 0.025

Antepartum haemorrhage 1339/13,447 (10.0) 577/6421 (9.0) 762/7026 (10.9) 12.935 <0.001

Placenta previa 402/13,447 (3.0) 160/6421 (2.5) 242/7026 (3.4) 10.496 0.001

Antenatal intervention 301/12,937 (2.3) 144/6263 (2.3) 157/6674 (2.4) 0.040 0.841

Histologic chorioamnionitis 1462/10,011 (14.6) 783/4920 (15.9) 679/5091 (13.3) 13.327 <0.001

Infant characteristics

Gestational age, weeks, median (IQR) 30.0 (28.7, 31.0) 30.6 (29.6, 31.3) 29.3 (28.0, 30.4) 42.282 <0.001

Birth weight, g, mean (SD) 1344.6 (310.3) 1475.0 (288.5) 1225.4 (280.2) 50.790 <0.001

SGA 918/13,398 (6.9) 246/6402 (3.8) 672/6996 (9.6) 173.955 <0.001

Male 7607/13,437 (56.6) 3638/6418 (56.7) 3969/7019 (56.6) 0.026 0.872

Multiple birth 4059/13,447 (30.2) 1875/6421 (29.2) 2184/7026 (31.1) 5.648 0.018

Inborn 10,188/13,447 (75.8) 5055/6421 (78.7) 5133/7026 (73.1) 58.715 <0.001

Delayed umbilical cord clamping 2790/10,199 (27.4) 1512/4988 (30.3) 1278/5211 (24.5) 42.959 <0.001

Intensive delivery room resuscitation

(CRP or intubation)

3266/13,172 (24.8) 1033/6327 (16.3) 2233/6845 (32.6) 468.213 <0.001

Apgar score at 1 min, median (IQR) 8 (7, 9) 8 (7, 9) 8 (6, 9) 22.986 <0.001

Apgar score at 5 min, median (IQR) 9 (8, 10) 9 (9, 10) 9 (8, 9) 22.148 <0.001

Abbreviations: CRP, C-reactive protein; IQR, interquartile range; PROM, premature rupture of membranes; RBC, red blood cell; SGA, small for

gestational age.

T AB L E 4 RBC transfusion and neonatal outcomes among very preterm infants.

Outcomes

Non-transfused

(N = 6421)

RBC-transfused

(N = 7026) p value Crude OR (95% CI)

Adjusted OR

(95% CI)a

Death 229/6421 (3.6) 328/7026 (4.7) <0.001 1.32 (1.12, 1.57) 0.52 (0.42, 0.65)

Severe IVH (grade III or IV) 117/5893 (2.0) 499/6557 (7.6) <0.001 4.07 (3.31, 4.99) 2.96 (2.35, 3.73)

NEC (Bell stage 2 and 3) or SIP 73/6421 (1.1) 401/7026 (5.7) <0.001 5.26 (4.09, 6.77) 6.31 (4.78, 8.33)

Sepsis 212/6421 (3.3) 859/7026 (12.2) <0.001 4.08 (3.50, 4.76) 3.63 (3.07, 4.29)

BPD 1792/6211 (28.9) 4821/6853 (70.4) <0.001 5.85 (5.43, 6.31) 3.23 (2.95, 3.54)

Severe ROP (grade III–V) 66/5151 (1.3) 285/6399 (4.5) <0.001 3.59 (2.74, 4.71) 1.75 (1.28, 2.38)

cPVL 180/5891 (3.1) 404/6536 (6.2) <0.001 2.09 (1.75, 2.50) 1.77 (1.44, 2.16)

Hospitalization, days, median

(IQR)

36 (28, 46) 55 (43, 69) <0.001 19.68 (18.99, 20.36) 11.64 (10.97, 12.31)b

Abbreviations: BPD, bronchopulmonary dysplasia; CI, confidence interval; cPVL, cystic periventricular leukomalacia; IQR, interquartile range; IVH, intra-

ventricular haemorrhage; NEC, necrotizing enterocolitis; OR, odds ratio; RBC, red blood cell; ROP, retinopathy of prematurity.
aAdjust for gestational age, small for gestational age, male, multiple birth, inborn, Apgar score at 5 min and any antenatal steroids.
bRisk difference.
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pathophysiological reasons and possible causal relationships between

transfusion and neonatal morbidities remain unknown. The possible

mechanisms include impaired organ blood flow in extreme anaemia,

ischaemia/reperfusion injury, increased oxidative injury or the pres-

ence of inflammatory mediators in blood products [11, 34]. Two

recent randomized clinical trials showed that a higher haemoglobin

threshold for transfusion did not improve survival without neurodeve-

lopmental impairment or reduce the likelihood of death or disability at

24 months of age among extremely low birth weight infants [18, 19].

In our study, the prevalence of death, severe IVH, NEC or SIP, sepsis,

BPD, severe ROP and cPVL were higher in the transfusion group.

However, the design of this investigation precluded the determination

of cause-and-effect relationships between these complications and

transfusion. The reduction in risk of death in the transfused group

after adjustment may be because the majority of deaths occurred

before transfusion. Sicker infants required more transfusions to treat

their pulmonary or circulatory compromise and were also at higher

risk to sustain neurological disabilities and morbidities. In order to

reduce the impact of severity of clinical compromise to the outcome,

we repeated the analysis among non-critically ill infants, which still

demonstrated an independent association between transfusion and

adverse outcomes. This result further emphasizes the importance of

judicious decision-making regarding RBC transfusion among VPIs.

This study has several limitations. Data such as haemoglobin level

or RBC volume prior to RBC transfusion, transfusion volume and indi-

cations for transfusions were not available in our database. Our data

were collected from large tertiary NICUs with the highest level of

neonatal care in China, and may not be representative of the general

population. We could not accurately evaluate the relationship

between the time of each disease diagnosis and the time of RBC

transfusion. We divided infants into critically and non-critically ill

groups using self-defined criteria; however, currently there are no

standardized criteria to differentiate disease severity for VPIs.

In conclusion, our study provided, for the first time, baseline

data on RBC transfusions in VPIs in China. It reveals a relatively

high RBC transfusion rate among VPIs in China with significant

site variation. Guidelines for nationwide standardization of RBC

transfusion in VPIs are required. Quality improvement efforts are

needed to improve transfusion practices for VPIs in China, and

future prospective studies to investigate the benefits and risks of

RBC transfusions in VPIs may improve outcomes in these

infants.
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Abstract

Background and Objectives: Accurate HIV incidence estimates among blood donors

are necessary to assess the effectiveness of programs aimed at limiting transfusion-

transmitted HIV. We assessed the impact of undisclosed HIV status and antiretroviral

(ARV) use on HIV recency and incidence estimates using increasingly comprehensive

recent infection testing algorithms.

Materials and Methods: Using 2017 donation data from first-time and lapsed donors,

we populated four HIV recency algorithms: (1) serology and limiting-antigen avidity test-

ing, (2) with individual donation nucleic amplification testing (ID-NAT) added to Algorithm

1, (3) with viral load added to Algorithm 2 and (4) with ARV testing added to Algorithm

3. Algorithm-specific mean durations of recent infection (MDRI) and false recency rates

(FRR) were calculated and used to derive and compare incidence estimates.

Results: Compared with Algorithm 4, progressive algorithms misclassified fewer

donors as recent: Algorithm 1: 61 (12.1%); Algorithm 2: 14 (2.8%) and Algorithm 3:

3 (0.6%). Algorithm-specific MDRI and FRR values resulted in marginally lower inci-

dence estimates: Algorithm 1: 0.19% per annum (p.a.) (95% confidence interval [CI]:

0.13%–0.26%); Algorithm 2: 0.18% p.a. (95% CI: 0.13%–0.22%); Algorithm 3: 0.17%

p.a. (95% CI: 0.13%–0.22%) and Algorithm 4: 0.17% p.a. (95% CI: 0.13%–0.21%).

Conclusion: We confirmed significant misclassification of recent HIV cases when not

including viral load and ARV testing. Context-specific MDRI and FRR resulted in
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progressively lower incidence estimates but did not fully account for the context-

specific variability in incidence modelling. The inclusion of ARV testing, in addition to

viral load and ID-NAT testing, did not have a significant impact on incidence

estimates.

Keywords
antiretroviral agents, blood donation, HIV disclosure, HIV incidence estimation, HIV recency
algorithms

Highlights
• Undisclosed positive human immunodeficiency virus status and antiretroviral (ARV) use

among blood donors impact recent infection testing algorithms.

• Context-specific mean duration of recent infection and false recency rate improve accuracy

of incidence estimates.

• The inclusion of ARV testing, in addition to viral load and individual donation nucleic acid

amplification testing, did not have a significant impact on incidence estimates.

INTRODUCTION

Forty years after the world became aware of HIV, the prevention of

transfusion-transmitted HIV infections remains a key focus for blood

services. Early in the epidemic, the success of strategies aimed at

reducing the risk of transfusion-transmitted HIV could be evaluated

by monitoring the prevalence of HIV-positive donations. However, in

response to increasingly sensitive HIV testing assays, new methods

for assessing HIV transmission risk and the success of prevention

strategies were developed including models to calculate the residual

risk of HIV transmission [1].

In most instances, these models were based on identifying inci-

dent cases which might escape serologic detection during the ‘win-

dow period’. Initial models focused on ‘incident cases, which were

defined as donors who donated at least twice during a defined inter-

val and who tested HIV-negative at the first donation and HIV-

positive at a subsequent donation, irrespective of the duration

between the negative and positive donations’ [2]. Such models had

significant limitations as they, by definition, excluded first-time donors

who are known to confer the most risk [3]. Subsequently, residual risk

models were developed that included both repeat and first-time

donors with recently acquired HIV infections [4]. Such recently

acquired cases included those that were viraemic but HIV-1 seronega-

tive as well as those classified as ‘recent’ using less-sensitive or

expanded dynamic range HIV-1 immunoassays, validated for discrimi-

nation of recent from longstanding infection [5]. This marked the

beginning of contemporary recent infection testing algorithms (RITA).

Simultaneously, such RITA were used in progressively more complex

population-level incidence models [6, 7].

Multiple assays for detecting recent versus longstanding infec-

tions were developed and evaluated in various settings and popula-

tions [8]. For a recency assay to be useful in modelling incidence

estimates, it must have a sufficiently long mean duration of recent

infection (MDRI) and a sufficiently low ‘false recency rate’ (FRR) [8].

Factors such as variable immune response and HIV subtypes compli-

cate establishing a ‘universal’ MDRI, with FRR significantly affected

by elite controller status and antiretroviral (ARV) use [9]. Until

recently, blood transfusion services were unaware of blood donation

by people living with HIV and already on ARV therapy. As a result, lit-

tle consideration was given to the potential impact of undisclosed HIV

status and ARV use on RITA [10]. The identification of ‘false elite con-

trollers’ and the substantial number of blood donors in South Africa

[11, 12] and elsewhere [13] who fail to disclose their HIV status and

ARV use means that blood services may need to consider more robust

RITA to maximize the precision and accuracy of incidence estimates.

The requirements for accurate and precise HIV incidence estima-

tion models are onerous, especially in resource-constrained settings.

Calibrating context-specific MDRI and FRR requires sophisticated sta-

tistical knowledge and detailed, recent HIV epidemiologic information.

Recency assays, for example, the limiting-antigen avidity enzyme

immunoassay (LAg) [14], viral load (VL) assays and ARV testing are

expensive and may require specialized laboratory testing. The degree

to which uncertainty for each of these factors impacts incidence esti-

mations, especially in the blood donation setting, is unknown. We

therefore assessed and compared HIV recency and incidence esti-

mates using increasingly comprehensive RITA.

METHODS

Study setting, design and population

This study was performed in South Africa, known as the country with

the largest HIV-positive population in the world. The 2017

South African National Population Based Survey estimated national

incidence at 0.48% p.a. among people aged 2 years and above and

prevalence at 14.0% [15]. In South Africa, strategies to minimize the

risk of transfusion-transmitted HIV include pre-donation education,
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the completion of a lifestyle and health questionnaire, one-on-one

interviews by trained staff overseen by a registered nurse and testing

for HIV antibody by serology and for RNA by individual donation

nucleic acid amplification testing (ID-NAT).

Utilizing stored samples from our previous study [9], we per-

formed additional testing to populate increasingly comprehensive

RITA. All first-time and lapsed blood donors (those whose last dona-

tion was more than 12 months ago) who presented during the 2017

calendar year were included. Ethics approval was obtained from the

South African national blood service (SANBS) and the University of

Cape Town Institutional Review Boards.

Sampling

The SANBS Biorepository routinely stores plasma aliquots of HIV-

positive blood donations at �30�C. For this study, samples from first-

time and lapsed donors who donated during 2017 and who tested

HIV-positive (RNA, antibody or both) were included in the analysis.

Lapsed donors are considered effectively equivalent to first-time

donors for the purposes of HIV incidence estimation since any prior

HIV screening occurred long before their donation included in this

study. During 2017, LAg and ARV testing was performed on all HIV-

positive donations as part of an earlier study [12]. Due to budgetary

constraints, HIV VL testing was performed on a limited subset of

441 specimens, including all HIV RNA-positive, seronegative (23) as

well as randomly selected RNA-positive, seropositive donations (418).

VL for NAT-negative, serology-positive specimens was assumed to be

below 75 copies/mL, which is higher than the limit of detection of ID-

NAT. VL results where thus available for 506 (52.2%) of the 969 HIV-

positive donors.

Testing

SANBS routinely performs serological assays and ID-NAT for HIV,

Hepatitis B and C in parallel. HIV serology testing was performed

using the Abbott Prism HIV1/2® (Abbott Diagnostics, Delkenheim,

Germany). The Ultrio Elite® multimarker probe assay (Grifols Diagnos-

tics, Barcelona, Spain) on the Procleix Panther® platform was used for

the ID-NAT testing. All HIV-seropositive donations were subjected to

recency testing using the Sedia® HIV-1 LAg-Avidity EIA test (Sedia

Biosciences Corporation, Portland, Oregon). HIV-positive donations

with sufficient residual plasma underwent ARV testing using a vali-

dated, high-performance liquid chromatography tandem mass spec-

trometry assay performed at the Division of Clinical Pharmacology

Laboratory, University of Cape Town. The details of these tests have

been described previously [12]. Long-acting injectable ARVs such as

cabotegravir were not available in South Africa at the time of the

study and were therefore not tested for. VL quantification, using

the Abbott RealTime HIV-1® VL assay on the m2000 system (Abbott

Molecular Inc., Des Plaines, Illinois), was performed on the 441 speci-

mens noted above. HIV-seropositive but ID-NAT-negative donations

were assumed to have VL below the lower limit of quantification of

the Abbott RealTime HIV-1® VL assay [16, 17].

Donations were classified as follows: antibody-positive (Ab+) if

the sample was serology-positive; ID-NAT-positive (NAT+) if HIV

RNA was detected; LAg recent if the sample had a normalized optical

density <1.5; ARV-positive if it tested positive for one or more ARV.

Donations were dichotomized as either high or low VL using a 75 cop-

ies/mL cut-off. A relatively low VL cut-off, such as 75 copies/mL used

by Kassanjee et al [18] and in this study, ensures a dramatic reduction

in the FRR, while minimizing the impact on MDRI and further allows

for comparison across different settings. In addition, a cut-off of

75 copies/mL was the lowest cut-off that could be considered, given

the limits of quantification of the assays used to measure VL in the

RITA calibration specimen panels on which we rely.

Model and model parameters

We constructed four, progressively more comprehensive recency

algorithms. Algorithm 1 included only HIV serology and LAg results.

Subsequent algorithms added new test results cumulatively: for Algo-

rithm 2, we included qualitative ID-NAT, which allowed for the classi-

fication of NAT+/Ab� donations as recent and NAT�/Ab+

donations as longstanding; Algorithm 3 included a quantitative VL

cut-off of 75 copies/mL with donations with a VL of <75 copies/mL

classified as longstanding. Algorithm 4 included ARV testing with

donations with detectable ARV classified as longstanding.

We employed version 3 of the South African Centre for Epidemi-

ological Modelling and Analysis Assay-Based Incidence Estimation

(ABIE_V3) toolbox [7] to perform our incidence estimates. The model

requires inputs for the post-infection time cut-off T, the estimated

MDRI and the estimated FRR. The MDRI, given a specific time cut-off

T, is defined as the average time an HIV-infected person spent both

alive and ‘recently’ infected [7]. The FRR refers to the proportion of

persons infected with HIV for longer than T who are classified as

recently infected by the RITA [6, 7, 19]. The 2022 World Health Orga-

nization (WHO) technical guidance on HIV recency assays [9] recom-

mends a 2-year period for time cut-off T and that context-specific

MDRI and FRR values be derived when employing assay-based inci-

dence estimation.

We therefore estimated context-specific (for South African blood

donors during 2017) FRR, MDRI and relative standard errors (RSE) on

these parameters for each of the previously described algorithms.

MDRI was estimated using HIV-1 subtype C calibration data from the

centre for evaluation of public health interventions in Africa (CEPHIA)

consortium and a web-based tool from the Joint United Nations Pro-

gramme on HIV/AIDS (UNAIDS) and WHO (https://worldhealthorg.

shinyapps.io/recency_test_properties/). (Table 1) MDRI estimates

accounted for the window period associated with the HIV screening

strategy employed in each algorithm (ID-NAT, serology), viral load

threshold, the estimated median delay between HIV infection and

diagnosis in the population and the proportion of HIV-infected donors

who are receiving ARV. FRR estimates accounted for ARV coverage
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and the proportion of HIV-infected donors who are virally suppressed.

ARV coverage and viral suppression in the donor population were

estimated using ARV testing and quantitative viral load data. In addi-

tion, we constructed ‘reference’ model for each algorithm using the

context-specific FRR (1.3%) and MDRI (177 days) values published by

Kassanjee et al. [8] for the subset of South African samples included

in their study, which excluded patients on ARV and elite controllers.

RSE were calculated as a requirement for the above-mentioned soft-

ware tools. They are also used as a convenient metric to compare the

precision of the input parameters and incidence estimates associated

with each algorithm. Finally, we used the calculated FRR and MDRI

values for each of these algorithms and the number of donations clas-

sified as ‘recent’ using the methods described above to calculate inci-

dence estimates for each algorithm.

Model assumptions

The underlying assumptions applied in this analysis included (1) the

majority of people living with HIV in South Africa are diagnosed and

take up treatment later than the specific time cut-off T; therefore,

testing positive for ARV denoted a longstanding infection [20]; (2) vir-

aemic control (VL <75 copies/mL), whether due to natural immune

responses or ARV use, would usually only occur after the specific time

cut-off T and therefore denotes longstanding infection; (3) for Algo-

rithm 3, we computed a viral suppression rate based on VL <75 cop-

ies/mL among the ARV-treated group and (4) for Algorithm 4, we

assume ARV testing ‘perfectly’ detects treatment.

RESULTS

A total of 207,768 (99,168 [47.7%] first-time and 108,600 [52.3%]

lapsed) donors were accepted for blood donation during 2017 of

whom 969 (0.60%) were confirmed as HIV-positive (Figure 1). The

LAg, VL and ARV results of the 506 HIV-positive donors for whom a

complete set of results were available, are shown in Figure 2. Among

the 65 Ab+/NAT� donors, 24 (36.9%) tested LAg recent and

56 (86.2%) had detectable ARV levels. A fifth (87/418) of the Ab

+/NAT+ donations tested recent by LAg of whom 11 (12.6% of 87)

had VL <75 copies/mL. Seven of these 11 donations had detectable

ARV concentrations compared with 3 of the 76 (4.0%) donors with VL

T AB L E 1 Model parameters used in the incidence calculations.

