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Abstract

Background and Objectives: Non-invasive assays for predicting foetal blood group

status in pregnancy serve as valuable clinical tools in the management of pregnan-

cies at risk of detrimental consequences due to blood group antigen incompatibility.

To secure clinical applicability, assays for non-invasive prenatal testing of foetal

blood groups need to follow strict rules for validation and quality assurance. Here,

we present a multi-national position paper with specific recommendations for vali-

dation and quality assurance for such assays and discuss their risk classification

according to EU regulations.

Materials and Methods: We reviewed the literature covering validation for in-vitro

diagnostic (IVD) assays in general and for non-invasive foetal RHD genotyping in

particular. Recommendations were based on the result of discussions between co-

authors.

Results: In relation to Annex VIII of the In-Vitro-Diagnostic Medical Device Regulation

2017/746 of the European Parliament and the Council, assays for non-invasive prena-

tal testing of foetal blood groups are risk class D devices. In our opinion, screening for

targeted anti-D prophylaxis for non-immunized RhD negative women should be placed

under risk class C. To ensure high quality of non-invasive foetal blood group assays

within and beyond the European Union, we present specific recommendations for vali-

dation and quality assurance in terms of analytical detection limit, range and linearity,

precision, robustness, pre-analytics and use of controls in routine testing. With respect

to immunized women, different requirements for validation and IVD risk classification

are discussed.

Conclusion: These recommendations should be followed to ensure appropriate assay

performance and applicability for clinical use of both commercial and in-house assays.

K E YWORD S

blood group, cell-free DNA, EU, foetal RHD genotyping, HDFN, quality assurance, validation

INTRODUCTION

In the care and management of pregnancies at risk due to blood group

incompatibility, non-invasive foetal blood group genotyping based on

the analysis of cell-free foetal DNA from maternal plasma can be used

to predict the foetal blood group status [1]. For any diagnostic assay

used in medical laboratories, strict rules apply for validation,

maintenance and quality assurance. Medical laboratories that offer

clinical testing are obliged to assess the information about the perfor-

mance of an in-vitro diagnostic (IVD) assay provided by the manufac-

turer or to validate their own in-house assay. In the European Union,

IVD devices are classified on a scale of increasing risk to patients and

the public (class A, B, C or D) [2]. Blood group typing assays for trans-

fusion, transplantation and cell administration are split between the
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highest risk class D (ABO, Rh, Kell, Kidd and Duffy systems) and

class C (all other blood group systems) [2].

Non-invasive prenatal testing of foetal blood groups can have dif-

ferent clinical objectives. Pregnant women can become immunized

against a specific foetal blood group antigen, where the woman can

produce IgG antibodies that, either in the current or next pregnancy,

can be transported across the placenta and facilitate the destruction

of foetal red blood cells leading to haemolytic disease of the foetus

and newborn (HDFN) [3]. Non-invasive prenatal testing of foetal

blood groups can assist in the management of immunized women,

where the determination of foetal antigens helps clinicians to verify

the diagnosis and plan for timely treatment. A different objective

exists for non-immunized RhD negative women, where antenatal and

postnatal anti-D prophylaxis is administered to prevent the women

from becoming immunized. In some countries, antenatal prophylaxis is

administered to all RhD negative women as universal prophylaxis,

despite having no effect or purpose when a woman carries an RhD

negative foetus [4]. Rhesus immunoglobulin (RhIg) is regarded as com-

patible with foetal red blood cells; however, as a blood-derived prod-

uct, it does possess a potential risk of carrying a contaminant or

infectious agent and should therefore be used only when necessary

[5]. Moreover, there is worldwide shortage of RhIg [6]. In addition,

RhIg donors require active (hyper) immunization, which, from an ethi-

cal perspective, further promotes the use of RhIG only when neces-

sary. A non-invasive prenatal test for foetal RhD (NIPT RhD) can

identify those women who will benefit from prophylaxis, hereby guid-

ing so-called targeted prophylaxis. As such, the prediction of the foe-

tal RhD status helps by restricting the administration of prophylaxis,

thus avoiding unnecessary treatment and unnecessary use of valuable

RhIg [7, 8]. Consequently, we find that the clinical objectives as well

as the inherent risks associated with the clinical applications of non-

invasive prenatal testing of foetal blood groups can be highly differ-

ent, which should be reflected in the risk classification.

This report considers recommendations for the classification of

IVD assays specifically for non-invasive prediction of foetal RHD

status, when applied as screening of non-immunized pregnant women

to guide targeted prophylaxis. In relation to Annex VIII of the In-Vitro-

Diagnostic Medical Device Regulation 2017/746 of the European Par-

liament and the Council [2], we recommend that this IVD should be

placed in risk class C.