Parameters
Kassanjee
reference Algorithm Algorithm 1 Algorithm 2 Algorithm 3 Algorithm 4

Post-infection time cut-off T 730 730 730 730 730

HIV screening Western blot Ab Ab and NAT Ab and NAT Ab and NAT

Screening adjustment Base �17 �3 �3 �3

Recency test LAg LAg LAg LAg LAg

LAg Odn 1.5 1.5 1.5 1.5 1.5

VL Yes No No Yes Yes

VL threshold 75 None None 75 75

ARV testing No No No No Yes

Adjustment for treatment No No Yes Yes Yes

Mean time to treatment No N/A 4.9 years 4.9 years 4.9 years

HIV subtype 100% Subtype C 100% Subtype C 100% Subtype C 100% Subtype C 100% Subtype C

MDRI (unadjusted for screening

method) (days)

N/A 204.7 204.7 192.3 192.3

MDRI (adjusted) (days) 177 188.7 201.7 188.3 188.3

MDRI RSE 0.05 0.074 0.069 0.069 0.069

FRR untreateda 1.3 1.2 1.1 1.1 1.1

FRR treateda Excluded 56.6 N/A N/A 0

FRR treated and suppresseda Excluded N/A 0 0 N/A

FRR treated and unsuppresseda Excluded N/A 56.6 56.6 0

FRR weighteda 1.3 6.6 3.5 1.6 1.0

FRR RSEa 20 50b 50b 50b 50b

Abbreviations: Ab, antibody; ARV, antiretroviral; FRR, false recency rate; LAg, limiting-antigen avidity test; MDRI, mean duration of recent infection; N/A,

not applicable; NAT, individual nucleic acid amplification test; ODn, normalized optical density; RSE, relative standard error; VL, viral load.
aExpressed as percentage.
bAssumed RSE, approximately correct.
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>75 copies/mL. In the Ab�/NAT+ group, four (17.4%) of the

23 donors had VL <75 copies/mL, and none tested positive for ARV.

Algorithm 1 classified 111 (21.9%) of the 506 donors as recent

(Figure 2, Table 2). In comparison to Algorithm 4, Algorithm 1 incor-

rectly classified 24 (36.9%) of the 65 Ab+/NAT� donors and

14 (3.4%) of the 418 Ab+/NAT+ donors as recent. Algorithm 1 also

completely failed to detect the 23 Ab�/NAT+ cases as being HIV-

positive. Adding ID-NAT (Algorithm 2) results in 110 (21.7%) donors

being classified as recent; all 65 Ab+/NAT� donors were correctly

classified as longstanding, and all 23 Ab�/NAT+ donors were classi-

fied as recent. However, 14 (3.4%) of the 418 Ab+/NAT+ donors

were still incorrectly classified as recent. Addition of the VL cut-off in

Algorithm 3 reduces the incorrectly classified donors to three (0.6%).

Algorithm 4 classified 73 (17.5%) of the 418 Ab+/NAT+ and all

23 Ab�/NAT+ donors, that is, 96 (19.0%) of the 506 donors as

recent.

Table 3 compares the incidence estimates for each of the algo-

rithms described above using first the MDRI and FRR published by

Kassanjee et al. [8] and then separately the MDRI and FRR derived

specifically for each algorithm. The estimated incidence for

Algorithm 1, using the algorithm-specific calculated MDRI and FRR

compared with the published ‘Kassanjee’ MDRI and FRR, is slightly

lower (0.19% per annum [p.a.] vs. 0.22% p.a.) with a slightly wider

95% confidence interval (CI) (0.13%–0.26% vs. 0.17%–0.26%) but a

substantially larger RSE (15.97% versus 10.79%). The same pattern

of slightly lower incidence estimates based on calculated input

parameters held true for each of the algorithms when compared with

its ‘Kassanjee’ equivalent, although the difference in the RSE

decreased with each more comprehensive algorithm, denoting

improved precision.

We next compared the incidence estimates when using

algorithm-specific calculated MDRI and FRR with each other. When

including ID-NAT testing (Algorithm 2) to serology and LAg testing

(Algorithm 1), the estimated incidence decreased marginally from

0.19% to 0.18% p.a. but with a tightening of the 95% CI (0.13%–

0.26% vs. 0.14%–0.24%) and a decrease in the RSE from 15.97% to

13.39%. (Table 3) Subsequent addition of a VL cut-off (Algorithm 3)

decreased the estimated incidence to 0.17% p.a. with a further nar-

rowing of the 95% CI to 0.13%–0.22% and a decrease in the RSE to

12.73%. The addition of ARV testing (Algorithm 4) yielded no change

First-Time and         
Lapsed Donors

(n = 207,768)

Donors with HIV+ test
(n = 969)

Donors with residual 
plasma
(n = 969)

Donors with LAg result
(n = 952)

Donors with ARV result
(n = 952)

NAT+/Ab+
(n = 418)

Donors with viral load
(n = 506)

NAT+/Ab–
(n = 23)

NAT-/Ab+
(n = 65)

F I GU R E 1 Flow diagram of available test results for the 207,768 first-time and lapsed donors who donated from January to December 2017.
Ab, antibody; ARV, antiretroviral; LAg, limiting-antigen avidity test; NAT, individual nucleic acid amplification test.
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in the estimated incidence (0.17%) and almost no change in the 95%

CI (0.13%–0.21%) and a marginal decrease in RSE (12.51%).

DISCUSSION

Our study demonstrated a significant misclassification (61 of

506, 12.1%) of the recency status of HIV-positive donors when using

a RITA that does not include ID-NAT, VL and ARV testing. Without

ID-NAT, the 4.6% ID-NAT-positive but seronegative donors were not

identified as HIV-positive. ID-NAT testing reduced the recency mis-

classification from 12.1% to 2.7% with additional improvement to

0.6% when adding VL testing. The inclusion of ARV testing had a near

negligible improvement in the identification of recent cases.

We confirmed a trend of decreasing incidence estimates with

each increasingly comprehensive RITA. However, the use of context-

specific MDRI and FRR resulted in only marginally lower incidence

estimates (none of which were statistically significant) compared with

the published ‘Kassanjee’ estimates. The ‘Kassanjee’ estimates used

in this analysis were also derived from South African blood donors but

Donor Popula�on Tested 
(207,768)

HIV-Posi�ve Donors 
(969; 506 with full set of results)

Ab+/NAT–
(65)

Ab+/NAT+ 
(418)

Ab–/NAT+
(23)

NAT and Serology 
(506)

LAg Tes�ng 
(506)

LAg Recent
(24)

LAg Non-Recent
(41)

Not Done
(23)

LAg Recent
(87)

LAg Non-Recent
(331)

VL Tes�ng  
(506)

Undetectable
(24)

VL Variable
(331)

VL High
(76)

VL Low
(11)

ARV–
(23)

ARV Tes�ng 
(506)

ARV–
(73)

ARV–
(4)

ARV–
(307)

ARV+
(3)

ARV+
(7)

ARV+
(24)

Algorithm 4
(Serology, LAg, ID-

NAT, VL, AR V)
Non-Recent

ARV–
(5)

ARV+
(19)

Undetectable
(41)

ARV–
(4)

ARV+
(37)

Non-Recent

Recent

Non-Recent Non-Recent Recent

VL High
(19)

VL Low 
(4)

Algorithm 3
(Serology, LAg, ID-

NAT, VL) 

Non-Recent Recent

Recent
(3a)

Non-Recent

Non-Recent Recent
Algorithm 2

(Serology, LAg, ID-
NAT) 

Non-Recent Recent

Recent
(14a)

Non-Recent Recent

Algorithm 1
(Serology, LAg)

Recent
(24a)

Non-Recent Recent

Recent
(14a)

Non-Recent
Not Detect

(23b)Non-Recent

Non-Recent

 

F I GU R E 2 Testing algorithms and their outcomes applied to the 506 HIV-positive donations included in the analysis. Ab, antibody; ARV,
antiretroviral; ID-NAT, individual donation nucleic amplification testing; VL, viral load. aDonations incorrectly classified as ‘recent’. bDonations not
detected as HIV-positive.

T AB L E 2 Donor counts for HIV incidence modelling derived from each testing algorithm.

Donor parameters Algorithm 1 Algorithm 2 Algorithm 3 Algorithm 4

HIV-negative 206,822 206,799 206,779 206,799

HIV-positive 946 969 969 969

Tested for recency 483 506 506 506

Classified recent 111 110 99 96

Total sample size 207,768 207,768 207,768 207,768
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who donated prior to 2014 and for whom an HIV lysate-based west-

ern blot assay was used to identify HIV-positive cases. In contrast, this

analysis used a chemiluminescent immunoassay (Abbott Prism

HIV1/2®) either alone or in combination with ID-NAT to identify HIV-

positive cases. The use of ID-NAT resulted in an extended MDRI but

simultaneously identified seronegative recent cases. The net effect of

which were remarkably, but co-incidentally, similar to that of the Kas-

sanjee group.

Current recommendations [9] include the use of context-specific

calibrated MDRI and FRR and RITA aimed at limiting the impact of

viral suppression, either due to elite controller status or ARV use, on

FRR. The addition of a VL cut-off to differentiate between ‘true’ and
‘false’ recent cases has been the backbone of newer RITA [21]. How-

ever, the ongoing roll-out of ARV therapy and the not infrequent fail-

ure to disclose ARV use [22–24] have raised questions on the need to

include testing for ARV in RITA to ensure the exclusion of persons on

ARV with incomplete viral suppression [25].

In our setting, a blood transfusion service in a country with a

background HIV prevalence of �13.9% [26] and estimated national

incidence of 0.48% (in 2017) [15], ID-NAT testing was the biggest

contributor in identifying misclassified cases as it identified both cases

that had yet to seroconvert (and therefore assumed to recent) as well

as seropositive donations with extremely low VL (below �18 copies/

mL) [4] (and therefore assumed to be longstanding infections), a third

of whom tested LAg recent in Algorithm 1. However, in settings with

significantly lower prevalence and especially lower incidence, the

impact of ID-NAT versus simple VL testing may be less obvious as,

once identified as HIV-positive, VL testing would identify the over-

whelming majority of HIV-positive donors with low VL, irrespective of

the reason for the low VL.

Conversely, the use of ID-NAT only to identify recent cases is

also problematic. In their publication on the HIV incidence among

South African blood donors, Vermeulen et al [27] essentially applied

Algorithm 2 (ID-NAT and LAg) to identify recently infected HIV cases

in their ‘LAg first-time donor’ model and relied solely on ID-NAT to

identify recent cases in the ‘NAT Yield Window Period’ and ‘Classic
Incidence/Window Period’ model. Given the outcome of this study, it

is likely that the ‘LAg first-time donor’ model would have over-

estimated incidence as it likely did not exclude LAg recent donors

who had low, but detectable VL (on highly sensitive ID-NAT testing)

and those on ARV with poor viraemic control. In contrast, the two

models that rely solely on ID-NAT to identify recent infections, likely

underestimated incidence as ID-NAT-positive, seronegative cases

accounted for only 23 of the 96 recent cases in our study. Even if the

MDRI and FRR of an ID-NAT-only approach were correctly estimated

and incidence point estimates were close to correct, precision would

suffer severely, given the short MDRI.

In our study, the only benefit of adding ARV testing (in addition

to ID-NAT and VL) was the identification of those donors on treat-

ment who were not virally suppressed. Recognizing that NAT testing

potentially introduces an overly low VL cut-off, the Transfusion Trans-

missible Infections Monitoring System program in the USA considered

a RITA that included VL (but not ARV assessment) for defining inci-

dent HIV cases [28]. Their assessment, based on a cut-off of 1000

copies/mL, was that such cases would be unlikely in their donor popu-

lation and as a result, did not include it in their final analysis. However,

a contemporaneous publication by Custer et al. [13] confirmed that

approximately 15% of HIV-positive donors from several regions in the

United States were on ARV at the time of donation. Given the overlap

between these two studies, there may have been an underapprecia-

tion of the impact of low VL and ARV use on identifying recent HIV

cases. These findings would suggest that blood services should care-

fully consider RITA that sufficiently account for potential undisclosed

ARV use.

In addition, we demonstrated a decreasing, more precise inci-

dence trend when applying increasingly comprehensive RITA in com-

bination with context-specific MDRI and FRR estimates. A similar

decreasing incidence trend was seen when using the RITA outcomes

T AB L E 3 Outcomes of incidence calculations using (a) ‘Kassanjee’ and (b) context-specific MDRI and FRR.

‘Kassanjee’ MDRI and FRR (95% CI) Context-specific MDRI and FRR (95% CI)

ALGORITHM 1 (serology and LAg)

Estimated incidence 0.22% p.a. (0.17%–0.26%) 0.19% p.a. (0.13%–0.26%)

RSE of incidence estimate 10.79% 15.97%

ALGORITHM 2 (serology, LAg, ID-NAT)

Estimated incidence 0.21% p.a. (0.16%–0.25%) 0.18% p.a. (0.13%–0.22%)

RSE of incidence estimate 10.9% 13.39%

ALGORITHM 3 (serology, LAg, ID-NAT, VL)

Estimated incidence 0.19% p.a. (0.14%–0.23%) 0.17% p.a. (0.13%–0.22%)

RSE of incidence estimate 11.47% 12.73%

ALGORITHM 4 (serology, LAg, ID-NAT, VL, ARV testing)

Estimated incidence 0.18% p.a. (0.14%–0.22%) 0.17% p.a. (0.13%–0.21%)

RSE of incidence estimate 11.65% 12.51%

Abbreviations: ARV, antiretroviral; CI, confidence interval; FRR, false recency rate; ID-NAT, individual nucleic acid amplification test; LAg, limiting-antigen

avidity test; MDRI, mean duration of recent infection; p.a., per annum; RSE, relative standard error; VL, viral load.
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with the published ‘Kassanjee’ MDRI and FRR, but in all instances,

these incidence estimates were higher than those calculated with the

context-specific MDRI and FRR. Although the difference in incidence

estimates did not reach statistical significance, likely due to an under-

powered sample size (in particular, because HIV infections are rela-

tively rare in blood donors, and therefore ‘recent’ infections are rare

events), the differences have epidemiologic importance. In a country

such as South Africa with high HIV prevalence, the 0.05% p.-

a. difference in estimated incidence between the ‘Kassanjee’ Algo-

rithm 1 and the ‘Calculated’ Algorithm 4 may be of programmatic

interest.

The outcome of these incidence calculations confirmed that accu-

rate identification of recent infections will impact incidence calcula-

tions. However, it also highlighted that previous assertions that

introducing a standardized ‘cut-off time’ and the use of sophisticated,

context-specific derived FRR and MDRI should offer ‘the opportunity

to consistently account for imperfect accuracy and precision of the

incidence estimator’ [7, 29] did not quite materialize. The fact that it

did not, confirms that we do not fully understand the impact of each

test on incidence estimation and that there may be other factors

affecting recency not yet fully elucidated.

Our study had limitations. We had a full set of results on only

40% of the 969 lapsed and first-time donors who tested HIV-positive

during 2017. In particular, the sample included all the RNA-positive,

seronegative and a disproportionate number (65 of 75 [86.7%]) of the

RNA-negative, seropositive donors (data not shown). This may have

impacted the incidence calculations, especially of Algorithm 1 which

incorrectly classified nearly 40% of these cases as recent. In addition,

the inclusion of this group of donors resulted in a higher ARV use esti-

mation for the overall sample as this group is known to have high

levels of undisclosed ARV use [11, 12]. However, this would not have

had a material impact on the algorithms other than Algorithm 1 as the

remainder of the algorithms correctly classified these cases as long-

standing. Furthermore, we assumed that all persons with VL below

75 copies/mL and all those on ARV had longstanding infections. It is

conceivable that some true elite controllers may have attained virae-

mic control within the ‘cut-off time T’ and therefore misclassified.

Likewise, donors could have contracted HIV, been diagnosed and

started treatment within this same timeframe. Although this was a

minor concern in 2017 when South Africa began to adopt the ‘test
and treat’ approach, it may pose a greater challenge in the future. In

addition to accounting for the impact of early access to care, future

analyses should also consider the impact of poor retention on ARV on

MDRI estimation and the impact of poor treatment adherence and

associated poor viraemic control on FRR estimation.

In our setting, the biggest gain in accurately identifying recent

cases was derived from including ID-NAT testing. The biggest addi-

tional improvement in the incidence estimates was from the inclusion

of VL, with very limited gain by adding ARV testing. However, these

results should be interpreted with caution as they are specific to our

setting of high background HIV prevalence, incidence [26] and ARV

uptake [30]. Further research is required to identify and clarify other

factors that may influence HIV-positive individuals’ and populations’

progression from ‘recent’ to ‘longstanding’ infection.
In conclusion, our work confirmed the need for both accurate

identification of recently acquired HIV cases as well as the use of

context-specific MDRI and FRR rates to derive epidemiologically use-

ful incidence estimates. Although it appears theoretically feasible to

derive MDRI and FRR estimates that can account for all known

sources of variability in incidence modelling, we have shown that it is

not yet possible to achieve this with sufficient accuracy to eliminate

such variability.
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Abstract

Background and Objectives: Changes in RHD generate variations in protein structure

that lead to antigenic variants. The classical model divides them into quantitative (weak

and Del) and qualitative (partial D). There are two types of protein antigens: linear and con-

formational. Computational biology analyses the theoretical assembly of tertiary protein

structures and allows us to identify the ‘topological’ differences between isoforms. Our

aim was to determine the theoretical antigenic differences between weak RhD variants

compared with normal RhD based on structural analysis using bioinformatic techniques.

Materials and Methods: We analysed the variations in secondary structures and

hydrophobicity of RHD*01, RHD*01W.1, W2, W3, RHD*09.03.01, RHD*09.04,

RHD*11, RHD*15 and RHD*21. We then modelled the tertiary structure and calcu-

lated their probable antigenic regions, intra-protein interactions, displacement and

membrane width and compared them with Rhce.

Results: The 10 proteins are similar in their secondary structure and hydrophobicity,

with the main differences observed in the exofacial coils. We identified six potential

antigenic regions: one that is unique to RhD (R3), one that is common to all D (R6),

three that are highly variable among RhD isoforms (R1, R2 and R4), one that they

share with Rhce (R5) and two that are unique to Rhce (Ra and Rbc).

Conclusion: The alloimmunization capacity of these subjects could be explained by

the variability of the antigen pattern, which is not necessarily recognized or recog-

nized with lower intensity by the commercially available antibodies, and not because

they have a lower protein concentration in the membrane.

Keywords
alloimmunization, computational biology, D antigens, Rh system, RhD weak

Highlights
• We propose six different antigenic regions in the analysed models.

• Theoretically, the structural differences among the proteins could be due to changes in inter-

actions or the formation of new interactions.

• The RhD variants have a different physicochemical profile based on the analysis of hydro-

phobicity, electrostatic potential, secondary structure and comparison of tertiary structures.
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INTRODUCTION

Changes in the RHD generate variations in protein structure that lead

to antigenic variants. The classical model has divided them into two,

with fewer antigenic sites and no structural variations they are called

quantitative (weak and Del) and qualitative, when the number of anti-

genic sites is normal, but they have structural differences in the pro-

tein (partial D) [1]. The main argument for classifying the D variant is

the risk of anti-D alloimmunization: patients with partial D antigens

can produce anti-D, while only some with weak D antigens can

do so [2].

Because anti-D reagents are designed to show a strong pattern

when testing normal D, a weak serologic D phenotype is defined as

weak reactivity (≤2+) in the first test; however, it agglutinates slightly

to strongly with anti-human globulin [3]. The intensity pattern

depends on the combination of ‘clones’ in each kit.

Weak variants are only detected if they are hemizygous or homo-

zygous mutations. The International Society of Blood Transfusion

(ISBT) reports over 175 weak RhD variants. Some, such as types

11, 15 and 21, have immunizing capacity [4].

There are three models that describe the secondary structure of

RhD [5–7]. The most widely accepted model is that proposed by

Wagner [8]. An idea rooted in transfusion medicine is that only amino

acid (AA) changes in the exofacial loops have an influence on the ter-

tiary structure, and therefore, only these alter the recognition of

antibodies.

An epitope is the antigenic site to which an antibody binds.

There are two types of protein antigens: linear (continuous), which

consists of a sequence of 6–10 adjacent AAs in the primary struc-

ture, and conformational, which consists of 10–20 AAs that are very

close to each other in the 3D structure but scattered in the linear

sequence [9, 10]. This second category accounts for 90% of known

epitopes [11].

The structural complexity of a protein is due to the remarkable

simplicity of the covalent bonds of the AA sequence. From an alpha-

bet of only 20 α-aa arranged in chains of variable sequence and

length, innumerable complex folds and functions result, which are

the outcome of defined non-covalent contacts within and between

the chains [12]. The formation of stable secondary structures and

unique tertiary structure proteins is determined by the intramolecu-

lar interactions between the individual AA residues along the poly-

peptide chain and by their interaction with the surrounding medium.

During protein folding, the hydrophobic force drives the polypep-

tide chain into the folded state by overcoming entropic factors,

while hydrogen bonds, ion pairs, disulphide bonds and van der

Waals interactions determine the shape and prevent it from falling

apart. These non-covalent forces, resulting from the interactions

between consecutive and adjacent residues and the distant residues

in the sequence, together form and stabilize the native

structure [13].

The secondary structures of proteins have classically been

described in two regular states, the α-helix and the β-sheet, with the

remaining unassigned regions described as an irregular state (coil) cor-

responding to a large number of different conformations. However,

the use of only three states oversimplifies the description of protein

structures.