In addition, we present specific requirements for assay validation

and quality assurance. This set of recommendations should be taken

into consideration by those responsible for the introduction non-

invasive prenatal testing of foetal blood groups in diagnostic

laboratories.

METHODS

The authors, consisting of the leading experts in the field, reviewed

the literature about IVD assay validation in general and publications

about performance studies dealing primarily with foetal RHD assays.

Recommendations were formulated after discussions. Pertinent issues

were discussed among international experts at two conferences, first

raised and discussed at the International Meeting of Cell-Free DNA, in

Copenhagen 2019, and thereafter discussed by the cell-free DNA

(cfDNA) subgroup from the International Society of Blood Transfusion

(ISBT) Working Party on Red Cell Immunogenetics and Blood Group

Terminology (RCIBGT), at the ISBT meeting in Basel in 2019. This

multi-national position paper was circulated among all co-authors,

whose comments were then addressed until this consensus was

reached. The recommendations of the manuscript are formulated and

endorsed by the cfDNA subgroup from the ISBT RCIBGT working

party.

RESULTS

Legislation for the performance evaluation of IVD in
the European Union

IVD assays for non-invasive prenatal testing of foetal blood groups

are medical devices. In May 2017, the In-Vitro-Diagnostic Medical

Device Regulation (IVDR, 2017/746) [2] of the European Parliament

and the Council about IVDs came into force. After transition periods,

this regulation is repealing the previous Medical Devices Directive

98/79/EC [9]. According to the new regulation, IVD is categorized

into four risk classes A, B, C and D. In 2019, a corrigendum specified

that devices used ‘to determine foeto-maternal blood group incom-

patibility’ are included with devices ‘intended to be used for blood

grouping,’ thus placing non-invasive prenatal testing of foetal

blood groups under risk class D [10].

Assays that are used for blood group determination in order to

guarantee immunocompatibility of blood, blood components, cells, tis-

sue or organs used for transfusion, transplantation or cellular therapy

need to fulfil the highest standards for risk class D IVD. In our opinion,

non-invasive foetal RHD screening belongs to a different category in

terms of both severity and frequency of side effects due to unneces-

sarily given or withheld administration of universal RhIg prophylaxis,

compared with side effects from incompatible transfusion due to

incorrect blood group determination. It is therefore unnecessary

to categorize reagents for the non-invasive determination of the foe-

tal RhD status according to risk class D. In our opinion, these IVDs

belong to risk class C. Similarly, as already listed in the IVDR, such

reagents are equal to reagents with the intended use to screen for

genetic diseases in embryo or foetus, which are placed under risk

class C.

To establish recommendations for foeto-maternal blood

group testing, published recommendations for the validation of

molecular qualitative virus diagnostics tests can be used as refer-

ence points [11]. In addition, real-time polymerase chain reaction

(PCR) details have been published for non-invasive testing of

>50,000 cases of RhD negative pregnant women using several

protocols [7, 12–25], demonstrating high assay performance, and

from which the extensive experience can be applied to establish

specific recommendations.
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Reagents, including calibrator and control reagents released for

the determination of the blood groups belonging to the ABO, Rh

(C, c, D, E, e), and Kell systems, need to fulfil particular requirements.

In 2002, common technical specifications (CTS) for IVD medical

devices (CTS, Commission Decision 2002/364/EC) were laid down,

which include detailed requirements for lot release tests and perfor-

mance evaluation of antibodies distributed for the determination of

blood group antigens [11]. In agreement with colleagues, Institut de

Biotechnologies Jacques Boy (Reims, France) [26], Deutsche Gesell-

schaft für Transfusionsmedizin und Immunhämatologie (DGTI) [27]

and the cfDNA subgroup of the ISBT RCIBGT working party, we find

that reagents with the intended use ‘Determination of the foetal RHD

status from maternal plasma for targeted anti-D prophylaxis’ are not

comparable with antibodies used for the determination of the blood

group antigen RhD (RH1), which precedes and aims to ensure an RhD

compatible transfusion of red blood cells. Manufacturers of non-

invasive foetal blood genotyping assays may consider CTS while plan-

ning a performance evaluation study; however, the requirements need

to be different due to sample specification (plasma instead of whole

blood), target molecules (nucleic acids instead of red cells), reagent

properties (e.g., oligonucleotides instead of antibodies), methodology

(nucleic acid amplification test instead of haemagglutination test) and

a different purpose of the test as well as considerably different immu-

nization risks (as further discussed below).

Non-invasive foetal RHD screening

Risk assessment

In the context of blood transfusion, high CTS demands are reasonable

because a false-negative RhD determination in blood donors or a

false-positive determination in recipients of red cell concentrates may

result in anti-D immunization in 3%–70% of cases [28]. In contrast, a

false-negative result for the foetal RHD status, when applied as

screening to guide only targeted prophylaxis during pregnancy, entails

the omission of an antenatal anti-D prophylaxis only. If RhD is deter-

mined in the newborn (e.g., from cord blood), this error is revealed,

and postnatal anti-D prophylaxis is administered accordingly. This

approach is associated with an increase of the immunization risk from

about 0.2%–0.4% to about 0.7%–1% [29, 30]. Thus, this risk is consid-

erably less than the immunization risk associated with a false-negative

result determined with serological blood group reagents in the context

of red blood cell transfusion. In some countries, a false-negative NIPT

RhD result will cause the omission of both antenatal and postnatal

prophylaxis, and consequently, the risk of immunization is higher,

around 4%–16% [4, 31, 32], elsewhere stated as a prevalence of 3.5%

[1]. In these countries, cord blood serology has been terminated on

the basis of high performance of the foetal RHD genotyping assay,

with diagnostic sensitivities around 99.9% [7]. Taken together, the

immunization risk in the context of screening non-immunized RhD

negative women is still much less than the anticipated risk in the con-

text of red blood cell transfusion, where also a mismatched

transfusion in an alloimmunized recipient can lead to severe

haemolytic transfusion reactions. In this risk assessment, it should also

be noted that non-invasive foetal RHD genotyping has been reported

to identify more foetal RhD positive cases which were false negative

by standard cord blood serology than causing false-negative results,

effectively decreasing the overall risk of immunization [20].

Estimate of the number of specimens required for
determining diagnostic accuracy

The total number to be investigated for the determination of diagnos-

tic accuracy is an important figure of any performance evaluation. For

the validation of new anti-RH1 (anti-D) reagents, CTS requires a sam-

ple of 3000 specimens for a new formulation; or if reagents have been

clearly characterized, 1000 specimens still have to be investigated;

and if the application field or the mode of use changes, 500 specimens

need to be analysed. The CTS focusses on the safety of blood and

organ donations and thus requires extremely accurate results when

IVD is applied. For this reason, CTS confines to infectious disease

tests for blood donation screening and to blood group serology

assays. The requirements for the performance evaluation of anti-D

sera/reagents also include tests that show that RhD variants are

detected.

Based on the risk assessments presented above, a performance

evaluation study with 1000 specimens is considered sufficient when a

new technology for the determination of the foetal RHD status from

maternal blood is used (Table 1). With a new technology, assay perfor-

mance should be evaluated with diagnostic sensitivity and specificity.

For such evaluation, it is recommended that the lower limit of the

95% confidence interval of the sensitivity should be ≥99% and that

the lower limit of the 95% confidence interval of the specificity should

be ≥96%. Cord blood genotyping can be applied to resolve

discrepancies.

If a laboratory makes minor modifications to an existing published

protocol, fewer specimens are needed. Based on the extensive litera-

ture about the application of real-time PCR for the determination of

the foetal RHD status [7, 8, 12–25, 33–36], with real-time PCR details

published for >50,000 cases from several protocols [7, 12–25], the

investigation of 100 specimens is sufficient for a performance evalua-

tion of an assay using this well-validated and published real-time PCR

technology in pregnancies of at least 10 weeks of gestation. Oligonu-

cleotides and probes for RHD exon 5 and 7 have been verified in a

multicentre study [37]. The concentration of primer and probes has

been previously published by Grootkerk-Tax et al. [12]. Other combi-

nations of RHD exons have also been applied successfully [16–18,

21–23, 38–40]. It should be noted, however, that the majority of pub-

lished studies have been done in predominantly Caucasian pregnan-

cies, and that the accuracy in non-Caucasian, especially in African

populations, has not been established yet. In order to minimize manual

errors, nucleic acid extraction should be performed with an automated

procedure, which has already been validated and published with at

least 1000 specimens at another site or in a side-by-side comparison
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with such a validated, automated procedure with at least 100 speci-

mens [13, 14, 16–23, 25]. General pre-analytical issues should be

evaluated with great care to optimize sensitivity [15, 37, 41, 42]. The

pre-analytical conditions including the gestational week of the valida-

tion specimens should resemble those of the clinical specimens that

are to be tested after the validation phase.