The result of the AA substitution can have different effects on

the physicochemical properties and thus on the functionality of the

protein [14, 15]. The aim of predicting a protein fragment is to

reconstruct the atomic coordinates as accurately as possible given

the AA sequence. Much information can be obtained from the

known structures of fragments with similar features. For this reason,

many local structure prediction methods are based on the classifica-

tion of these fragments based on the so-called structural alphabets

or protein blocks (PB) [16]. The PB could define the structural

changes in a short region of AAs that alter the global structure of

the protein, depending on the hydrophobic conditions in the

microenvironment.

Computational biology analyses the theoretical assembly of ter-

tiary protein structures and enables us to identify the ‘topological’ dif-
ferences between the isoforms of a protein, for example, the RhD

variants.

When a protein sequence changes slowly over time compared

with the background mutation rate, we say that it is ‘conserved’. In
proteins, AAs that play a crucial role in folding, structure, stability and

target recognition tend to be conserved or replaced by others with

similar properties in order to maintain their biological functions [17].

Conserved regions are often identified by pairwise sequence align-

ments, structural overlaps and variations thereof [18]. Sequence

alignments involve the linear comparison of two or more AA

sequences and are typically generated using computer algorithms that

attempt to maximize a scoring function based on a substitution matrix

in which identical aligned positions are scored most favourably, fol-

lowed by the alignment of AAs with similar biochemical proper-

ties [19]. The degree of structural similarity between two proteins is

usually quantified by the root-mean-square deviation (RMSD) of the

atomic coordinates, with lower values indicating a higher degree of

similarity.

In the Critical Assessment of Techniques for Protein Structure

Prediction (CASP) competition, the contact of a pair of residues is

defined if the distance between their Cβ atoms is less than or equal to

8 Å, as long as they are separated by at least five residues in the

sequence [20]. Contact residues are important for protein folding

because they can be far apart in the protein sequence but close to

each other in three-dimensional space [21]. Based on the spacing of

the residues, contacts are broadly classified as short range (6–11 resi-

dues), medium range (12–23 residues) and long range (at least 24 resi-

dues). Most contact prediction methods evaluate long-range contacts

separately, as they are the most important of the three and also the

most difficult to predict [20].

The aim of the present study is to determine the theoretical

antigenic differences between weak RhD variants compared with

normal RhD based on structural analysis using bioinformatic

techniques.
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MATERIALS AND METHODS

Based on literature reports, we selected the weak D variants with

the highest population frequency. We included RHD*01W.1, W2

and W3 (W1, W2 and W3 respectively), which are common but not

associated with anti-D formation. The RHD*09.03.01 (W4.0) and

RHD*09.04 (W4.1) variants have reports of probable anti-D

formation.

The ISBT identifies RHD*11, RHD*15 and RHD*21 (W11, W15

and W21, respectively), as reported alloanti-D. We used RHCE*01

(Rhce) as a negative control because anti-D does not recognize it

(RHD blood group alleles v6.4).

AA sequences were generated using ALM96707.1 (RhD*01) and

NP_065231.4 (RHCE*01) sequences as standard. We removed the ini-

tial methionine [6] and substituted the AA residues indicated in the

ISBT catalogue for the analysed variants.

Primary structural analysis

Hydrophobicity analysis of the AA sequence was performed with

ProtScale from Expasy (https://web.expasy.org/protscale) using the

Kyte and Doolittle scale with a window of nine AAs.

Secondary structure analysis

Secondary structure elements were determined using the prediction

algorithm of PBDsum structural analyses [22]. We identified the PBs

using the IPBA server [23].

Tertiary structure analysis

The comparative analysis was carried out in five steps:

1. Theoretical construction:

Modelling: The tertiary structure design was performed using the

I-Tasser server [24].

The evaluation and validation of the 10 structures were performed

by uploading the PDB files to three servers with different

algorithms.

a. QMEANDisCo Global (Qualitative Model Energy ANalysis Dis-

tance Constraints Applied on Model Quality Estimation): This is

a composite assessment function that can derive both global

(i.e., for the entire structure) and local (i.e., per residue) absolute

quality estimates based on a single model [25].

b. PDBsum Generate uses the Ramachandran algorithm, which allows

visualization of energetically valid regions for the backbone dihedral

angles ψ versus φ of the AA residues in protein structure [22].

c. ModFOLD8 provides a single score and a p-value related to the

predicted quality of a single 3D model of a protein

structure [26].

2. Structural alignment:

To assess the significance of the sequence alignment and to

determine the probability that a pair of biologically significant AA

residues occupy the same position within the alignment, we cal-

culated the RMSD of atomic positions in Å using the IPBA web

server [23].

The theoretical tertiary structures were compared using an align-

ment approach and plotted using Geneious 2015 and Pymol.

3. Analysis of protein position within the lipid bilayer:

We determined the position of the proteins within the lipid bilayer

(hydrophobic thickness, transmembrane steps and exofacial loops)

using OREMPRO [27].

We plotted the transmembrane using the modifications of the

OREMPRO and Geneious algorithms to visualize the distribution

of AAs along the membrane.

To compare the space occupied by the proteins in the membrane,

we plotted the structures in a ‘surface’ style.
4. Interactions within the protein structure:

We determined the probability of interaction between the protein

residues using the R2C residue interaction calculator. This is a two-

stage hierarchical prediction system in which a raw map of residue

contacts is generated in the first step, followed by a Gaussian noise

filter to further improve the quality of the prediction [28].

5. Epitopes prediction:

DiscoTope 3.0 uses a combination of AA composition information,

spatial neighbourhood information and a surface area measure to

predict epitopes [29].

RESULTS

The tertiary structure of the RhD variants was modelled using the homol-

ogy of the 3hd6A template (RHCG) with more than 31.36% identity.

The QMEAN quality score ranges from 0 to 1. On average, the

value of our models was 0.63 (0.65–0.62, with a modal value of 0.63)

and an overall estimated error of ±0.05. Regions of α-helices larger

than 10 AAs have average values of 0.77.

The PBDsum server provides the statistical analysis of the

Ramachandran diagram. It compares about 118 structures with a res-

olution of at least 2.0 Å and an R-factor of at most 20.0. A good

quality model is expected to have more than 90% in the preferred

regions. We calculated RHD 92.0%, Rhce 91.6%, W.1 91.2%, W.2

92.9%, W.3 93.1%, W4.0 92.9%, W4.1 92.6%, W11 90.9%, W15

92.6% and W21 92.9%.

The confidence and p values determined by ModFOLD8 were

less than p < 0.001 for all 10 proteins.

Regarding the content of secondary structures, all models were

all-α, that is, 67 ± 1.49% of the structure is formed by α-helices. On

average, they have 22 helices, of which 76.92% are H-type and

23.08% are G-type (ratio 3.4, except W4.1, which has a ratio

of 2.83).

As reported, the primary AA sequence similarity among RhD, the

eight variants and Rhce ranges from 99.76% and 92.067%.
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When overlaying the hydrophobicity diagrams (Figure 1), changes

are observed in the regions where AA substitution occurs, resulting in

hydrophobic changes of approximately ±4 AAs at the site of the sub-

stitution. These regions are as follows:

1. 11–19 (p.Trp15Cys) in W4.1, in the transmembrane region,

196–204 (p.Thr200Arg) in W4.0 and W4.1, in a cytoplasmic

region, 218–226 (p.Phe222Val) in W4.0 and W4.1, in exofa-

cial 4.

F I GU R E 1 Overlay of hydrophobicity diagrams using the Kyte and Doolittle scale with a window of nine amino acids, created with ProtScale
from Expasy. The x-axis indicates the position of each amino acid and the y-axis describes the calculated hydrophobicity score. The identification
of each isoform is shown at the bottom of the diagram.

F I GU R E 2 Representation of the three-dimensional structures (in surface style) of RhD, RHD*01, RHD*01W.1, W2, W3, RHD*09.03.01,
RHD*09.04, RHD*11, RHD*15, RHD*21 and Rhce. (a) Lateral view, one can see the variation in the displacement angle of the hydrophobic layers
of the membrane; in the structure of RhD, the width is indicated as 23 Å, varying for each protein. (b) Apical view, six variable antigenic regions
are shown: R3 (yellow) exists only in RhD, R6 (red) exists only in D, three is highly variable in RhD isoforms R1 (orange), R2 (deep purple) and R4
(blue), R5 (pink) also exists in Rhce and two only in Rhce (Ra and Rbc, both cyan).
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2. 258–273 (p.Val269Gly) W1, 381–396 (p.Gly385Ala) W2, 277–285

(p.Gly281Asp) W15, 291–298 (p.Met294Ile) W11, 308–316 (p.-

Pro312Leu) W21, all in a transmembrane region.

3. in W3, only changes between 5 and 7 can be seen; the rest of the

graph is the same as in RhD.

Regions 21–195, 228–261, 318–379 and 389–412 are the same

for all proteins. The hydrophobic regions measure more than 10 AA

(Figure 2a). The hydrophobicity pattern is similar for all proteins,

which is consistent with the RMSD values (range 0.41–0.55 Å)

(Table 1). The conformation of the secondary structures shows a simi-

larity of 94.712%–97.596% (Table 1). However, analysis of the ter-

tiary structure described by the PB sequence shows a similarity

between 89.784% and 97.236%.

We calculated the close interactions (aromatic–aromatic interac-

tions within 4.5 and 7 Å, aromatic–sulphur interactions within 5.3 Å,

ionic interactions within 6 Å, cation–Pi interactions within 6 Å) and

the prediction of long-range residual contacts (L/5) in the 10 proteins

and compared them with those of RhD (Table 2). As expected, the

percent similarity of Rhce was low (85.54%), but not the lowest.

The most similar variants are RhDW1 (92.77%), W2 and W3

(91.57%). The least similar variants are RhDW 4.0, RhDW4.1 and

RhDW11 (86.75%, 84.34% and 87.95% respectively). On the other

hand, RhDW15 and 21 are 90.36% similar to RhD (Table 1).

To analyse the constructed models, we divided them into three

areas, which are discussed next.

Cytoplasmic

This region of RhD consists of 60 AA, compared with 64 AA of Rhce.

In the variants, this region comprises between 34 (RhDW2) and

69 (RhDW15) AA. On average, it consists of 56 ± 12 AA, of which

53.33% are Ser (4.74%), Ala (6.32%), Asp (6.52%), Phe (6.72%), Arg

(7.9%), Lys (10.27%), Pro (10.86%). The location of the terminal ends

is shown in Table 1.

Transmembrane

It consists of an average of 242 ± 43 AA, ranging from 193 (W4.1) to

313 (W15). Five AAs account for 62.47%: Ala (11.89), Gly (8.88), Leu

(18.55), Ser (11.71) and Val (11.43). The hydrophobic thickness (Å) is

defined by the number of AA within the membrane and by the type of

AA, although both conditions create a different microenvironment

that changes the three-dimensional conformation and causes varia-

tions in the membrane slope (�), they are not directly related. In nor-

mal RhD, it measures 23 Å with 209 AA, w15 of 34 Å with 308, but in

w21 it has 29.1 Å with 191 AA. The distribution of AAs within the

membrane influences the slope of the hydrophobic region (Figure 2a

and Table 1). The hydrophobic thickness is shifted towards the exofa-

cial region. With the exception of W15 and W21, the displacement

between the two hydrophobic regions of the membrane is parallel. T
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All variants have AA substitutions within the membrane. Including

W3, which is a Cys substitution at the second position but encom-

passes the entire amino-terminal region.

The regions with the lowest probability of prediction errors are

the long α-helices within the membrane. The number of transmem-

brane α-helices is shown in Table 1.

Exofacial

The AA composition of exofacial region is the most variable, averaging

120 ± 41, with a range of 165–32. W15 has significantly less AA

(32) compared with RhD (139).

We identified possible antigenic sites in the 3D structures based

on three criteria: the epitope score obtained with the DiscoTope

server, the structural differences identified with IPBA (PB), and the

association with intra-protein interactions (Figure 2b). We obtained

six regions (highlighted in colour) that were highly variable among the

nine RhD structures, as well as two particular regions of Rhce. It can

be seen that the decrease in exofacial AAs is associated with the

decrease in probable epitopes. The values for these regions are shown

in Table 3. The column ‘Antigenic region’ describes the AA of the

respective region, each variable has two columns. The PB column

describes with letters the structural changes in a short region of the

AA. The column ES (epitope score) represents the probability that an

AA expresses an epitope, depending on the characteristics of AAs

surrounding it.

DISCUSSION

Our hypothesis is that, from a molecular point of view, there are no

reports of changes in the transcription and translation of RhD weak

and partial genes, suggesting that their expression is decreased; there-

fore, the difference in antigen exposure is not due to less protein, but

to other antigenic sites or with lower affinity to the antibodies of the

commercial tests.

To this end, we analysed the consequences of AA substitutions of

nine RhD variants and compared them with RhD and Rhce. These

changes are known to affect the tertiary structure of proteins, and

sometimes their function is not so obvious when the changes have

similar physicochemical properties.

In this study, we found that the primary structure of the 10 pro-

teins is more than 99% similar. The hydrophobicity diagrams vary only

in the altered regions, and in terms of an RMSD, which averages

0.48 Å, this variation is indeed minimal; furthermore, the tertiary

structures overlap significantly. The transmembrane regions, espe-

cially the helices, are the structures with the lowest prediction uncer-

tainty and the best conserved. At this point, the reader will agree that

there are no significant exofacial changes in the model proposed by

Wagner 1999 [8], if the substitution does not occur there, which is

consistent with other reports [3, 30]. Most studies do not consider

punctuate changes and their structural consequences. However, vari-

ations in physico-chemical properties change the torsion angles of the

AAs and give rise to other PBs. Although the tertiary structures are

spatially similar, changes in the distances between the contact resi-

dues may lead to new interactions that cause a number of changes:

The protein interaction is modified between 7% and 15% (Table 1),

and the membrane tilt and hydrophobic thickness exhibit antigenic

patterns with different probabilities (affinity variation), but share some

sites that might be weakly recognized by commercial antibodies.

As we show, there is one antigenic region exclusive to RhD (R3),

one that only all D have (R6), three highly variable in RhD isoforms

(R1, R2 and R4), one shared with Rhce (R5) and two exclusive to Rhce

(Ra and Rbc).

Finally, based on the assumption that all variants analysed here

are considered RhD positive, we conclude that there are conserved

regions that can be recognized by the antibodies and that their affinity

would differ due to variations in electrostatic surface potential and

torsional dihedral angle, that is, charge and spatial exposure.

We assumed that the antigen patterns of the W1, W2 and W3

variants would be very similar to that of RhD, while those of W11,

W15 and W21 would be different. Those of W4.0 and W4.1 were

uncertain. Therefore, the alloimmunization capacity of these variants

could be explained by the variability of the antigen pattern, which is

not necessarily recognized or recognized with lower intensity by the

commercially available antibodies, and not because they have a lower

protein concentration in the membrane.

T AB L E 2 The number of interactions within the protein is displayed.

Interaction type RHD*1 RHD*01W.1 RHD*01W.2 RHD*01W.3 RHD*01W.4.0 RHD*01W.4.1 RHD*11 RHD*15 RHD*21

Int C–C 4 11 6 5 9 8 5 11 7

Int E–T 17 15 8 3 12 14 6 4 15

Int T–T 68 68 93 90 62 59 92 98 61

Int C–T 3 5 6 5 3 2 9 3 5

Int E–E 26 12 7 16 29 26 11 0 0

Total 118 111 120 119 115 109 123 116 88

Note: Values lower than RhD indicate that some interactions have been lost. Conversely, a higher value means that new interactions have occurred.

Although the total number of interactions does not vary significantly, each type of interaction has different values. Amino acid interactions by region.

Abbreviations: C, cytoplasmic; E, exofacial; T, transmembrane.
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The few reports may be due to the low frequency of subjects

with these variants, and also because the likelihood of exposure to an

antigenic challenge is low.
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Abstract

Background and Objectives: When a haematopoietic stem cell registry size is con-

strained by limits on recruiting, as in Canada, identifying the right person to recruit is

a critical determinant of effectiveness. The aim of this study was to evaluate the

impact of changes to donor recruitment effort, within ethnic groups, on the matching

effectiveness of the Canadian registry as it evolves over time.

Materials and Methods: Simulation methods are applied to create a cohort of donor

recruits and patients over a 10-year time horizon. New recruits are added to the reg-

istry each year, while some existing donors ‘age-out’ upon reaching their 36th birth-

day. In a similar fashion, simulated patient lists are created. At the end of each

simulated year, simulated patients are matched against the simulated registry.

Results: There are increased matches in non-White populations when diverse regis-

trants are preferentially recruited, but there are larger decreases in the number of

matches for Caucasian patients. Additionally, ethnic communities that have limited

registrants in the Canadian registry in 2021 do not benefit from increased recruiting

efforts as much as communities with a larger initial number of registrants.

Conclusion: Preferentially recruiting from non-Caucasian populations reduces the

number of matches from Canadian sources because increases in non-Caucasian

populations will not fully counterbalance decreases to Caucasian patient matches.

Nevertheless, more than 80% of all matches are for Caucasian patients, regardless of

the donor recruiting effort within ethnic groups.

Keywords
simulation, stem cell recruiting

Highlights
• Using dynamic registry simulation, we studied the impact of donor recruitment effort within

ethnic groups in the Canadian Blood Services Stem Cell Registry.

• Recruiting more non-White donors increases the number of matches to non-White donors

overall but reduces the number of matches for White patients from Canadian donors.

• Canadian patients will continue to need to draw stem cells for haematopoietic cell transplan-

tation from international sources.
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INTRODUCTION

Stem cell registries facilitate haematopoietic transplants by recruiting

individuals as potential donors. For patients suffering from blood-

related diseases, a haematopoietic stem cell transplant often offers

the best, or only, course of treatment. Because less than one in four

patients can find a matched donor from a near relative, stem cell regis-

tries are an important life-saving tool.

When a registry’s size is constrained by limits on recruitment

effort, as it is in Canada, identifying the right person to recruit is a crit-

ical determinant of effectiveness. Because the distribution of human

leukocyte antigen (HLA) profiles varies by ethnicity, strategies must

allocate recruiting effort between different ethnic groups to balance

the genetic diversity of the registry while recruiting donors who will

most likely match a person requiring a transplant. Previous studies

have evaluated the impact of recruiting effort on the size of the Cana-

dian registry [1] and optimizing recruiting effort within ethnic groups

to maximize the populations that could potentially find a match [2].

More recently, simulated donors were used to estimate the impact of

recruiting effort on patient matches and to identify how many new

donors would provide novel HLA profiles given an existing registry [3].

In this study, we evaluate the impact of changes to donor recruitment

effort on the matching effectiveness of the Canadian registry over a

simulated 10-year time horizon.

Literature

The application of simulation is common for evaluating the matching

potential of stem cell registries, starting with Beatty et al. [4], who cre-

ated simulated donor profiles to build a virtual registry against which

a matching algorithm is run. This methodology was repeated by

Beatty et al. [5] but applied to a larger database of HLA haplotypes.

Kollmann et al. [6] estimated the haplotype frequency and used simu-

lated donor profiles to evaluate match probabilities for patients in the

United States while including donor availability to arrive at an overall

cost effectiveness of recruiting different ethnic groups. Schmidt

et al. [7] evaluated the effectiveness of combining German and Polish

registries using an EM-estimated haplotype frequency estimation,

combined with simulated patients, which were matched against a his-

torical patient profile. There are also other applications of EM haplo-

type frequency estimation and simulated donor matching [8–12].

Several papers describe studies involving simulated patients

matching to either an existing or a simulated registry. Sauter et al. [13]

have created both simulated patients and donors to test the impact of

incomplete HLA typing on search effectiveness. The use of simulated

patients and donors to validate the matching algorithms used by dif-

ferent national or regional stem cell registries, assuming differing

levels of ambiguity within the HLA profiles of donors and recipients,

has been described by Bochtler et al. [14] Vlachos et al. [15] have cre-

ated both simulated patients and donors and virtually matched the

two to compare the impact of changes to the size of the Greek cord

blood registry on match rates. Pappas et al. [16] used simulated

patients and donors to evaluate the matching benefit of adding regis-

trants from a population similar to that of California with a high

degree of admixture between ethnic groups.

Although the literature contains many studies employing simu-

lated donors, a smaller set employing simulated patients and some

involving both simulated patients and donors, there is no report that

we are aware of that uses both simulated patients and donors, in a

dynamic registry, evolving over time, to evaluate recruiting policies.

STUDY DESIGN AND METHODS

Overview

Simulation methods are applied to create a cohort of donor recruits

over a 10-year time horizon, extending from 2021 to 2030, for the

Canadian Blood Services Stem Cell Registry (CBSSCR). Starting with

the CBSSCR as it existed at the beginning of 2021, the evolution of

the registry is simulated over time using existing CBSSCR recruiting

policies: 25,000 potential donors are recruited annually, of whom

about 16,000 become new recruits and are added to the registry,

while existing donors ‘age-out’ upon reaching their 61st birthday.

Both the (fixed) number of recruits and the upper age limit are policy

decisions.

In a similar fashion, simulated patient cohorts of between 1144

and 1946 individuals are created: one for each year in the 2021–2030

timeframe according to the expected number of searches in Figure 2.

At the end of each simulated year, simulated patients are matched

against the simulated registry as it is expected to exist. Matching sta-

tistics are collected and the simulation advances. Because simulated

donors and simulated patients are stochastic samples from a random

distribution, the experiment is repeated over several replications and

results are averaged.

The CBSSCR

De-identified donor data, representing the Canadian Adult Stem Cell

Registry as it existed in March 2021, was obtained. A total of 444,611

records are included in the dataset, although only 237,836 are under

the age of 36 and only 63,357 records represent available individuals

under the age of 36 with complete (HLA-A, HLA-B, HLA-C, HLA-

DRB1 and HLA-DQB1) profiles. Data available in the records include

the individual’s sex, self-reported ethnicity and date of birth.

Simulated donors

Similar to our previous analysis [3], simulated donors were created

using Monte Carlo methods. Using publicly available data from the

U.S. National Marrow Donor Program (NMDP) [17], haplotype fre-

quency lists were created for each of the five broad ethnic categories

listed in that source: AFA (African American), API (Asian and Pacific

DYNAMIC REGISTRY SIMULATION 599

 14230410, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13619 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

nline L
ibrary on [24/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Islander), CAU (Caucasian [White]), HIS (Hispanic) and NAM (Native

American). The source files list a set of haplotypes and expected fre-

quencies within each ethnic group. It has been shown previously that

U.S. haplotype frequencies are similar to Canadian frequencies [3] and

thus suitable for evaluating recruiting practices.

Simulated donors are created by selecting first a donor ethnicity

from an ethnicity distribution. Once the ethnicity is determined, two

random selections are drawn from the appropriate haplotype fre-

quency file derived from the NMDP data. Each selection returns a

haplotype, and the two are combined to make the donor’s phenotype.

Sex and age characteristics are also assigned to a donor because the

donor’s likelihood of completing registration is influenced by both var-

iables. Using the donor’s ethnicity, sex and age information, a draw is

made from a set of distributions that indicate recruitment effective-

ness. Somewhere between 31% and 35% of generated donors do not

complete the registration process and therefore do not join the regis-

try, although they are counted as part of the recruiting effort within

the ethnic group. See Appendix A for data on recruiting effectiveness.

Simulated donors who complete the registration process are

added to a file listing individuals who will join the registry in a particu-

lar year. To create a time-phased simulation of the registry, a database

routine is executed at each simulated year from 2021 through 2030

to remove donors over the age of 60 from the registry and to add the

donors from the list of those who become available in the year.

Simulated patients

Simulated patients are created using the same method as donors. A

patient’s ethnicity is drawn from a patient ethnicity distribution table.

Once assigned an ethnicity, patients are assigned two HLA haplotypes

drawn from the appropriate ethnicity frequency file.

Matching

In each of the 10 simulated years of a model replication, patients

search the registry for a matching donor. Matches are conducted only

against donors with full 5-loci HLA data. The matching algorithm used

in this study has been tested and validated in other projects; its details

are reported elsewhere [2].

Data

Donor data were derived from a de-identified listing of CBSSCR

donors current to January 2021; donor demographic and HLA data

were derived from this source. Patient data were derived from a

29-year sample of patient searches conducted against the CBSSCR

and its predecessors. Patient data were de-identified but included

patient age, gender, partial ethnicity information and full 5-loci HLA

data. It should be noted that ethnicity data in the search registry is

incomplete because it contains records from non-Canadian patient

searches for which an ethnicity field is not always entered.

Patient search data were analysed for trends. The results of this

analysis showed that there have been significant shifts in the ethnicity

of searches conducted against the CBSSCR over time. See Figure 1.

It may be seen that the proportion of searches conducted for

patients belonging to the API community increased from 5%, prior to

2008, to 11% thereafter. However, since 2008 the proportion of

searches conducted for patients from the API community has

remained stable, with no statistically significant change. Also evident

is a change in searches for patients with ethnicity designation of Cau-

casian and Other, with searches for Caucasians dropping after 2013

and then stabilizing at 38%, while searches for patients designated as

Other have increased after 2013, stabilizing at 47%. Analysis shows

that the searches for Caucasian and Other are negatively correlated

(R2 = 0.93), suggesting that one is the mirror image of the other. This

represents a change in ethnicity labelling policies for international

searches executed against the CBSSCR. Therefore, for purposes of

this analysis, the Caucasian and Other populations are combined as

‘Caucasian’. There were no statistically significant trends detected in

the proportion of searches conducted for patients from the AFA, the

HIS or the First Nations (NAM) community over the time series.

As may be seen from Table 1, the proportion of searches con-

ducted against the CBSSCR is less diverse than either the Canadian

census or the composition of the registry in 2021. This may indicate

that the patient search population, which is older than the Canadian

population (51.4 years vs. 41.4 years), may represent an ethnic distri-

bution from a period when Canada’s population was less diverse.

Although recent stem cell search data indicate no trends in the

ethnic distribution of searches conducted against the CBSSCR, there

is evidence that the absolute number of searches has increased since

1991. The data suggest a polynomial growth rate, with an R2 value

exceeding 97%. Thus, in runs of the dynamic simulation, the number

of patient searches conducted is a function of the simulated year. See

Figure 2.

Experiments

Experiments were developed to test the impact of recruiting effort

within ethnic groups on the number of matches expected over the

period from 2021 through 2030. Two parameters are varied in

the runs: the ethnic distribution of the recruits to the CBSSCR, and

the ethnic distribution of patient searches.

In the first set of runs, it was assumed that patient searches fol-

low the historical patient search distribution detailed in Table 1. We

define this as Patient Case P1. Donor recruiting effort within ethnic

groups was tested at two levels: C1 and C2. We define Case C1 to

have an ethnic distribution similar to the ethnic distribution of the

Canadian population in 2021 and Case C2 to have an ethnic distribu-

tion within non-Caucasian (White) groups twice that of the Canadian

population in 2021.
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In the second set of runs, the impact of a more diverse patient

search population, defined as Patient Case P2, was tested against the

same two donor recruitment strategies: equal to the ethnic distribu-

tion of the Canadian population in 2021 (Case C1) or with donor

recruiting effort doubled within non-Caucasian populations (Case C2).

In all sets of runs, it was assumed that a total of 25,000 individ-

uals begin the recruitment process, with somewhere around 16,000

completing the process and becoming active registrants. The restric-

tion on the number of recruits is made, in this study, to match the

expected donor recruitment targets for the CBSSCR.

RESULTS

Registry size

The same simulated patient groups were used in both patient experi-

ment sets. In Table 2 we report the number of active registrants under

the age of 36 with the assumption that 25,000 individuals were

recruited and that recruitment effort within ethnic groups was pro-

portional to the ethnic distribution of the Canadian census in 2021

(i.e., Recruiting Case R1).

As may be seen from Table 2, recruiting 25,000 individuals

from the ethnic groups AFA, API, CAU, HIS and NAM in proportion

to the census will result in a small decline in the size of the registry

(�2%). There is growth in the number of registrants from the AFA

(51% increase), HIS (14% increase) and NAM (84% increase) com-

munities. The number of API registrants declined by 15%, which is

not unexpected given that since 2008 the CBSSCR has been suc-

cessful in recruiting within the community at a rate greater than its

census composition. It may also be seen that registrants of the

other (OTH) category declined over the time series, but because

the NMDP data source do not list an OTH ethnicity, no individuals

of type OTH were recruited in the simulation. However, if OTH and

CAU ethnicities are combined, a decline of 2% (from 167,700 to

164,241) can be observed. Recruiting from ethnic groups in propor-

tion to the Canadian census will reduce the overall diversity of the

registry by 1.7% (from 62,111 to 61,039) from 2021 through 2030.

While growth in registrants from AFA, HIS and NAM was observed,

there was a net loss of diversity due to the decline in API

registrants.

F I GU R E 1 Changes in the ethnicity of searches against the Canadian Blood Services Stem Cell Registry from 1991 to 2020. AFA, African
American; API, Asian and Pacific Islander; CAU, Caucasian (White); HIS, Hispanic; NAM, Native American; OTH, other.

T AB L E 1 Ethnic proportions for the stem cell registry, patient
searches and the Canadian population.

AFA
(%)

API
(%)

CAU
(%)

HIS
(%)

NAM
(%)

CBSSCR 2.0 25.6 69.4 1.2 1.8

Patient searches 2.0 11.0 85.0 0.5 1.5

Canadian census

2022

4.3 16.1 73.0 1.6 5.0

Abbreviations: AFA, African American; API, Asian and Pacific Islander;

CAU, Caucasian (White); CBSSCR, Canadian Blood Services Stem Cell

Registry; HIS, Hispanic; NAM, Native American.

y = 1.5248x2 – 13.107x + 241.52
R2 = 0.9793
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Canadian Blood Services Stem Cell Registry over time.
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Table 3 shows the registry size and ethnic distribution under the

assumption of 25,000 recruits per annum, with recruiting effort in

non-Caucasian groups at twice the rate of the Canadian census

in 2022 (i.e., Recruit Case R2). The overall registry size is smaller (2.5%

decrease) when an increased fraction of non-Caucasian people is

recruited, which is due to the lower donor completion rates in these

communities. Recruiting non-Caucasian people at an increased rate

leads, not surprisingly, to increases in the number of donors in the

U36 registry who are from diverse communities; overall, the number

of non-Caucasian donors increases by 49%. Donor numbers increased

for all communities except CAU and Others, which, combined, saw a

decrease of 24%.

Match rates

Experiments tested the impact of the ethnic distribution of both

recruits and patients. While 25,000 donors are recruited annually in

all runs, the proportion of non-Caucasian donors recruited was set

equivalent to the Canadian census in 2022 (Recruit Case R1) or dou-

ble the rate of the census (Recruit Case R2). The ethnic distribution of

patient searches was tested at rates equal to recent historical data

(Patient Case P1: 85% Caucasian) and rates more reflective of the

census (Patient Case P2: 73% Caucasian). Results are shown in

Figures 2 and 3.

Non-Caucasian searches at historic rates
(Patient Case P1)

In the first set of experiments, patient searches were assumed to grow

over time according to the graph in Figure 1, but to have a stable eth-

nic distribution reflective of recent historical search rates, by ethnicity,

as detailed in Table 1 (i.e., 85% are Caucasian). Simulated patients

were matched with simulated patients, assuming that the CBSSCR

dynamically evolves over time. Match rates were tested under recruit-

ing strategies that distribute recruiting effort between ethnic groups

in proportion to the Canadian census (Recruit Case R1) and/or at

twice the rate of the Canadian census (Recruit Case R2) for non-

Caucasian communities (8.52% for AFA, 32.26% for API, 46.08% for

CAU, 3.2% for HIS and 9.4% for NAM). See Figure 2.

Results suggest that when donor searches are 85% Caucasian,

increasing the ethnic diversity of the CBSSCR results in a net decrease

of 243.0 ± 16.4 matches over the time horizon between simulated

patients and simulated donors. The decrease in total matches is statis-

tically significant at the 95% level over the 10-year time horizon, and

changes in matches are also statistically significant for the API, CAU,

NAM and OTH communities, but not for the AFA and HIS communi-

ties. Thus, expending more effort to recruit from diverse populations

does indeed improve the match rate for some, but not all, ethnic

groups. Further, the increase in matches in diverse groups does not

counterbalance decreases in matches for the Caucasian population,

T AB L E 2 The U36 registry composition of the CBSSCR under the assumption that 25,000 individuals are recruited annually in proportion to
the ethnic composition of the Canadian census in 2022 (i.e., Cas).

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 Change (%)

AFA 5048 5526 5988 6371 6683 6996 7258 7436 7571 7642 51

API 49,812 49,927 49,880 49,401 48,678 47,748 46,629 45,196 43,775 42,151 �15

CAU 146,514 149,867 152,862 155,210 156,422 156,920 157,192 156,806 156,235 155,031 6

HIS 2953 3047 3163 3254 3323 3345 3390 3375 3387 3354 14

NAM 4299 4832 5324 5781 6173 6553 6921 7286 7596 7891 84

OTH 21,246 20,071 18,965 17,777 16,414 15,031 13,649 12,262 10,738 9210 �57

Total 229,871 233,271 236,183 237,793 237,693 236,593 235,039 232,361 229,303 225,280 �2

Abbreviations: AFA, African American; API, Asian and Pacific Islander; CAU, Caucasian (White); CBSSCR, Canadian Blood Services Stem Cell Registry; HIS,

Hispanic; NAM, Native American; OTH, other.

T AB L E 3 The U36 registry composition of the CBSSCR under the assumption that 25,000 individuals are recruited annually with double the
effort to recruit non-White registrants in the ethnic composition of the Canadian census in 2022.

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 Change (%)

AFA 5673 6775 7825 8775 9690 10,577 11,345 12,059 12,665 13,205 133

API 52,438 55,176 57,746 59,777 61,463 62,889 63,993 64,756 65,454 65,816 26

CAU 141,828 140,664 139,224 137,316 134,465 131,112 127,648 123,738 119,776 115,360 �19

HIS 3247 3578 3937 4292 4588 4859 5126 5342 5575 5739 77

NAM 5033 6269 7500 8652 9716 10,749 11,749 12,704 13,593 14,434 187

OTH 21,246 20,071 18,965 17,777 16,414 15,031 13,649 12,262 10,738 9210 �57

Total 229,465 232,533 235,197 236,589 236,335 235,217 233,509 230,861 227,800 223,765 �2

Abbreviations: AFA, African American; API, Asian and Pacific Islander; CAU, Caucasian (White); CBSSCR, Canadian Blood Services Stem Cell Registry; HIS,

Hispanic; NAM, Native American; OTH, other.
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which sees a 388.0 ± 28.5 decline in matches. Nevertheless, simulated

matches for Caucasian patients drops only from 89.2% to 84.9% of all

matches under Recruit Case R2 when donor recruitment efforts

within non-Caucasian populations are doubled from the rates of the

Canadian census.

Non-Caucasian searches at rates equivalent to the
Canadian census (Patient Case P2)

In the second set of experiments, patient searches were again

assumed to grow over time according to Figure 1 but to have a stable

ethnic distribution reflective of the 2021 Canadian census, as also

detailed in Table 1 (73% White). Match rates were tested under

recruiting strategies that distribute recruiting effort between ethnic

groups in proportion to the Canadian census (Recruit Case R1) or that

recruiting effort is made at twice the rate of the Canadian census for

non-Caucasian communities (Recruit Case R2). See Figure 4.

Match results suggest that when donor searches are 73% Cauca-

sian, increasing the ethnic diversity of the CBSSCR again results in an

overall net decrease in matches between patients and simulated

donors. The decrease in total matches is statistically significant at the

95% level over the 10-year time horizon. Statistically significant

increases in matches were observed for the API and NAM communi-

ties. Significant decreases were observed for the CAU and OTH cate-

gories. Again, there was no significant change in match rates for the

F I GU R E 3 Comparison of matches 2021–2030 assuming a patient population that is 85% Caucasian (Patient Case P1). AFA, African
American; API, Asian and Pacific Islander; CAU, Caucasian (White); HIS, Hispanic; NAM, Native American; OTH, other.

F I GU R E 4 Comparison of matches 2021–2030 assuming a patient population that is 73% Caucasian (Patient Case P1). AFA, African
American; API, Asian and Pacific Islander; CAU, Caucasian (White); HIS, Hispanic; NAM, Native American; OTH, other.
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AFA and HIS communities, both of which have very small numbers in

the base registry. Overall, a decrease of 386.4 ± 34.55 matches over

the period 2021–2030 is anticipated when diverse donors are

recruited at twice the census rate, even if the assumed patient popu-

lation is 27% non-Caucasian. Although match rates decline when

diverse donors are preferentially recruited, the results show that most

matches continue to involve Caucasian patients; match rates of 86.8%

were observed when non-Caucasian donors were recruited in propor-

tion to the Canadian census (Recruit Case R1) and 80.0% when non-

Caucasian donors were recruited at twice the rate of the Canadian

census (Recruit Case R2).

DISCUSSION

Altering the ethnic distribution of registrants to the CBSSCR will

impact the size of the registry and its underlying ethnic distribution.

Changes to the ethnic distribution of the registry, in turn, will affect

the number and ethnic distribution of matches that can be made from

the registry.

Recruiting 25,000 registrants for the Canadian registry is not quite

sufficient for maintaining the number of registrants under the age of

36 listed over the period 2021–2030. However, because of differences

in the proportions of individuals completing the registration process

between ethnic groups, the registry is smaller after 10 years when non-

Caucasian registrants are recruited at rates greater than their propor-

tion of the Canadian census (Recruit Case R2). This result shows that

effort to ensure that a larger number of individuals complete the regis-

tration process, particularly within non-Caucasian groups, is a necessary

strategy to maintaining the effectiveness of the CBSSCR over time.

Preferentially recruiting non-Caucasian donors has an impact on

the ethnic distribution of the CBSSCR. Statistically significant

increases in the number of registrants of AFA, HIS and NAM descent

can be expected when non-Caucaian (White) populations are

recruited at twice their rate in the Canadian census (Recruit Case R2).

However, there are accompanying decreases in the number of regis-

trants from the API, CAU and OTH communities. The decrease in

CAU and OTH registrants is obvious, but the decrease in API regis-

trants is a result of the CBSSCR having been able to preferentially

recruit individuals from this community for the period 2010–2020.

Although the diversity of the CBSSCR increases as more non-

Caucasian (White) registrants are recruited, the impact on matches is

mixed. There are increased matches in non-White populations under

Recruit Case R2 when registrants are recruited at twice the rate of

their proportions in the Canadian populations, but there are larger

decreases in the number of matches for Caucasian (White) patients.

Additionally, ethnic communities that have limited registrants in the

CBSSCR in 2021 (AFA, HIS) do not benefit from increased recruiting

efforts. This result holds if patient searches match the historical ethnic

distribution of patient searches (85% Caucasian [White]) or the

ethnic distribution of the Canadian census (73% Caucasian [White]).

While matches in the CAU community decrease when ethnically

diverse populations are preferentially recruited for the registry, the

majority of matches within the simulation continue to be for CAU

patients. White patients accounted for more than 80% of all matches

in the simulated time horizon even when non-White registrants are

preferentially recruited for the registry.

The results from the dynamic registry simulation do not dictate

whether an ethnically diverse recruiting strategy is superior to

recruiting at rates equivalent to the Canadian population over the

period 2021–2030. Because the registry in 2021 had an excess

number of Caucasian (White) registrants, oversampling from

non-Caucasian (White) populations has less impact over a 10-year

horizon than might be expected. Nevertheless, preferentially recruit-

ing from non-Caucasian (White) populations will reduce the number

of matches because increases in non-Caucasian (White) populations

will not fully counterbalance decreases to Caucasian (White)

matches. However, less than 30% of stem cell transplants for Cana-

dians come from Canadian sources [2]. Canadian patients currently

make extensive use of stem cells from international sources for

transplant. Increasing the size of the recruiting cohort would

enhance the CBSSCR’s ability to fill domestic demand [1] but at an

increased cost. Further, given the size of the Canadian registry rela-

tive to international sources, it is unlikely that self-sufficiency in

stem cell procurement can be achieved in Canada. Thus, interna-

tional registries will continue to be an important source of stem cells

for Canadian patients for the foreseeable future. Because of the

large cohort of Caucasian (White) donors in international sources,

there is potential benefit to recruiting from Canada’s increasingly

diverse population. In our study, we show that such a strategy is not

without cost; it will reduce the overall number of domestically

source transplants, with large decreases in domestically sourced

materials for White patients not being fully balanced by increases in

domestically sourced materials for non-Caucasian (White) patients.

Canadian patients will make greater use of stem cells from interna-

tional sources as the registry is made more diverse, over the period

2021–2030, unless an increase in recruiting cohort is also envisioned

for the Canadian registry.
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Abstract

Background and Objectives: Prior research has shown that temporary deferrals neg-

atively influence donor return rates, but it remains unknown the extent to which

these effects vary across reasons for deferral. We investigate whether deferrals dif-

fer in their degree of perceived stigmatization and, if so, how being deferred for stig-

matizing (vs. non-stigmatizing) reasons affects subsequent donation behaviour.