For Europe, it can be expected that in about 60%–65% RhD neg-

ative pregnant women, a positive foetal RHD status is determined

and, in about 35%–40%, a negative foetal RHD status is obtained

[13, 18, 20, 22]. According to this distribution, it is acceptable that

diagnostic sensitivity and specificity are investigated in any given

cohort of RhD negative pregnant women with sufficient accuracy

without specifying detailed numbers for RHD positive and RHD nega-

tive foetuses. Analytical sensitivity and specificity largely depend on

the genomic target region. Assays that detect RHD exon 7 and at least

one additional RHD exon allow for detection of most RHD variants

[43, 44]. Other exon combinations have also been applied success-

fully, and selection of exons may vary for the population. In

Europeans, it is not required to test for RHD variants, for example, if

the woman carries an aberrant RHD allele, which is associated with an

RhD negative phenotype or a very weak RhD variant (e.g., DEL). In

these cases, which are rare or of low frequency, it is still possible to

recommend universal antenatal anti-D prophylaxis, and the low rates

of variants do not impact on the effectiveness of foetal RHD screening

programs [45]. However, the development and validation of assays

with respect to these RhD variants are encouraged for non-Caucasian

populations. In general, laboratories and manufactures should always

describe the assay limitations related to variants.

Analytical detection limit

For the determination of the analytical detection limit of a new NIPT

RhD assay, World Health Organization (WHO) reference material is

commercially available (Product Number 07/222, National Institute

for Biological Standards and Control [NIBSC], Potters Bar, Hertford-

shire, United Kingdom) [46]. After DNA extraction, a dilution series

(1-in-2) of the DNA should be tested with four replicates of each dilu-

tion. The dilution 1-in-2 must test positive in all four replicates; the

results from higher dilutions are part of the validation dossier and fur-

ther characterize the assay. Additional calculations of detection limit

may be useful to assess a theoretical detection limit of the whole

setup [47].

Measuring range and linearity

The WHO reference material is not suitable for the determination of

measuring range and linearity because the concentration of RHD spe-

cific nucleic acids is too low for this purpose. Suitable material is RHD

positive DNA (preferably from leukocytes from a hemizygous donor)

spiked into RHD negative ethylenediaminetetraacetic acid (EDTA)

plasma at a concentration of 100 ng/ml. A semilogarithmic dilution

series is made with DNA in H2O and then spiked into RHD negative

plasma before DNA extraction. Each dilution point must be tested

with three PCR replicates. A concentration of ≤500 pg/ml plasma

must test positive in all three replicates.

Precision

The intra-assay precision should be analysed using a plasma-pool from

RHD negative pregnant women with RHD positive foetuses. The

intra-assay precision can be determined in one run with at least eight

aliquots of this plasma pool. For real-time PCR, the coefficient of vari-

ation for intra-assay precision of cycle threshold (Ct)-values should

be ≤5%.

In order to determine the inter-assay precision, a plasma pool as

described above is required. In three different runs on three different

days, three aliquots of this plasma pool must be tested (in total nine

aliquots). Different technicians should perform these tests. For

real-time PCR, the coefficient of variation for inter-assay precision of

Ct-values should be ≤5%.

T AB L E 1 Summary of requirements for the validation of assays
with the intended use to determine the foetal RHD status from
maternal blood

Diagnostic sensitivity

and specificity

1000 specimens for a new technology; at

least 100 specimens for a well-validated

and published technology

Requirement for

specimen

validation

Plasma from D negative pregnant women,

10–29 weeks, including a general

documentation of collection tube type,

transportation time and conditions in the

validation report

Analytical sensitivity Dilution series (1-in-2) WHO reference

material (NIBSC 07/222) in four

replicates, the dilution 1-in-2 must test

positive in four of four replicates

Measuring range and

linearity

A dilution series (0.5 log) from 100 ng/ml

RHD positive DNA spiked into RHD

negative plasma, tested in three

replicates, the concentration ≤500 pg/ml

plasma must test positive in three of

three replicates

Intra-assay precision Eight replicates from a plasma pool, obtained

from RHD negative pregnant women

with an RHD positive foetus, tested in

one run

Inter-assay precision Nine replicates from a plasma pool, obtained

from RHD negative pregnant women

with an RHD positive foetus, tested in at

least three runs on three different days

The tests should be performed by different

technicians

Robustness Three runs, 12 samples per run, six RHD

positive and six RHD negative samples,

respectively, from patients or blood

donors
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Robustness

There are different options to characterize the robustness of diagnos-

tic assays. Therefore, the laboratory or the manufacturer must decide

how this topic is addressed. However, experiments designed to evalu-

ate the contamination risk are mandatory. Three subsequent runs with

at least 12 samples each should be performed. Every run should com-

prise at least six plasma samples from RHD positive and six plasma

samples from RHD negative patients or blood donors in a checker-

board pattern.