Materials and Methods: We examined whether reasons for deferral vary on their

perceived level of stigmatization through an online survey (n = 400). Furthermore,

we used a dataset encompassing 25 years of donation records from the state-run

blood collection agency (BCA) from Rio de Janeiro, Brazil, to investigate how stigma-

tizing (vs. non-stigmatizing) reasons for deferral affected return rates of 82,648

donors over a 60-month follow-up period.

Results: Being deferred for sex- and drug-related reasons was perceived as much

more stigmatizing than other reasons for deferral (odds ratio = 3.14, 95% confidence

interval [CI]: 2.33–4.25). Controlling for multiple observables, prospective donors

were less likely to return to the BCA when deferred for stigmatizing (vs. non-stigma-

tizing) reasons (adjusted hazard ratio = 0.87, 95% CI: 0.83–0.93).

Conclusion: Donors perceive deferrals motivated by sex- and drug-related reasons as

particularly stigmatizing, which is negatively associated with donor return rates.

BCAs may want to pay special attention when communicating stigmatizing reasons

for deferral to prospective donors.

Keywords
blood donation, donor behaviour, return rates, stigma, stigmatizing deferrals, temporary
deferrals

Highlights
• Donors perceive sex- and drug-related deferral reasons as particularly stigmatizing.

• Donors are less likely to return to donate when deferred for stigmatizing versus non-

stigmatizing reasons.

• Blood collection agencies should take special care when communicating stigmatizing reasons

for deferrals to prospective donors.
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INTRODUCTION

Millions of prospective blood donors are temporarily deferred world-

wide every year [1]. On the one hand, deferrals help preserve blood

safety, as many individual behaviours are associated with the

increased incidence of infectious diseases [2]. On the other hand,

although indisputably valuable, these postponements in donation

come at a considerable cost. Deferred donors have been consistently

shown to display lower return rates and longer lapses in donation

attempts relative to successful donors [3–5]. But not all deferrals are

created equal; incipient work shows that some reasons for deferral

may have a more negative effect on the donors’ careers than others

[6–9]. We extend this body of research by examining whether stigma-

tization can help explain why certain reasons for deferral are particu-

larly detrimental. More specifically, we propose that, while medical in

nature, the reasons for deferral vary on the degree of stigma they are

perceived to carry. For instance, prospective donors may be tempo-

rarily deferred because of their recent intake of fatty foods, use of

cannabis or risky sexual conduct, with the latter two being presumably

more stigmatizing than the former, as they involve sex- and drug-

related aspects, which are generally considered sensitive and even

taboo topics in many circles. More importantly, given that people tend

to avoid stigmatizing environments and experiences [10], we

investigate whether drug- and sex-related reasons for deferral

(i.e., presumably stigmatizing deferrals) are associated with lower

donor return rates vis-à-vis other reasons for deferral (i.e., presumably

non-stigmatizing deferrals).

MATERIALS AND METHODS

Perceived stigmatization—Online survey

To test the assumption that the reasons for deferral vary on stigma,

we first selected a pool of supposedly stigmatizing (i.e., drug- and sex-

related) and non-stigmatizing reasons available in our donor dataset.

Since stigmatizing deferrals are likely to be recurrent and often require

behaviour change for future eligibility (e.g., using condoms and quit-

ting drugs), we selected for comparison only non-stigmatizing reasons

that would arguably also require comparable effort for behaviour

change (e.g., refraining from eating fatty foods). Relatedly, to assure

comparability, we only considered reasons for deferral that were com-

parable in terms of duration and were applied onsite right before the

donation. These criteria resulted in a pool of 11 presumably stigmatiz-

ing and 6 presumably non-stigmatizing reasons for deferral (see

Table 1).

T AB L E 1 Selected deferral reasons and proportion of stigma attribution.

Reasons Coding for stigma Proportions (%) p value

Included reasons

Recent intake of fatty foods Non-stigmatizing 28.5 <0.001

High blood pressure Non-stigmatizing 29.4 <0.001

Weight over 140 kg (�310 lb.) Non-stigmatizing 42.4 0.009

Weight–height disproportion Non-stigmatizing 38.1 <0.001

Risky profession, hobbies or sports Non-stigmatizing 34.8 <0.001

Recent tattoo, acupuncture or piercing Non-stigmatizing 43.3 0.022

Recent use of cannabis Stigmatizing 62.2 <0.001

Recent use of LSD or ecstasy Stigmatizing 64.9 <0.001

Recent use of injectable contraindicated substances Stigmatizing 61.8 <0.001

Recent use of inhaled drugs (cocaine) Stigmatizing 62.1 <0.001

Sex without condom Stigmatizing 61.5 <0.001

Risky sexual behaviour with condom (e.g., multiple partners) Stigmatizing 66 <0.001

Sexual partner diagnosed with a blood-borne disease Stigmatizing 63.6 <0.001

HIV-positive sexual partner Stigmatizing 68.8 <0.001

Excluded reasons

Recent intake of alcoholic beverages Stigmatizing 52.5 0.455

Sexual partner diagnosed with Zika virus Stigmatizing 55.5 0.104

Sexual partner recipient of organ or tissue transplant Stigmatizing 49.2 0.832

Note: Proportions refer to the share of participants who indicated the respective reason to be more stigmatizing than the alternative presented in the pair

of deferrals. p value refers to the statistical significance of the logit models contrasting each reason for deferral against 50%. Significantly higher scores

indicate stigmatizing reasons for deferral and significantly lower scores indicate non-stigmatizing reasons for deferral. The three stigmatizing reasons

reported above were excluded from further analyses because their coefficients in the logistic analyses were not significant.
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We posted a pre-registered online survey on Facebook in

February 2021 (for the preregistration protocol, see aspredicted.org/

blind.php?x=vt4mw3). Upon providing their consent, respondents

were told that although temporary deferrals are always motivated by

medical issues, some of the reasons may be perceived as more stigma-

tizing than others—that is, more strongly associated with personal or

behavioural characteristics that are targets of discrimination or preju-

dice in society in general. They were then presented with 6 pairs of

deferral reasons such that one reason in the pair was presumably non-

stigmatizing and the other was a randomly selected reason drawn

from the set of 11 presumably stigmatizing deferral reasons. Respon-

dents were asked to indicate the reason for deferral they considered

more stigmatizing within each pair. The survey was conducted in Por-

tuguese and targeted Brazilian respondents. We ended up uninten-

tionally recruiting 931 participants, 531 more than originally planned.

However, to ensure that the preregistration protocol was strictly fol-

lowed, we analysed the results of the first 400 valid observations only.

Importantly, had we examined the full dataset results would remain

largely unchanged.

To analyse the data, we first conducted a series of proportions

tests contrasting the percentage of times that a reason was consid-

ered stigmatizing versus 50%—our presumed point of indifference in

the classification. We inferred that the reason was considered stigma-

tizing (non-stigmatizing) if the observed proportion was significantly

greater (lower) than 50%. Next, we conducted a logistic regression

analysis to directly compare the overall perceived stigma of stigmatiz-

ing and non-stigmatizing reasons for deferral. The model included a

dummy variable indicating the presumed classification of the reason

for deferral as the independent variable (1 = stigmatizing; 0 = non-

stigmatizing) and the participants’ assessment of that reason as the

dependent variable (1 = reason perceived as more stigmatizing;

0 = reason perceived as less stigmatizing). Clustered standard errors

at the individual level were used to assess the association between

these two variables.

Donation upon deferral—Blood collection agency data

We then examined longitudinal, de-identified, individual-level

data from the state-run blood collection agency (BCA) in Rio de

Janeiro, Brazil, to assess the association between stigmatizing

(vs. non-stigmatizing) deferrals and donor return rates. Our analysis,

which is based on the 14 reasons described in Table 1, used tempo-

rary deferrals originally identified in the dataset from 2 January 1995

to 6 May 2020—a unique dataset comprising a 25-year history of

donations.

We applied weights from coarsened exact matching to balance

stigmatizing deferrals (sex- or drug-related) and non-stigmatizing

deferrals on donor age, sex, race, education, prior donation experi-

ence, prior donation deferral, donation motivation, year of donation

attempt and deferral duration. Matching was exact in categorical and

quantitative variables. The latter were coarsened into intervals such

that treated and control observations matched exactly within each

interval. Table 2 provides a summary of the characteristics of 83,480

matched donation attempts from 82,648 donors and patterns of

donation by deferral reason.

To estimate hazard ratios of return after stigmatizing deferrals

against non-stigmatizing deferrals, we used Cox proportional hazards

models with inverse probability of treatment weighting, controlling

for the variables used in matching to reduce error variance and with

standard errors clustered at the prospective donor. The outcome of

interest was the first donation attempt after the end of the deferral

period (when the prospective donor became eligible again). We

excluded donation attempts with the end of the deferral period after

1 May 2015 and censored donation history after 60 months to ensure

that all participants had the same follow-up period. We repeated the

analysis separately by type of stigmatizing deferral (sex- or drug-

related), by donor sex, and their interaction.

The survey study was approved by the institutional review board

of Fundação Getulio Vargas (approval reference #138/2021), and the

donor behaviour study was approved by the national database of

research records involving human beings (Plataforma Brasil

#2596206). The survey study was pre-registered at AsPredicted. We

used Stata MP version 15.1 (StataCorp) to perform the analysis.

RESULTS

Perceived stigmatization

As summarized in Table 1, separate proportions tests revealed that

the presumably stigmatizing reasons for deferral were considered as

stigmatizing in more than 50% of the occasions, whereas the opposite

was true for the presumably non-stigmatizing reasons. However,

three presumed stigmatizing reasons were excluded from the list

because they were not consistently perceived as such by the respon-

dents: recent intake of alcoholic beverages, sexual partner diagnosed

with Zika virus and sexual partner recipient of organ or tissue trans-

plant. We then conducted a logistic regression analysis to directly

compare the participants’ overall perceptions of stigmatizing and non-

stigmatizing reasons for deferral. As expected, the presumably more

stigmatizing reasons were perceived as carrying greater stigma than

the presumably non-stigmatizing reasons (odds ratio = 3.14, 95%

confidence interval [CI]: 2.33–4.25). Importantly, results would remain

unchanged had we opted not to remove the three aforementioned

reasons for deferral with inconclusive classifications (odds

ratio = 2.43, 95% CI: 1.88–3.14).

Donation upon deferral

Compared with those deferred for non-stigmatizing reasons, prospec-

tive donors were less likely to return to the BCA when deferred for

stigmatizing reasons (adjusted hazard ratio = 0.87, 95% CI: 0.83–

0.93). Comparing the effect across stigmatizing reasons, the reduction

in return rates was stronger for drug-related (0.61, 95% CI 0.54–0.68)
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than for sex-related deferrals (0.89, 95% CI: 0.84–0.94). Interestingly,

while the decrease following drug-related deferrals was homogeneous

across sociodemographic characteristics, sex-related deferrals were

associated with a smaller reduction in return rates among male (0.91,

95% CI: 0.85–0.98) than female donors (0.80, 95% CI: 0.75–0.86;

Figure 1).

DISCUSSION

Although it is well-established that temporary deferrals have a nega-

tive influence over donor return rates [3–5], this research joins an

incipient body of work showing that different reasons for deferral

have distinct effects on return rates [6–9]. Our studies show that pro-

spective donors perceive deferrals motivated by sex- and drug-related

reasons as particularly stigmatizing when compared with other com-

mon reasons for deferral. Critically, donors deferred for such stigma-

tizing (vs. non-stigmatizing) reasons proved to be less likely to try to

donate again in a follow-up period of 60 months. When scrutinizing

differences across the types of stigmatizing reasons, effects were

stronger for drug-related than sex-related deferrals. A plausible expla-

nation for this discrepancy is the fact that the use of drugs such as

marijuana and cocaine is illegal in Brazil, which may have reinforced

perceptions of stigmatization and created concerns involving the

T AB L E 2 Characteristics of prospective donors and deferral reasons.

Characteristic

Deferral reason

Non-stigmatizing Drug-related stigmatizing Sex-related stigmatizing

Did not return Returneda Did not return Returned Did not return Returned

(n = 16,468) (n = 3855) (n = 3179) (n = 462) (n = 47,757) (n = 11,759)

Sex, n (%)

Male 8448 (51.3) 2037 (52.8) 2857 (89.9) 420 (90.9) 36,392 (76.2) 9511 (80.9)

Female 8020 (48.7) 1818 (47.1) 322 (10.1) 42 (9.1) 11,365 (23.8) 2248 (19.1)

Raceb, n (%)

White 7839 (47.6) 1873 (48.5) 1176 (37.0) 174 (37.6) 22,298 (46.7) 5292 (45.0)

Black 1144 (7.0) 237 (6.2) 309 (9.7) 46 (10.0) 2881 (6.0) 772 (6.6)

Mixed race 6877 (41.7) 1561 (40.5) 1390 (43.8) 194 (42.0) 18,849 (39.5) 4726 (40.2)

Others 38 (0.2) 16 (0.4) 7 (0.2) 0 (0.0) 88 (0.2) 21 (0.2)

Missing 570 (3.5) 168 (4.4) 297 (9.3) 48 (10.4) 3641 (7.6) 948 (8.1)

Age, years

Mean (SD) 37.4 (13.2) 35.5 (12.3) 32.4 (9.0) 31.5 (8.4) 29.5 (9.7) 28.3 (8.6)

Age, n (%)

<21 years 3074 (18.7) 721 (18.7) 199 (6.3) 32 (6.9) 7674 (16.1) 1922 (16.4)

21–30 years 6924 (42.0) 1667 (43.2) 1361 (42.7) 201 (43.5) 23,695 (49.7) 6048 (51.4)

31–40 years 3457 (21.0) 862 (22.4) 1048 (33.0) 161 (34.9) 10,115 (21.2) 2551 (21.7)

41–50 years 2223 (13.5) 468 (12.1) 466 (14.7) 58 (12.6) 4604 (9.6) 980 (8.3)

51 years or more 790 (4.8) 137 (3.6) 105 (3.3) 10 (2.1) 1669 (3.5) 258 (2.2)

Education, n (%)

Incomplete primary 2075 (12.6) 430 (11.2) 1191 (37.5) 128 (27.8) 8531 (17.9) 1641 (14.0)

Complete primary 1495 (9.1) 382 (9.9) 445 (14.0) 75 (16.2) 4590 (9.6) 1160 (9.9)

Incomplete high school 8743 (53.1) 1990 (51.6) 1158 (36.4) 197 (42.6) 22,743 (47.6) 6098 (51.8)

High school or more 4155 (25.2) 1053 (27.3) 385 (12.1) 62 (13.4) 11,893 (24.9) 2.860 (24.3)

Has previous donation, n (%) 1332 (8.1) 1124 (29.2) 199 (6.3) 97 (21.0) 3657 (7.7) 3113 (26.5)

Has previous deferral, n (%) 146 (0.9) 79 (2.0) 37 (1.2) 12 (2.6) 446 (0.9) 160 (1.4)

Donation attempt year

Until 2008 5526 (33.6) 1711 (44.4) 1502 (47.3) 268 (58.0) 25,591 (53.6) 7155 (60.1)

2008 or later 10,942 (66.4) 2144 (55.6) 1677 (52.3) 194 (42.0) 22,166 (46.4) 4604 (39.1)

Note: This table presents data for 83,480 donation attempts from 82,648 unique prospective donors.
aWe observed participants’ returns within a 60-month interval after the end of the deferral period.
bRace was defined according to self-reports, with options determined in the registration process at the blood centre. We considered race in this study to

match prospective donors.
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consequences of this misdemeanour. In addition to this average dif-

ference, the detrimental consequences of drug-related deferrals were

also more homogeneous than those observed for sex-related defer-

rals. In the latter case, women were more sensitive to the stigmatizing

experience than men, as revealed by their especially lower return

rates. This finding is consistent with the literature on gender double

standards, which suggests that behavioural expectations of sexual

restraint for women and freedom for men may lead to unwanted

health-related consequences across genders [11].

While an incipient body of work seems to suggest that certain

reasons for deferral can unintendedly induce biases and create feel-

ings of stigmatization [12, 13], it has not examined potential differ-

ences in perception across types of deferrals. Our studies address this

gap and shed light on the importance of taking stigma into

consideration when developing donor management and communica-

tion strategies. Indeed, as blood donation regulations move from out-

rightly banning certain groups of donors (e.g., men who have sex with

men) to screening individual risky behaviours [14], issues concerning

the stigma of temporary deferrals are likely to gain momentum, such

as the recent research which investigates strategies for mitigating

donor discomfort during screening sessions [15]. Future research

could assess how different ways of communicating stigmatizing rea-

sons for deferral to prospective donors influence return rates.

In this article, we examined stigma using a binary approach where rea-

sons are either described as particularly stigmatizing or not. Stigma, how-

ever, may be treated in a continuum. Future research could also extend

our findings by investigating the extent to which the degree–rather than

the presence–of stigmatization influences donation behaviour. Finally,

although some deferral reasons described in the current work might be

country specific, the finding that deferral reasons vary on stigma is argu-

ably generalizable to other countries. We also do not have information

about possible changes in rules and perceptions of stigmatizing deferrals

over time. Future research could address these concerns by examining the

effect of stigmatizing deferrals on blood donor return rates in other

regions and, in doing so, assess the generalizability of our findings while

also shedding light on potentially relevant cross-country heterogeneities.
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F I GU R E 1 Kaplan–Meier curves and hazard ratios for 60-month return rate across prospective donors’ sex. (a) Included 21,860 donation
attempts: 3641 with drug-related deferrals (3277 males and 364 females) and 18,219 with non-stigmatizing deferrals (10,169 males and 8050
females). We excluded 61,620 donation attempts from the analysis, as they were not matched or were sex-related deferrals. (b) Included 75,149
donation attempts: 59,516 with sex-related deferrals (45,903 males and 13,613 females) and 15,633 with non-stigmatizing deferrals (6295 males
and 9338 females). We excluded 8331 donation attempts from the analysis, as they were not matched or were drug-related deferrals. Stig.
denotes stigmatizing and non-stig. denotes non-stigmatizing reasons for deferral.

610 VIEITES ET AL.

 14230410, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13607 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

nline L
ibrary on [24/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

Data concerning donation behaviour are proprietary and will thus not

be made available. Data concerning prospective donor’s perceptions

about the stigma of different types of donations, which was derived

from a survey conducted by the authors, will be made available using

a permanent link at OSF (Open Science Framework).

ORCID

Yan Vieites https://orcid.org/0000-0001-5708-109X

REFERENCES

1. World Health Organization (WHO). Blood donor selection: guidelines

on assessing donor suitability for blood donation. Geneva: WHO;

2012.

2. Gonçalez TT, Sabino EC, Kaidarova Z, Carneiro-Proietti ABF,

Miranda C, Loureiro P, et al. Does deferral for high-risk behaviors

improve the safety of the blood supply? Transfusion. 2019;59:

2334–43.
3. Ferreira CM, Vieites Y, Goldszmidt R, Andrade EB. The effect of tem-

porary deferrals on donor return: a 26-year assessment in a setting

without retention activities. Transfusion. 2022;62:1583–93.
4. Custer B, Chinn A, Hirschler NV, Busch MP, Murphy EL. The conse-

quences of temporary deferral on future whole blood donation.

Transfusion. 2007;47:1514–23.
5. Halperin D, Baetens J, Newman B. The effect of short-term, tempo-

rary deferral on future blood donation. Transfusion. 1998;38:181–3.
6. Glatt TN, Swanevelder R, Prithvi Raj S, Mitchel J, van den Berg K.

Donor deferral and return patterns–a south African perspective.

ISBT Sci Ser. 2021;16:178–87.

7. Spekman ML, van Tilburg TG, Merz EM. Do deferred donors con-

tinue their donations? A large-scale register study on whole blood

donor return in The Netherlands. Transfusion. 2019;59:3657–65.
8. Custer B, Schlumpf KS, Wright D, Simon TL, Wilkinson S, Ness PM.

Donor return after temporary deferral. Transfusion. 2011;51:1188–96.
9. Zou S, Musavi F, Notari EP, Rios JA, Trouern-Trend J, Fang CT.

Donor deferral and resulting donor loss at the American red Cross

blood services, 2001 through 2006. Transfusion. 2008;48:2531–9.
10. Major B, O’Brien LT. The social psychology of stigma. Annu Rev Psy-

chol. 2005;56:393–421.
11. Heise L, Greene ME, Opper N, Stavropoulou M, Harper C,

Nascimento M, et al. Gender inequality and restrictive gender norms:

framing the challenges to health. Lancet. 2019;393:2440–54.
12. Hofkirchner A, Kohut T, O’Brien S, Fisher W. Assessing unintentional

creation of bias against men who have sex with men as a function of

exposure to blood donor screening questionnaire: a national random-

ized controlled trial. Transfusion. 2022;62:1399–407.
13. Armstrong J, Brennan DJ, Collict D, Kesler M, Bekele T,

Souleymanov R, et al. A mixed methods investigation of the relation-

ship between blood donor policy, interest in donation, and willing-

ness to donate among gay, bisexual, and other men who have sex

with men in Ontario, Canada. BMC Public Health. 2022;22:1–13.
14. Skelly AN, Kolla L, Tamburro MK, Bar KJ. Science over stigma: the

need for evidence-based blood donation policies for men who have

sex with men in the USA. Lancet Haematol. 2020;7:779–82.
15. Haw J,WooH, Kohut T, FisherW. Sexual risk behavior questions: under-

standing andmitigating donor discomfort. Transfusion. 2022;62:355–64.

How to cite this article: Vieites Y, Ferreira CM, Goldszmidt R,

Andrade EB. Stigmatizing deferrals disproportionally reduce

donor return rates: Evidence from Brazil. Vox Sang. 2024;119:

606–11.

STIGMATIZING DEFERRALS IN BLOOD DONATION 611

 14230410, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13607 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

nline L
ibrary on [24/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0001-5708-109X
https://orcid.org/0000-0001-5708-109X


S HOR T R E POR T

RhD mismatch does not affect haematopoietic recovery, graft-
versus-host disease and survival in allogeneic haematopoietic
cell transplantation: A Japanese registry-based study

Takaaki Konuma1 | Naoyuki Uchida2 | Wataru Takeda3 | Noriko Doki4 |

Satoshi Yoshihara5 | Tetsuya Nishida6 | Takuro Kuriyama7 | Masatsugu Tanaka8 |

Hiroyuki Ohigashi9 | Hirohisa Nakamae10 | Yuta Katayama11 | Shuichi Ota12 |

Yoshiko Hashii13 | Fumihiko Ishimaru14 | Takahiro Fukuda3 |

Marie Ohbiki15,16,17 | Yoshiko Atsuta15,16

1Department of Hematology/Oncology, The Institute of Medical Science, The University of Tokyo, Tokyo, Japan

2Department of Hematology, Toranomon Hospital, Tokyo, Japan

3Department of Hematopoietic Stem Cell Transplantation, National Cancer Center Hospital, Tokyo, Japan

4Hematology Division, Tokyo Metropolitan Cancer and Infectious Diseases Center, Komagome Hospital, Tokyo, Japan

5Department of Hematology, Hyogo Medical University Hospital, Nishinomiya, Japan

6Department of Hematology, Japanese Red Cross Aichi Medical Center Nagoya Daiichi Hospital, Nagoya, Japan

7Department of Hematology, Hamanomachi Hospital, Fukuoka, Japan

8Department of Hematology, Kanagawa Cancer Center, Yokohama, Japan

9Department of Hematology, Hokkaido University Graduate School of Medicine, Sapporo, Japan

10Department of Hematology, Osaka Metropolitan University Hospital, Osaka, Japan

11Department of Hematology, Hiroshima Red Cross Hospital & Atomic-Bomb Survivors Hospital, Hiroshima, Japan

12Department of Hematology, Sapporo Hokuyu Hospital, Sapporo, Japan

13Department of Pediatrics, Osaka International Cancer Institute, Osaka, Japan

14Japanese Red Cross Society Kanto-Koshinetsu Cord Blood Bank, Tokyo, Japan

15Japanese Data Center for Hematopoietic Cell Transplantation, Nagakute, Japan

16Department of Registry Science for Transplant and Cellular Therapy, Aichi Medical University School of Medicine, Nagakute, Japan

17Department of Hematology and Oncology, Nagoya University Graduate School of Medicine, Nagoya, Japan

Correspondence

Takaaki Konuma, Department of Hematology/

Oncology, The Institute of Medical Science,

The University of Tokyo, Tokyo, Japan, 4-6-1,

Shirokanedai, Minato-ku, Tokyo 108-8639,

Japan.

Email: tkonuma@ims.u-tokyo.ac.jp

Funding information

Japan Agency for Medical Research and

Development, Grant/Award Number:

18ek0510023h0002

Abstract

Background and Objectives: ABO blood group mismatch between the donor and the

recipient can affect the success of the transplant as well as problems with the red

blood cells during allogeneic haematopoietic cell transplantation (HCT). However, the

impact of the Rhesus (Rh) D mismatch on transplant outcomes in allogeneic HCT has

been poorly elucidated.

Materials and Methods: We retrospectively evaluated the impact of the RhD mis-

match on post-transplant outcomes in 64,923 patients who underwent allogeneic

HCT between 2000 and 2021 using a Japanese registry database.
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Results: Out of the whole group, 64,293, 322, 270 and 38 HCTs were done when

the recipient or donor was RhD-mismatched with (+/+), (�/+), (+/�) or (�/�) com-

binations. The difference in RhD between recipient/donor (�/+), (+/�) and (�/�)

did not affect haematopoietic recovery, acute and chronic graft-versus-host disease

(GVHD), overall survival (OS), non-relapse mortality (NRM) or relapse when RhD

(+/+) was used as the reference group in multivariate analysis.

Conclusion: Our registry-based study demonstrated that RhD mismatch between

recipient and donor did not significantly impact haematopoietic recovery, GVHD, OS,

NRM or relapse after allogeneic HCT. These data suggest that RhD mismatches may

not need to be avoided for recipient and donor combinations in allogeneic HCT.

Keywords
allogeneic haematopoietic cell transplantation, RhD alloimmunization, RhD antigen, RhD
incompatibility, RhD mismatch, rhesus

Highlights
• This is the largest study investigating the impact of Rhesus (Rh) D mismatch on outcomes in

64,923 patients following allogeneic haematopoietic cell transplantation (HCT), using data

from the Japanese registry.

• When RhD recipient/donors (+/+) were considered, the reference group in multivariate

analysis, RhD mismatches between recipient and donor, (�/+), (+/�) and (�/�), did not

affect haematopoietic recovery, acute and chronic graft-versus-host disease, overall survival,

non-relapse mortality or relapse.

• These data suggest that RhD mismatches may not need to be avoided for recipient and

donor combinations in allogeneic HCT.

INTRODUCTION

ABO blood group mismatch between donor and recipient has been

shown to affect transplant outcomes, such as haematopoietic recov-

ery, graft-versus-host disease (GVHD), non-relapse mortality (NRM)

and overall survival (OS), as well as erythrocyte-related complications

such as haemolysis, delayed erythrocyte engraftment and pure red cell

aplasia in allogeneic haematopoietic cell transplantation (HCT) [1, 2].

However, there have been reports of a few cases of immunogenic

haemolytic reactions in minor blood group mismatches other than

ABO [3–13], but few large-scale reports have been published.

The Rhesus (Rh) D polypeptide is a highly immunogenic antigen,

and anti-RhD antibodies can cause clinically immunogenic haemolytic

reactions, such as haemolytic disease of the foetus and newborn and

acute haemolytic transfusion reactions [14]. In allogeneic HCT, there

have been reports of a few cases of immunogenic haemolytic reac-

tions in RhD mismatch settings [4, 6, 7, 13]. The distribution of nega-

tive RhD blood groups, the most problematic of the Rh types, varies

between populations and races. That is most common in individuals of

European and North American descent (15%–17%), is relatively

decreased in the regions of Africa and India (3%–8%) and is rare in

Asia (0.1%–0.3%) [15]. In Japan, the frequency of negative RhD indi-

viduals is very low, at 1 in 200 (0.5%). Even in allogeneic HCT, in

which donors are selected mainly according to human leukocyte

antigen (HLA), HCTs using RhD-negative donors or HCTs for RhD-

negative recipients are sometimes performed. Still, the impact of the

RhD mismatch on transplant outcomes in allogeneic HCT has been

poorly elucidated [9, 11]. In this study, we evaluated the clinical

impact of the RhD mismatch on clinical outcomes in allogeneic HCT

using Japanese registry data.

METHODS

Clinical data were provided by the Transplant Registry Unified Man-

agement Program of the Japanese Data Center for Haematopoietic

Cell Transplantation and the Japanese Society for Transplantation and

Cellular Therapy. Patients who underwent allogeneic HCT between

2000 and 2021 in Japan were included in this study. We excluded

patients who lacked data on RhD between recipients and donors and

survival. Finally, 64,923 patients were eligible for this study. Details

for the methods are provided in the Supplementary Methods.

Statistical analysis

To assess differences in baseline characteristics between groups, a

chi-squared or Fisher exact test was performed for categorical data,

RhD MISMATCH DOES NOT AFFECT ALLOGENEIC HCT OUTCOMES 613

 14230410, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13610 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

nline L
ibrary on [24/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T AB L E 1 Baseline characteristics of patients and transplantations.

Recipient RhD (+) RhD (�) RhD (+) RhD (�)

Donor RhD (+) RhD (+) RhD (�) RhD (�) p value

No. of patients 64,293 322 270 38

Median recipient age (IQR), years 45 (27–57) 45 (28–58) 47 (26–58) 46 (31–54) 0.804

Recipient gender 0.049

Female 26,345 (41.0) 118 (36.6) 96 (35.7) 11 (28.9)

Male 37,932 (59.0) 204 (63.4) 173 (64.3) 27 (71.1)

Missing 16 0 1 0

PS 0.355

0–1 52,913 (86.6) 273 (89.8) 221 (85.0) 33 (86.8)

2–4 8176 (13.4) 31 (10.2) 39 (15.0) 5 (13.2)

Missing 3204 18 10 0

Disease type 0.549

Leukaemia/myelodysplasia/MPN 47,988 (74.6) 250 (77.6) 210 (77.7) 29 (76.3)

Lymphoma 10,224 (15.9) 43 (13.3) 39 (14.4) 6 (15.7)

MM/PCD 849 (1.3) 8 (2.5) 2 (0.7) 1 (2.6)

AA/PRCA/PNH/bone marrow failure 2625 (4.0) 9 (2.8) 8 (2.9) 2 (5.3)

Others 2607 (4.0) 12 (3.8) 11 (4.1) 0

Disease risk at HCT 0.205

CR/Benigh 34,864 (54.9) 185 (58.0) 153 (57.1) 26 (68.4)

NR 28,677 (45.1) 134 (42.0) 115 (42.9) 12 (31.6)

Missing 752 3 2 0

HCT period 0.837

2000–2010 24,489 (38.1) 120 (37.3) 96 (35.6) 15 (39.5)

2011–2021 39,804 (61.9) 202 (62.7) 174 (64.4) 23 (60.5)

Graft source <0.001

BM 28,592 (44.5) 145 (45.0) 105 (38.9) 11 (29.7)

PBSC 15,582 (24.2) 70 (21.7) 73 (27.0) 23 (62.2)

CB 20,111 (31.3) 107 (33.2) 92 (34.1) 3 (8.1)

Missing 8 0 0 1

Donor type <0.001

Related 21,248 (33.0) 96 (29.8) 97 (35.9) 32 (84.2)

Unrelated 43,045 (67.0) 226 (70.2) 173 (64.1) 6 (15.8)

HLA mismatch 0.039

0 34,696 (54.3) 174 (54.5) 139 (51.7) 25 (65.8)

1 13,360 (20.9) 68 (21.3) 45 (16.7) 2 (5.3)

≥ 2 15,843 (24.8) 77 (24.1) 85 (31.6) 11 (28.9)

Missing 394 3 1 0

Previous history of HCT 0.967

No 52,098 (81.0) 261 (81.1) 218 (80.7) 32 (84.2)

Yes 12,193 (19.0) 61 (18.9) 52 (19.3) 6 (15.8)

Sex incompatibility 0.403

Match 32,287 (52.5) 152 (49.7) 141 (55.3) 23 (63.9)

Male to female 14,133 (23.0) 67 (21.9) 51 (20.0) 5 (13.9)

Female to male 15,055 (24.5) 87 (28.4) 63 (24.7) 8 (22.2)

Missing 2818 16 15 2
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and the Kruskal–Wallis test was used for continuous variables. Unad-

justed probabilities of haematopoietic recovery, GVHD, NRM and

relapse were calculated using cumulative incidence estimates, while

competing hazards were taken into consideration. Death prior to each

event was a competing event for both GVHD and haematopoietic

recovery. Relapse and NRM were opposing phenomena. The Kaplan–

Meier method was used to calculate the unadjusted probability of

OS. Grey’s test for haematological recovery, GVHD, NRM and relapse,

as well as a log-rank test for OS, were used in univariate analyses. A

Cox proportional hazard model with adjustments for all endpoints was

used for multivariate analysis, and the results were presented as a

hazard ratio (HR) and 95% confidence interval (CI). The following vari-

ables for multivariate analysis were considered: recipient age (0–29

vs. 30–59 vs. ≥60 years), performance status (PS) (0–1 vs. 2–4), dis-

ease risk of HCT (standard risk vs. high risk), HCT period (2000–2010

vs. 2011–2021), graft source (bone marrow vs. peripheral blood stem

cell [PBSC] vs. cord blood), donor type (related vs. unrelated), HLA dis-

parities based on antigen level HLA-A, HLA-B and HLA-DR in the

GVHD direction (match vs. mismatch), previous history of HCT (no vs.

yes), sex compatibility between donor and recipient (match vs. male to

female vs. female to male), ABO compatibility between donor and

recipient (match vs. minor mismatch vs. major mismatch

vs. bidirectional mismatch), conditioning regimen (myeloablative

conditioning vs. reduced-intensity conditioning), GVHD prophylaxis

(with methotrexate [MTX] vs. without MTX), use of antithymocyte

globulin (no vs. yes) and RhD mismatch between recipient and donor

(+/+ vs. �/+ vs. +/� vs. �/�). The RhD +/+ was considered the

reference group in the multivariate analyses. Donor age was not

included in the variables of the multivariate analysis because 31.3% of

graft sources were cord blood in our cohorts. Statistical analyses were

performed with EZR version 1.61 (Saitama Medical Center, Jichi Med-

ical University) [16], a graphical user interface for the R 4.2.2 software

program (R Foundation for Statistical Computing). Two-sided p values

are reported, and p < 0.05 was considered to be significant.

RESULTS

The characteristics of patients and transplants are shown in Table 1.

Among them, 64,293, 322, 270 and 38 recipients were transplanted

in RhD mismatch between recipient/donor (+/+), (�/+), (+/�) and

(�/�) groups, respectively. There were no significant differences

among the four groups, except for recipient gender, graft source,

donor type and HLA mismatch. The RhD recipient/donor (�/�) group

contained higher proportions of male recipients, use of PBSC, related

donors and HLA match.

T AB L E 1 (Continued)

Recipient RhD (+) RhD (�) RhD (+) RhD (�)

Donor RhD (+) RhD (+) RhD (�) RhD (�) p value

ABO incompatibility 0.782

Match 30,684 (47.7) 156 (48.4) 130 (48.1) 22 (57.9)

Minor mismatch 13,867 (21.6) 73 (22.7) 63 (23.3) 8 (21.1)

Major mismatch 12,989 (20.2) 61 (18.9) 53 (19.6) 3 (7.9)

Bidirectional mismatch 6734 (10.5) 32 (9.9) 24 (8.9) 5 (13.2)

Missing 19 0 0 0

Conditioning regimen 0.125

MAC 36,005 (56.3) 198 (62.3) 146 (54.3) 24 (63.2)

RIC 27,925 (43.7) 120 (37.7) 123 (45.7) 14 (36.8)

Missing 363 4 1 0

GVHD prophylaxis 0.166

With MTX 46,580 (72.5) 248 (77.0) 186 (68.9) 28 (73.7)

Without MTX 17,659 (27.5) 74 (23.0) 84 (31.1) 10 (26.3)

Missing 54 0 0 0

Use of ATG 0.102

No 55,215 (85.9) 291 (90.4) 228 (84.4) 34 (89.5)

Yes 9078 (14.1) 31 (9.6) 42 (15.6) 4 (10.5)

Median follow-up for survivors (IQR), months 62.8 (27.5–112.8) 74.1 (28.2–119.9) 61.3 (27.8–108.0) 60.2 (15.1–122.8) 0.707

Note: The p values in bold are statistically significant (<0.05).

Abbreviations: AA, aplastic anaemia; ATG, antithymocyte globulin; BM, bone marrow; CB, cord blood; CR, complete remission; GVHD, graft-versus-host

disease; HCT, haematopoietic cell transplantation; HLA, human leukocyte antigen; IQR, interquartile range; MAC, myeloablative conditioning; MM,

multiple myeloma; MPN, myeloproliferative neoplasm; MTX, methotrexate; NR, non-remission; PBSC, peripheral blood stem cell; PCD, plasma cell

disorders; PNH, paroxysmal nocturnal haemoglobinuria; PRCA, pure red cell aplasia; PS, performance status; RhD, rhesus D; RIC, reduced-intensity

conditioning.
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RhD mismatch was not associated with neutrophil, platelet or

reticulocyte recovery in univariate and multivariate analyses

(Figure 1a–c, Table 2; Table S1). Among evaluable patients who

required red blood cell (RBC) transfusion, the median last RBC trans-

fusion days after HCT was 28 (interquartile range [IQR], 18–51) days

for the RhD recipient/donor (+/+) group, 31 (IQR, 20–51.5) days for

the RhD recipient/donor (�/+) group, 30 (IQR, 18–52) days for the

RhD recipient/donor (+/�) group and 22 (IQR, 14–39) days for

the RhD recipient/donor (�/�) group, respectively (p = 0.064).

Among evaluable patients who required platelet transfusion, the

median last platelet transfusion days after HCT were 30 (IQR, 17–

58) days for the RhD recipient/donor (+/+) group, 30 (IQR, 18–56)

days for the RhD recipient/donor (�/+) group, 28 (IQR, 17.5–55)

days for the RhD recipient/donor (+/�) group and 20 (IQR, 12.5–

33.5) days for the RhD recipient/donor (�/�) group, respectively

(p = 0.095).
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F I GU R E 1 Unadjusted cumulative incidence of neutrophil (a), platelet (b), and reticulocyte (c) recovery, grades II–IV acute graft-versus-host
disease (GVHD) (d), chronic GVHD (e), unadjusted probability of overall survival (f), non-relapse mortality (g), and relapse (h) according to rhesus
D mismatch groups between recipient and donor after allogeneic haematopoietic cell transplantation (HCT). R, recipient; D, donor.
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RhD mismatch was not associated with grades II–IV acute GVHD

and chronic GVHD, overall mortality, NRM or relapse in univariate

and multivariate analyses (Figure 1d–h, Table 2; Tables S2 and S3).

DISCUSSION

Unlike ABO alloantibodies, RhD alloantibodies do not occur naturally

and require an immune response through exposure to RhD-positive

RBCs through pregnancy, transfusion and transplantation. Therefore,

RhD alloimmunization has occurred after allogeneic HCT, which

means that the majority of RhD-mismatched HCT represents de novo

RhD alloimmunization [17]. However, the incidence of de novo RhD

alloimmunization events has been infrequent following RhD-

mismatched HCT, ranging from 0% to 43% [3–5, 8–13]. Moreover,

recipients with RhD alloimmunization did not always experience hae-

molysis during and after allogeneic HCT [17]. However, in our study,

the incidence of de novo RhD alloimmunization and clinical and labo-

ratory haemolysis following RhD-mismatched HCT could not be eval-

uated because of incomplete data. Interestingly, although the RhD

(�/�) group contained higher proportions of use of PBSC, related

donors and HLA match, our data showed that the last transfusion

days of RBC and platelets were slightly later in RhD mismatch groups

compared with RhD match groups, which suggests that the number of

RBC and platelet transfusions could be higher in RhD mismatch

groups compared with RhD match groups. This is consistent with a

previous study showing that an RhD mismatch led to a significant

increase in RBC transfusions in the second month after HCT [9].

Therefore, the frequency and severity of de novo RhD immunization

and haemolysis after RhD-mismatched HCT warrant further study

with a larger cohort.

Apart from haemolysis after HCT, previous studies demonstrated

that ABO incompatibility affected neutrophil and platelet recovery,

acute GVHD, NRM or OS after allogeneic HCT [1, 2]. By contrast,

there were only two reports evaluating the impact of RhD mismatch

on transplant outcomes [9, 11]. Erker et al. [9] in Germany reported

that the OS of RhD-mismatched groups was significantly lower than

that of RhD-matched groups in 143 allogeneic PBSC transplants. By

contrast, Wirk et al. [11] in the United States reported that the RhD

mismatch was not associated with OS, NRM or acute and chronic

GVHD in 258 allogeneic HCTs, which is consistent with our results.

The different effects on transplant outcomes between ABO and RhD

mismatch have not been unclear, but the ABO blood group antigens

are expressed not only in RBCs but also in neutrophils, platelets and

vascular endothelial and epithelial cells, whereas RhD antigens are

expressed only in RBCs, which could result in a possible adverse

immunological reaction by RBC antigens not in RhD-mismatched HCT

but in ABO mismatched HCT.

Our study had several limitations. First, this was a retrospective

registry-based analysis. Therefore, several pieces of information

were unavailable, such as prior RhD alloimmunization, clinical and

laboratory data on haemolysis, indirect and direct antiglobulin tests

and the total number of transfusions. Second, the distribution of

negative RhD blood groups varies between populations and races.

Therefore, our results should be interpreted cautiously when

extended to other racial cohorts. Despite some limitations, this

study included the largest patient population, which could show no

impact of the RhD mismatch on post-transplant outcomes after

allogeneic HCT.

T AB L E 2 Multivariate analysis of RhD compatibility for the
outcomes after allogeneic HCT.

Recipient/

donor HR (95% CI) p value

Neutrophil recovery

+/+ Reference

�/+ 0.96 (0.85–1.08) 0.529

+/� 1.01 (0.88–1.15) 0.836

�/� 0.90 (0.63–1.29) 0.587

Platelet recovery

+/+ Reference

�/+ 1.00 (0.88–1.14) 0.937

+/� 0.94 (0.81–1.09) 0.477

�/� 0.98 (0.67–1.43) 0.928

Reticulocyte recovery

+/+ Reference

�/+ 1.04 (0.92–1.18) 0.487

+/� 1.01 (0.88–1.16) 0.820

�/� 0.96 (0.65–1.40) 0.839

Grades II–IV acute GVHD

+/+ Reference

�/+ 1.09 (0.90–1.31) 0.351

+/� 0.82 (0.65–1.04) 0.110

�/� 1.15 (0.67–1.99) 0.601

Chronic GVHD

+/+ Reference

�/+ 1.09 (0.88–1.35) 0.404

+/� 1.16 (0.92–1.47) 0.193

�/� 1.13 (0.65–1.95) 0.649

Overall mortality (1-OS)

+/+ Reference

�/+ 1.06 (0.90–1.24) 0.458

+/� 1.02 (0.85–1.21) 0.822

�/� 1.16 (0.73–1.84) 0.525

NRM

+/+ Reference

�/+ 1.13 (0.91–1.40) 0.252

+/� 1.09 (0.86–1.38) 0.474

�/� 1.54 (0.85–2.79) 0.148

Relapse

+/+ Reference

�/+ 0.96 (0.77–1.19) 0.746

+/� 0.93 (0.73–1.17) 0.544

�/� 0.99 (0.53–1.84) 0.984

Abbreviations: CI, confidence interval; GVHD, graft-versus-host disease;

HCT, haematopoietic cell transplantation; HR, hazard ratio; NRM, non-

relapse mortality; OS, overall survival; RhD, rhesus D.
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In summary, our registry-based study demonstrated that RhD

mismatch between recipient and donor did not significantly impact

haematopoietic recovery, GVHD, NRM, relapse or OS after allogeneic

HCT. Since the frequency of negative RhD individuals is very low in

Japan (about 0.5%), it is anticipated that the challenges associated

with obtaining allogeneic donors and blood transfusion supplies would

raise the risk of allogeneic HCT. However, RhD mismatches may not

need to be avoided for recipient and donor combinations in

allogeneic HCT.
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Abstract

Background and Objectives: Until 25 July 2022, Australians who had spent more

than 6 months in the United Kingdom or territories between 1980 and 1996 were

deferred from blood donation due to the risk of variant Creutzfeldt–Jakob disease.

Removal of this geography-based donor deferral on RhD-negative blood availability

has not been reported.

Materials and Methods: All donors who donated at least once from 25 July 2022 to

25 July 2023 were included. UK donor status, first-time donor and ABO RhD data

were extracted from the National Blood Management System.

Results: Data from 566,447 blood donors with a valid ABO RhD result were ana-

lysed. Of these, 34,560 were new or returning lapsed donors following removal of

the UK donor deferral. The median age [range] in years for all donors was 43 [75] with

UK donors being older 53 [70]. There was a higher prevalence of RhD-negative sta-

tus in UK donors (20.2%) compared with first-time blood donors (15.7%).

Conclusion: UK donors were generally older, female and more likely to be RhD-

negative. Although UK donors provided a boost to RhD-negative blood collections,

the overall prevalence of ABO RhD blood groups in the total Australian blood donor

panel remained similar to previous estimates.

Keywords
Australia, blood donation deferral, blood donor, blood groups, UK, variant Creutzfeldt–Jakob
disease

Highlights
• Removal of the UK donor deferral policy increased the number of available donors with

RhD-negative blood.

• The overall prevalence of blood groups within Australia remained consistent with previous

findings.

• UK donors were more likely to be older and female compared with the Australian

population.
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INTRODUCTION

Before 25 July 2022, individuals who had resided in the UK or its ter-

ritories for a total of 6 months between 1 January 1980 and

31 December 1996 were ineligible to donate blood in Australia due to

the potential transmission risk of variant Creutzfeldt–Jakob disease

(vCJD) [1, 2]. Re-evaluation of this geographically based deferral and

regulatory approval for it to be discontinued was supported by risk

modelling, which indicated that cessation of this deferral would result

in negligible risk for vCJD transmission following blood transfusion [1].

The removal of this geographically based deferral was one of the larg-

est recent changes to blood donation eligibility criteria within

Australia where the effect on blood collections parameters could be

directly attributed. It was estimated that over 737,000 people in

Australia would become eligible to donate blood if this restriction was

to be removed with the prediction of approximately 58,000 extra

donations annually [1]. However, during the first 6 months after lifting

this restriction, nearly 68,000 successful donations were made, signifi-

cantly exceeding estimates. This response from UK donors has had a

substantial positive impact on blood collections within Australia, par-

ticularly since there is an ever-increasing demand on blood and blood

products [2].

Until recently, the national prevalence of each ABO RhD group

within Australia had not been reported [3]. This study indicated that

prevalence of B RhD-positive and AB RhD-positive individuals had

increased within the community [3]. The demand for O RhD-negative

blood in Australia is approximately 16% of all issued red blood cell

(RBC) units annually, although only 6.5% of the Australian community

can provide this type [3, 4]. Because ABO RhD groups are inherited,

their prevalence can differ across countries, with RhD-negative blood

groups being more commonly found in people with European heri-

tage [5]. Therefore, the current study aimed to determine whether the

removal of the UK donor deferral has influenced the availability of

RhD-negative blood groups within the Australian blood donor panel.

MATERIALS AND METHODS

The study was reviewed and approved by the Australian Red Cross

Lifeblood Human Research Ethics Committee (2023#29-LNR) and

was conducted in accordance with the National Health and Medical

Research Council’s National Statement on Ethical Conduct in Human

Research (2007).

Blood donor identification and analysis

Blood donor data from between 25 July 2022 to 25 July 2023 were

extracted from the National Blood Management System administered

by Australian Red Cross Lifeblood (Lifeblood).

Donors affected by the change in the deferral policy, referred to

as UK donors, were identified by extraction of the answer ‘Yes’ to the

following screening question used in section A of Lifeblood’s elec-

tronic donor questionnaire—From 1 January 1980 through to

31 December 1996 inclusive, have you spent (visited or lived) a total

time which adds up to 6 months or more in England, Scotland, Wales,

Northern Ireland, the Channel Islands, the Isle of Man or the Falkland

Islands? For the study period, UK donors could only be identified from

25 July 2022 to 11 February 2023, after which the question was

removed from the donor questionnaire.

UK donors may be first-time donors for Lifeblood but may also

be lapsed or returning donors who may have donated blood with

Lifeblood before going to the affected geographical areas for a

6-month period. ‘First-time’ donors are defined as donating blood

for the first time with Lifeblood and may or may not have been

affected by the geographical deferral. Data for first-time donors as

well as identified UK donors are reported since first-time donors

broadly represent the community, as previously described [3]. Thera-

peutic (hereditary haemochromatosis) donors were included in the

analysis even though they were not required to complete Section A

of the questionnaire.

Only blood donors with a valid ABO RhD blood type recorded on

the date of data extraction (15 November 2023) were included in this

analysis, and to avoid duplicate records, only the first blood group

result recorded for the study period were included. Forward and

reverse ABO group and RhD status is determined for each blood

donation from a dedicated 6 mL BD Vacutainer® K2 Ethylenediamine-

tetraacetic acid (EDTA) Crossmatch Tube (catalogue number 367941,

Becton, Dickinson and Company Franklin Lakes, NJ) using the NEO

blood bank analyser (Immucor, Norcross GA) according to Lifeblood’s

standard operating procedures.

People under the age of 18 years cannot donate blood in

Australia nor can those over 75 years become first-time donors. There

are no other age restrictions for current blood donors who fulfil the

standard selection criteria.

Donor’s country of birth is included in the analysis where avail-

able. This is part of the routine questionnaire for first-time blood

donors but cannot be directly linked to the donor’s heritage. Data on

ethnicity are not routinely collected during the blood donation proce-

dure but can be self-reported in the Lifeblood profile app (Donate

Blood), with up to two defined categories.

For this study, country names were matched to those that are

recognized by the United Nations, and all territories were classified

under the sovereign country category [6]. Country of birth was further

classified into regions based on Nations Online [7]. Comparisons of

reported donors’ country of birth within the general Australian com-

munity are based on the latest estimates provided from the Australian

Bureau of Statistics 2021 data cube [8]. Each country classification for

each region is provided in Hirani et al. [9].

All statistical analyses were performed using IBM SPSS version

23 and GraphPad Prism v8.4.3. Descriptive statistics, including the

frequencies, are reported with chi-squared and one-way analysis of

variance tests conducted to compare some metrics, with a p value of

<0.05 considered to be significant.
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RESULTS

A total of 566,381 blood donors were included in our analysis. Of

these, 114,619 were first-time blood donors; 34,560 were confirmed

UK donors, of which 28,301 were first-time blood donors, and

531,821 were non-UK identifiable donors (Table 1). Where the bio-

logical sex of the donor was known, 288,210 (50.9%) of the total

donor panel, 267,286 (50.3%) of the non-UK identifiable donor panel,

61,541 (53.7%) of the first-time donor panel, 20,924 (60.5%) of the

UK donors and 17,255 (61.0%) of the UK first-time donors were

female. The median age [range] in years for all donors was 43 [75], for

non-UK identifiable donors was 42 [75], for first-time donors was

39 [75], for UK donors was 53 [70] and for UK first-time donors

was 51 [64].

Blood group prevalence

First-time blood donors have a lower prevalence of O RhD-negative

individuals (7.8%) compared with the total blood donor panel (10.7%),

to UK donors (10.8%) and UK first-time donors (10.4%), but this was

not significant (p = 0.207) (Table 1).

First-time blood donors have more B RhD-positive (11.6%) indi-

viduals compared with the total donor panel (9.8%), UK donors (8.1%),

UK first-time donors (8.1%) and non-UK identifiable donors (9.9%),

but this was not significant (p = 0.620).

First-time blood donors have more AB RhD-positive (3.6%) indi-

viduals compared with the total donor panel (2.9%), UK donors (2.9%),

UK first-time donors (2.9%) to non-UK identifiable donors (2.9%), but

this was not significant (p = 0.355).

UK donors and UK first-time donors have a higher prevalence of

RhD-negative donors (20.2% and 19.8% respectively) compared with

the total donor panel (19.0%), to first-time blood donors (15.7%) and

to non-UK identifiable donors (18.9%), but this was not significant

(p = 0.754).

Region of birth

A higher percentage of UK donors and UK first-time donors indi-

cated the country of birth as Europe (64.2% and 68.8%, respectively)

compared with the total blood donor panel (10.5%), first-time blood

donors (26.3%) and non-UK identifiable donors (7.0%), but this was

not significant (p = 0.079) (Table S1). For the total blood donor

panel and non-UK identifiable donors, most indicated country of

birth was Oceania/Pasifika (75.1% and 77.9%, respectively) com-

pared with first-time blood donors (55.2%), UK donors (31.8%) and

UK first-time donors (27.4%), but this was not significant

(p = 0.089).

In UK donors from Europe, 13.0% are RhD-negative, and in UK

donors from Oceania/Pasifika, 6.5% are RhD-negative (Table S2). In

first-time donors from Europe, 5.2% are RhD-negative, and from Oce-

ania/Pasifika, 9.3% are RhD-negative.

DISCUSSION

Removal of the UK donor deferral in Australia resulted in a response

in blood donations that exceeded the modelled predictions [1, 2]. The

impact of removing the UK deferral has been a boost to the blood

supply that has supported blood sufficiency during periods of high

demand as a result of the coronavirus disease 2019 (COVID-19) pan-

demic. Compared with other countries, the effect of this deferral

removal may have a greater influence in Australia since there is a

higher rate of UK immigration and also a large number of citizens liv-

ing and working in the UK for extended periods.

Following the deferral removal, UK donors provided 7.6% of all col-

lections in the study period, with 8.2% of these being whole blood col-

lections, despite consisting of only 6.1% of the total Australian blood

donor cohort. Demand for O RhD-negative blood in Australia remains

consistently high around 16% of all issued RBC units. Since RhD-

negative blood groups are more commonly found in people of European

heritage, it was expected that with the removal of the UK deferral that

the ability to collect RhD-negative blood might be positively affected.

We found that UK donors, whether first-time or returning lapsed

donors, were more likely to be older and RhD-negative and had indi-

cated that their country of birth was either Europe or Australia/New

Zealand. However, first-time donors remained more likely to be youn-

ger and RhD-positive; therefore, the total donor panel remained at

19% RhD-negative prevalence, which is similar to previous findings

from before the UK deferral was removed [3]. Although the overall

donor panel has increased in size, the potential for blood group provi-

sion remains similar to all previous reported Australian estimates,

especially since blood group prevalence in blood donors is subject to

selection bias based on clinical demand, such as O RhD-negative for

RBC units and group AB blood for plasma, thus resulting in preferen-

tial recruitment of donors with these blood groups. Prevalence of

other clinically significant blood groups may also have altered based

on UK donor deferral being lifted [9]. However when compared with

Australian Bureau of Statistics on country of birth, the removal of the

UK donor deferral is unlikely to change the overall donor panel phe-

notypes drastically [9].

The commitment of UK donors is consistent with older donors

having higher donation frequencies. Donors aged 40 years and above

donate on average 3.35 times a year compared with donors under

40 who donate an average of 2.51 times. Although the country of

birth is collected from donors, this is not an indicator for heritage and

limits the potential extrapolations that can be made to ABO RhD

prevalence within this study. However, the indicated country of birth

for first-time donors was similar in composition to the data available

from the Australian Bureau of Statistics indicating that they appear to

represent the Australian community more broadly. Furthermore, since

the question on UK donor status was removed from 12 February

2023, there may be UK donors who donated after this date in the

dataset who could not be identified as such.

UK donors have provided a boost to RhD-negative blood provi-

sion nationally. However, the overall prevalence of ABO RhD blood

groups in the total Australian blood donor panel remained similar to

BLOOD GROUPS AFTER REMOVING UK DONOR DEFERRAL 621

 14230410, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13614 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

nline L
ibrary on [24/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E

1
D
em

o
gr
ap

hi
cs

an
d
A
B
O

R
hD

pr
ev

al
en

ce
in

al
lb

lo
o
d
do

no
rs
,U

K
do

no
rs
,n

o
n-
U
K
id
en

ti
fi
ab

le
do

no
rs
,f
ir
st
-t
im

e
bl
o
o
d
do

no
rs

an
d
U
K
fi
rs
t-
ti
m
e
d
o
n
o
rs

b
et
w
ee

n
2
5
Ju
ly
2
0
2
2
an

d
2
5

Ju
ly
2
0
2
3
.a

P
ar
am

et
er

A
us
tr
al
ia
n

co
m
m
un

it
y
A
B
O

R
hD

pr
ev

al
en

ce
(%

)b
A
ll
bl
o
o
d
do

no
rs

pe
rc
en

t
o
f
to
ta
l(
n)

U
K
do

no
rs

pe
rc
en

t
o
f
to
ta
l(
n)

N
o
n-
U
K
id
en

ti
fi
ab

le
do

no
rs

pe
rc
en

t
o
f
to
ta
l(
n)

F
ir
st
-t
im

e
d
o
n
o
rs

p
er
ce

n
t
o
f
to
ta
l(
n)

U
K
fi
rs
t-
ti
m
e
d
o
n
o
rs

p
er
ce

n
t
o
f
to
ta
l(
n)

p
va

lu
e

P
er
ce
nt

by
bi
o
lo
gi
ca
l

se
x
(n
)

M
al
e

-
4
9
.1

(2
7
8
,1
7
1
)

3
9
.5

(1
3
,6
3
6
)

4
9
.7

(2
6
4
,5
3
5
)

4
6
.3

(5
3
,0
7
8
)

3
9
.0

(1
1
,0
4
6
)

0
.9
9
8
9

F
em

al
e

-
5
0
.9

(2
8
8
,2
1
0
)

6
0
.5

(2
0
,9
2
4
)

5
0
.3

(2
6
7
,2
8
6
)

5
3
.7

(6
1
,5
4
1
)

6
1
.0

(1
7
,2
5
5
)

M
ed

ia
n
ag
e
[r
an

ge
]
in

ye
ar
s

-
4
3
[7
5
]

5
3
[7
0
]

4
2
[7
5
]

3
9
[7
5
]

5
1
[6
4
]

0
.3
7
6
1

P
er
ce
nt

o
f
to
ta
lb

y

A
B
O

R
hD

(n
)

O
R
hD

+
3
8
.0

3
8
.7

(2
1
8
,9
3
5
)

3
7
.8

(1
3
,0
6
2
)

3
8
.7

(2
0
5
,8
7
3
)

3
8
.6

(4
4
,2
1
4
)

3
7
.8

(1
0
,6
9
8
)

0
.1
3
4

O
R
hD

�
7
.0

1
0
.7

(6
0
,6
6
7
)

1
0
.8

(3
7
2
4
)

1
0
.7

(5
6
,9
4
3
)

7
.8

(8
9
6
6
)

1
0
.4

(2
9
4
5
)

0
.2
0
7

A
R
hD

+
3
2
.0

2
9
.7

(1
6
8
,3
0
1
)

3
1
.3

(1
0
,7
4
2
)

2
9
.6

(1
5
7
,5
5
9
)

3
0
.5

(3
4
,9
6
1
)

3
1
.2

(8
8
4
2
)

0
.0
5
7

A
R
hD

�
6
.0

6
.0

(3
4
,1
7
1
)

7
.0

(2
4
2
7
)

6
.0

(3
1
,7
4
4
)

5
.7

(6
5
3
0
)

7
.1

(2
0
2
1
)

0
.1
3
4

B
R
hD

+
1
2
.0

9
.8

(5
5
,3
8
6
)

8
.1

(2
7
8
6
)

9
.9

(5
2
,6
0
0
)

1
1
.6

(1
3
,3
1
1
)

8
.1

(2
3
0
1
)

0
.6
2
0

B
R
hD

�
2
.0

1
.7

(9
4
1
2
)

1
.7

(5
9
5
)

1
.7

(8
8
1
7
)

1
.6

(1
8
6
5
)

1
.7

(4
8
4
)

0
.3
5
6

A
B
R
hD

+
4
.0

2
.9

(1
6
,4
1
4
)

2
.9

(1
0
0
2
)

2
.9

(1
5
,4
1
2
)

3
.6

(4
1
1
4
)

2
.9

(8
3
2
)

0
.3
5
5

A
B
R
hD

�
1
.0

0
.5

(3
0
9
5
)

0
.6

(2
2
2
)

0
.5

(2
8
7
3
)

0
.6

(6
5
8
)

0
.6

(1
7
8
)

0
.0
5
7

P
er
ce
nt

o
f
to
ta
lb

y

R
hD

st
at
us

(n
)

R
hD

+
8
6
.0

8
1
.0

(4
5
9
,0
3
6
)

7
9
.8

(2
7
,5
9
2
)

8
1
.1

(4
3
1
,4
4
4
)

8
4
.3

(9
6
,6
0
0
)

8
0
.2

(2
2
,6
7
3
)

0
.7
5
4

R
hD

�
1
4
.0

1
9
.0

(1
0
7
,3
4
5
)

2
0
.2

(6
9
6
8
)

1
8
.9

(1
0
0
,3
7
7
)

1
5
.7

(1
8
,0
1
9
)

1
9
.8

(5
6
2
8
)

0
.7
5
4

T
o
ta
l

1
0
0
.0

1
0
0
.0

(5
6
6
,3
8
1
)

1
0
0
.0

(3
4
,5
6
0
)

1
0
0
.0

(5
3
1
,8
2
1
)

1
0
0
.0

(1
1
4
,6
1
9
)

1
0
0
.0

(2
8
,3
0
1
)

a O
nl
y
da

ta
fr
o
m

bl
o
o
d
do

no
rs

w
ho

at
te
nd

ed
du

ri
ng

th
e
st
ud

y
pe

ri
o
d
w
ho

ha
d
a
va
lid

A
B
O

R
hD

re
su
lt
re
co

de
d
w
er
e
in
cl
ud

ed
.S

o
m
e
U
K
do

no
rs

m
ay

h
av
e
at
te
n
d
ed

b
u
t
m
ay

n
o
t
h
av
e
b
ee

n
el
ig
ib
le

to
d
o
n
at
e
o
r

m
ay

no
t
ha

ve
ha

d
ve

ni
pu

nc
tu
re

pe
rf
o
rm

ed
.

b
D
at
a
o
bt
ai
ne

d
fr
o
m

H
ir
an

ie
t
al
.[
3
].

622 HIRANI ET AL.

 14230410, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13614 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

nline L
ibrary on [24/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



previous estimates. This data provides further information for

evidence-based forecasting of supply and could be used to support

removal of this deferral in other countries.
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Abstract

Background and Objectives: In Canada, plasma sent for fractionation is tested for

both parvovirus B19 (B19V) and hepatitis A virus (HAV). This study compared posi-

tivity rates of B19 and HAV nucleic acid tests (NATs) in Canadian plasma samples for

the pre-COVID-19 restriction era (2015 to end of February 2020 [Q1] 2020) and the

post-COVID-19 restriction era.

Materials and Methods: Pooled EDTA plasma specimens were tested within

24 months of blood draw using the Procleix Panther System (Grifols Diagnostic Solu-

tions Inc, San Diego, CA, USA) for B19V and HAV detection. Reactive pools were

resolved by individual specimen testing.

Results: Between 1 January 2015, and 31 March 2022, 3,928,619 specimens from

Canadian plasma donors were tested for B19V. For the same period, 3,922,954 spec-

imens were tested for HAV. To account for a lag in specimen testing for up to

24 months, the data were divided into: (1) a pre-pandemic period (1 January 2015–

31 March 2020; B19V tested n = 2,412,701, B19V NAT-positive n = 240 [0.01%],

HAV tested n = 2,407,036, HAV NAT-positive n = 26 [0.001%]); (2) a two-year

mixed-impact period (1 April 2020–31 March 2022; B19V tested n = 968,250, B19V

NAT-positive n = 14 [0.001%], HAV tested n = 968,250, HAV NAT-positive n = 2

[0.0002%]); and (3) a pandemic-impact period (1 April 2022–31 March, 2023; B19V

tested n = 597,668, B19V NAT-positive n = 3 [0.0005%], HAV tested n = 597,668,

HAV NAT-positive n = 1 [0.0002%]).

Conclusion: The percentage of B19V- and HAV-positive donations was significantly

reduced from the pre-pandemic period to the pandemic-impact period.
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Highlights
• Parvovirus B19 (B19V) and hepatitis A virus (HAV) nucleic acid test positivity rates decreased

significantly in plasma specimens after the implementation of COVID-19 restrictions in

Canada.

• COVID-19 restrictions (e.g., social distancing, isolating when ill, hand hygiene, face coverings)

could have potentially influenced this reduction.

• As of March 2023, the positivity rates of B19V and HAV have not returned to pre-pandemic

levels.

INTRODUCTION

Parvovirus B19 (B19V) is a non-enveloped virus with a linear single-

stranded (ss) deoxyribonucleic acid (DNA) genome of approximately

4–6 kb in size. The genetic diversity among B19V isolates was

reported to be very low with a single prototype (B19V) until 2002,

when new sequence analysis of human erythroparvoviruses showed

an organization of three distinct genotypes [1, 2]. Due to uneven pub-

lic health reporting across the country, the national rates of infection

outside of obstetrics settings are poorly understood. B19V is trans-

mitted mainly by the respiratory droplet route, and although there are

regional differences in epidemiology, over half the world’s adults have

been infected with B19V. Outbreaks of B19V occur in school/day

care settings among children and susceptible adults. These B19V out-

breaks usually occur in winter and spring periods with epidemics

occurring every few years [3]. Although there is no available B19V

vaccine, studies on safety and efficacy of candidate vaccines are

underway [4].

Hepatitis A virus (HAV) is a non-enveloped, spherical, icosahedral

virus. The RNA genome is monopartite, single stranded and approxi-

mately 7.5 kb. Humans are primarily infected with genotypes I–III [5].

Hepatitis A is an uncommonly diagnosed infection in Canada.

Between 2011 and 2015, an average of 236 cases of hepatitis A were

reported annually through the Notifiable Disease Surveillance Sys-

tem [6]. In Canada, HAV is transmitted primarily by the faecal-oral

route (e.g., interpersonal contact, hand-to-mouth, contaminated food

and/or water) among people living in areas with poor sanitation at

higher risk for infection, or from travellers returning from endemic

regions [7]. Well-established HAV vaccination strategies are estab-

lished in Canada for persons at increased risk of infection (e.g., high-

risk individuals in Canada or travellers outside of Canada), and as a

post-exposure or outbreak control strategy. [8].

B19V and HAV are both transfusion-transmissible, are highly

resistant to many commonly used pathogen reduction methods (sol-

vent/detergent, heat, nucleic acid cross-linking pathogen reduction)

and (because of their small size) also evade filtration. Impacted patient

groups include the immunocompromised, patients with haemolytic

disorders and pregnant women (including foetuses in utero) [9, 10]. In

2009, the US Department of Health and Human Services Food and

Drug Administration recommended that plasma fractionators imple-

ment the following procedures to detect the presence of B19V DNA.

In general, the viral load of B19V DNA in the manufacturing pools

was not to exceed 104 international units (IU)/mL [11]. To ensure the

safety of the plasma supply, plasma sent for fractionation by Grifols

Canada is tested for both HAV and B19V.

This study will compare the rates of B19 and HAV nucleic acid

test (NAT) positivity in predominantly Canadian plasma samples for

the pre-COVID-19 restriction era (2015 to end of February 2020

[Q1] 2020) and the post-COVID-19 restriction era.

MATERIALS AND METHODS

General characteristics of plasma donors

A list of donation numbers and donor IDs of donations that had

plasma (recovered plasma from whole blood or apheresis plasma) sent

for fractionation was collated for the time period 1 January 2015, and

31 March 2023. These do not directly align with the Grifols NAT data

as they may include donations sent to other fractionators or not yet

sent for fractionation.

Numbers of donations and donors were generated from the

Canadian Blood Services Epidemiology Donor Database. The mean

inter-donation interval was calculated as the sum of the number of

days between each donation divided by the total number of donations

for donors who gave more than one donation during the study period.

Estimates of proportions of source and recovered plasma units sent to

the fractionator were estimated by the Canadian Blood Services

Inventory Management Centre of Excellence.

Specimen source and study population

Canadian Blood Services collects source and recovered plasma destined

for fractionation from across Canada except for Quebec and the north-

ern territories. EDTA plasma specimens were collected by Canadian

Blood Services from donors providing source or recovered plasma.

EDTA plasma specimens were sent with a larger volume plasma to a

plasma fractionator within 24 months of blood draw. EDTA plasma

specimen storage and transport temperatures were �20�C.

B19V and HAV NAT

Specimens were generally tested within 2 weeks of receipt by the

fractionator. Samples were pooled (16 per pool) for B19/HAV testing
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using the Procleix Panther System (Grifols Diagnostic Solutions Inc,

San Diego, CA, USA). The B19V quantitative range for the assay is

500–100,000 IU/mL. Any HAV-positive (reactive = above assay cut-

off, S/CO ≥ 1.0) and B19 NAT-positive (reactive ≥2000 IU/mL) pools

were resolved by individual specimen testing. Individual sample results

>500 IU/mL were considered reactive for B19V, and any HAV-

positive (reactive = above assay cut-off, S/CO ≥ 1.0) was considered

reactive for HAV. The assay does not provide a quantitative HAV

value.

Data storage and statistical analysis

Data were collated using Excel (Microsoft, Seattle, WA, USA). Chi-

square analyses, column statistics, mean and standard deviation

(SD) calculations were performed using GraphPad Prism (Version

9.5.1, GraphPad Software, Boston, MA, USA).

RESULTS

The general characteristics of plasma donors are described in Table 1.

These are donation dates and not Grifols report test dates; therefore,

they will not align exactly with NAT data. In the pandemic-impact

period, plasma donors were slightly more likely to be female, older

(e.g., ≥60 years of age) and from far Western regions (British Columbia

[BC]&Yukon) compared with pre-pandemic and mixed-impact periods.

Grifols provided Canadian Blood Services with B19V and HAV

NAT divided into broad geographic regions based on the month

tested for the period 1 January 2015, and 31 December 2022.

Because some test pools could potentially include US donations, any

test pool data involving US specimens were removed from the analy-

sis. Between 1 January 2015, and 31 March 2022, 3,928,619 speci-

mens from Canadian plasma donors were tested for B19V, and

3,922,954 specimens were tested for HAV.

As B19V and HAV NAT data could not be evenly attributed to

the province level across Canada, data were aggregated into one

group. No further attempt was made to link B19V and HAV data to

subnational or provincial data.

To account for a lag in specimen testing for up to 24 months, the

data were divided into three data sets (Tables S1–S3): a pre-pandemic

period from 1 January 2015 to 31 March 2020 (Table S1, B19V tested

n = 2,412,701, B19V NAT-positive n = 240 [0.01%], HAV

tested n = 2,407,036, HAV NAT-positive n = 26 [0.001%]); a two-

year mixed-impact period (specimens may have been from pre-

pandemic period or pandemic period) from 1 April 2020 to 31 March

2022 (Table S2, B19V tested n = 968,250, B19V NAT-positive

n = 14 [0.001%], HAV tested n = 968,250, HAV NAT-positive n = 2

[0.0002%]); and a pandemic-impact period from 1 April 2022 to

31 March 2023 (Table S3, B19V tested n = 597,668, B19V NAT-

positive n = 3 [0.0005%], HAV tested n = 597,668, HAV NAT-

positive n = 1 [0.0002%]). The mean percentage data from Tables S1

to S3 is summarized in Figure 1. Reductions in NAT positivity were

noted in the pandemic-impact period for both B19V and HAV

(Figure 1).

The majority of plasma units sent for fractionation are recovered

from whole blood donations and are not considered source plasma (%

source plasma, 15% of units [2023 estimate]). Numbers of apheresis

and whole blood donations at Canadian Blood Services (regardless of

whether they were or were not sent for fractionation) were as follows

for the following time periods: pre-pandemic period from 1 January

2015 to 31 March 2020 (apheresis n = 201,387, whole blood

T AB L E 1 Demographics of donors whose donation was used for fractionated products in the pre-pandemic, mixed-impact and pandemic-
impact periods.

Pre-pandemic period Mixed-impact period Pandemic-impact period Chi-squared analysis

Variable N % N % N % p value

Sex Male 1,043,425 58 373,608 59 180,379 54 <0.0001

Female 755,442 42 255,202 41 151,215 46

Age group 17–24 292,450 16 70,098 11 34,975 11 <0.0001

25–39 504,280 28 185,977 30 92,805 28

40–59 661,103 37 224,506 36 118,705 36

60+ 341,031 19 148,229 24 85,109 26

Region BC&Yukon 255,391 14 103,203 16 57,784 17

Alberta 364,216 20 126,653 20 58,386 18 <0.0001

Prairies 194,245 10 64,843 10 33,533 10

Ontario 795,996 44 271,672 43 149,742 45

Atlantic 188,518 10 62,439 10 32,149 10

Total 1,798,913 628,830 331,598

Grand total 2,785,641

Abbreviation: BC, British Columbia.
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n = 4,169,052); mixed-impact period from 1 April 2020 to 31 March

2022 (apheresis n = 60,330, whole blood n = 1,505,009); pandemic-

impact period from 1 April 2022 to 31 March 2023 (apheresis

n = 22,289, whole blood n = 757,701). Overall, 4% source plasma

donations were given by a donor who only donated once and of

source plasma donors who donated more than once in the period;

their mean inter-donation interval was 40.0 days (95% confidence

interval 39.7–40.6). Of whole blood donors, 7% were from donors

who only gave one donation, and of whole blood donors who donated

more than once during the study period, the inter-donation interval

was 167.6 days (95% confidence interval 167.4–167.8).

DISCUSSION

Due to variability in how B19V and HAV are tested and reported

across Canada, a consistent surveillance approach for relatively

healthy individuals is not available in the country. Testing donated

plasma for both B19V and HAV from plasma donors provides a

unique perspective of viremia in healthy Canadians from the pre-

pandemic to the pandemic-impacted period. This unique tool also

allowed Canadian Blood Services to assess the impact of sweeping

public health controls on the positivity rate of transmissible agents

such as B19V and HAV in the Canadian population.

Erythema infectiosum caused by B19V infection occurs in epi-

demics every 3–4 years, with peaks of activity in the winter and early

spring [2]. This study has identified a significant decrease in the per-

centage of B19V DNA-positive donations from the pre-pandemic

period (0.01%) to pandemic-impact period (0.0005%). This is like data

signals from the Netherlands where there was a reduction in silent

B19V infections from pre-pandemic periods (2013; 0.004% donations)

to the pandemic period (0%; 2020 and 2021). The group from the

Netherlands suspected that day care and school closures likely

reduced the transmission of B19V among children and subsequent

infections of parents who were blood donors [12].

Except for Quebec, which was not included in this analysis, pro-

vincial/territorial vaccine schedules in Canada do not include routine

HAV vaccination. Provinces/territories instead have HAV vaccine

strategies, which target higher risk groups based on local risk assess-

ment from local public health authorities [13]. The data generated by

this study suggest that hepatitis A is an uncommon infection in

Canada and that there was a decrease in tested plasma donations

from the pre-pandemic period (0.001%) to the pandemic-impact

period (0.0002% in pandemic-impact period). The rarity of HAV infec-

tions in plasma donors aligns with data from 2011 to 2015, where a

small number of cases (n = 236) were reported through the Notifiable

Disease Surveillance System [6]. HAV RNAemia rates vary both geo-

graphically and over time with rates in US plasma donors increasing

from 0% (2016) to 0.04% (2020) [14]. Similarly, French blood donors

showed a fivefold increase between 2015–2016 (0.00009%) and

2017 (0.0004%) [15].

This study has several limitations. Plasma donor demographics

may have changed in the pandemic-impact period compared with pre-

pandemic and mixed-impact periods (Table 1). However, these data

could not be directly linked to B19 and HAV NAT data (Figure 1).

Storage of plasma and linked EDTA plasma specimens for up to

2 years meant that aggregated data could not be analysed based on

time of collection. Aggregation and de-identification of data did not

allow for surveys of plasma donors to determine whether donors later

developed symptoms for B19V or HAV infection. Pooling of EDTA

plasma specimens may have led to a reduction in the detections of

low-titre HAV. Similarly, the use of reactive cut-offs ≥2000 IU/mL for

pools of 16 specimens would not have allowed for the detection of

lower titres of B19V in those pools.

With a mean inter-donation period of 40.0 days for source

plasma (167 days in whole blood), it is possible that an asymptomatic

or paucisymptomatic HAV-NAT-positive donor could have donated

multiple times. A previous study noted that HAV RNA could be

detected an average of 17 days prior to a alanine aminotransferase

peak with an average persistence of 79 days after the liver enzyme

peak (total range 36–391 days) [16]. However, given that these were

Canadian plasma donors, and that most adult HAV infections in devel-

oped countries are characterized by acute hepatitis and jaundice,

which lead to donor deferral, it is unlikely that the data would have

been biased to serially detecting HAV RNA in a small subset of asymp-

tomatic/paucisymptomatic plasma donors. In contrast, high levels of

B19V DNA-emia (as would be measured in these plasma donors) usu-

ally occur about 1 week after infection and generally persist for

5 days [17]. A mean inter-donation period of 40 days in source plasma

(167 days in whole blood) donors would thus make B19V NAT-

positive serial donations unlikely. Even source plasma donors who

F I GU R E 1 Decreased mean percentage of parvovirus B19 (B19V)
and hepatitis A virus (HAV) NAT-positive donations in the pandemic-
impact period. Error bars represent standard deviations. Values
represent mean percentage positivity of B19V and HAV calculated
across years, or fractions of years as described in Tables S1–S3. The
proportion of positive B19V (two-tailed chi-square 111.3, degrees of
freedom [df] = 2, ***p < 0.0001) and HAV (two-tailed chi-square 9.8,
df = 2, **p = 0.008) donations was significantly reduced in the
pandemic-impact period.
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returned weekly to donate at Canadian Blood Services would not

likely donate two serial high-titre B19V NAT-positive donations.

In Canada, starting in March 2020, a series of public health pre-

cautions to reduce the spread of SARS-CoV-2 were implemented.

These included public health guidance on precautions to prevent the

spread of SARS-CoV-2. Although these public health actions were

met with mixed compliance, the restrictions of attendance at schools,

day cares, restaurant/bar, places of worship and small-to-medium

social gatherings were extensive. Restrictions within Canadian society

would continue into the Spring/Summer 2022 when mask mandates

began to be lifted on a province-wide basis [18]. As of March 2023,

the positivity rates of B19V and HAV had not rebounded to pre-

pandemic levels. It is likely that these public health mandates may

have reduced B19V (respiratory secretions) and HAV (faecal-oral

route) transmission in the general community. As HAV is mainly trans-

mitted via the enteric route, it is suspected that social gathering

restrictions and travel restrictions may have reduced opportunities for

Canadians to be infected with HAV [19, 20]. Public health communi-

cations on the importance of hand hygiene may have additionally

reduced the opportunity for faecal-oral transmission in the commu-

nity, schools and facilities [21]. Masking mandates may have also

reduced infection rates by reducing the rate of hand-to-mucosa con-

tacts in individuals [22]. Further analysis of B19V and HAV data from

2023 onwards will identify changing trends in epidemiology as pat-

terns of transmission are likely to be re-established. This further work

could also focus on whether other demographic factors (e.g., sex, age,

region) are impacting on the changing rates of B19 and HAV in plasma

sent for fractionation.

Since the COVID-19 pandemic, the role of blood operators in

supporting public health epidemiologic analyses has increased. For the

future, blood operators and fractionators generate data that can iden-

tify changes in B19V and HAV virology, pathophysiology and epidemi-

ology (Figure 2). At Canadian Blood Services, we are working to

obtain and review results in a timely fashion to enable better linkage

with an individual donor. In the future, other processes such long-

term biobanking or front-end B19V and HAV testing by the blood

operator may also allow for direct linking of donor data to specific

donation specimens and further genetic analysis of B19V and HAV

specimens. At the granular level, B19V and HAV NAT-positive speci-

mens could then be assessed for viral genotype, genetic variability,

single-nucleotide polymorphisms (SNPs) and virus viability. With

improved linkages between donor health information and laboratory

data, data analysis could focus on viral load and time to symptoms,

biomarkers of infection and patterns of viremia in HAV-vaccinated

individuals. Blood operators and fractionators can also provide further

data on the epidemiology of B19V and HAV NAT-positivity in jurisdic-

tions where public health surveillance is uneven (Figure 2).
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See also https://www.isbtweb.org/events.html

23–27 June 2024 38th International ISBT Congress, Barcelona, Spain. https://www.isbtweb.org/events/isbt-barcelona-2024.html

11–13 September DGTI & DGI 2024. https://immungenetik.de/index.php/veranstaltungen/dgi-jahrestagungen/jahrestagung-2024

27–29 September 2024 ESPGI 2024 - Platelet and Granulocyte Immunobiology. https://sanquinacademy.nl/en/offers/espgi-2024/

23–26 October 2024 Brazilian Congress of Hematology, Hemotherapy and Cell Therapy (Hemo 2024). https://www.hemo.org.br/2024/

index.ingles.html
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