Quality assurance

A diagnostic laboratory offering the determination of the foetal RHD

status from maternal blood requires a quality management

(QM) system. As part of a total QM system, each shipment of a new

lot of reagents must be tested with controls. Recommendations for

the storage of reagents are published [15].

If IVD products issued for testing the foetal RHD status are

assigned to Annex II of Directive 98/97/EG or risk class D of IVDR

2017/746, lot-specific testing and release by a notified body is

required [2]. If placed under class C, lot-specific testing and release by

a notified body is not required.

Pre-analytics in routine operation

In general, pre-analytic issues need to be carefully assessed as pre-

analytical steps may affect the assay sensitivity. The interval of time

between venipuncture and separation of plasma from blood cells

should be as short as possible when using EDTA tubes and should

preferably not exceed 5 days [41]. However, each laboratory

should perform their own evaluation of the allowed time duration

under the specific transportation conditions used by the individual

laboratory. Each laboratory should also perform its own evaluation of

storage conditions as well as sample tubes used. For haemolytic speci-

mens, a reduced sensitivity has been described; therefore, plasma

needs to be visually checked for haemolysis signs before nucleic acid

extraction [41, 42].

Controls in routine operation

It is preferable to use a system for run control for monitoring the

extraction efficiency as well as having a control system for amplifica-

tion efficiency. Various solutions can be selected, and ultimately, each

laboratory will have to decide upon a solution that is practical and

efficient according to their setup.

For a run control, the recommendation is to collect the remaining

plasma from blood tubes after testing for foetal RHD and produce a

plasma pool in order to use aliquots of this pool, preferably in every

run [20]. Due to the smaller fragment size of cfDNA [48], it is

inappropriate to use plasma from RhD positive individuals or plasma

from RhD negative individuals spiked with RHD positive leukocyte

DNA. The trend of the run control’s amplification signals can be

assessed in order to recognize a decreasing analytical sensitivity. The

extraction and amplification efficacy should be analysed in each sam-

ple by detecting a known target sequence. Maternal, foetal or artificial

(added to the specimen or the first extraction buffer) target sequences

are appropriate. Recommended measures for quality assurance in rou-

tine operation are presented in Table 2.

As a test of reproducibility, the laboratory should participate in an

external quality assurance (EQA) scheme. An international scheme has

been running as a workshop [49–51]. EQA is now offered from the

Danish EQA organizer DEKS. If no EQA is offered on a national level,

blinded samples can be exchanged with another laboratory at least

once a year.

Assays for non-invasive prediction of foetal blood
group status in immunized women

For immunized women, non-invasive prenatal genotyping of foetal

gene targets can predict antigen positivity, assisting in the manage-

ment of immunized pregnant women. The prediction of foetal anti-

gens helps clinicians to verify the diagnosis and plan for timely

treatment.

However, there is some degree of variation in how the knowledge

of the foetal blood group status is used in the management of the

immunized women. It may have a direct impact on indication of treat-

ment and how the pregnant woman is further monitored, or it may

have a less direct impact where knowledge of the foetal blood group

status is merely a contributing component to the diagnosis, combined

with other indications including antibody titres and ultrasound, and

further monitoring of the pregnant woman will continue unchanged

T AB L E 2 Quality assurance in routine operation

Transportation

time

As short as possible, preferably ≤5 days from

blood sampling until plasma separation

Test for

confounding

factors

Visual inspection for haemolysis before nucleic

acid extraction

Positive run control One plasma pool from RHD negative pregnant

women with RHD positive foetuses

per runa

Negative run

control

One plasma from RHD negative individual/

plasma poolb

Extraction/

amplification

control

Either a human housekeeping gene or a

heterologous DNA fragment is present

during DNA extraction and amplification/

detection

aThe use of a plasma pool is recommended, not required. If not feasible, an

RHD positive DNA control is mandatory, preferably diluted to a

concentration of RHD positive DNA close to the detection limit.
bThe use of a plasma pool is recommended, not required. If not feasible,

an RHD negative DNA control is mandatory.
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or only slightly decreased. Therefore, depending on each country’s

management regime, an overall risk assessment is difficult. Still, a

false-negative result may convey the risk that a pregnancy is not prop-

erly monitored, and a potentially affected foetus may not be discov-

ered and treated in a timely manner. Hence, the risk associated with

immunized women concerns the health of the foetus rather than the

risk of immunization of the woman as in the context of screening

non-immunized pregnant RhD negative women to guide targeted

prophylaxis.

The issue of risk classification for immunized women has been

discussed by the author group. There are different opinions as to

whether testing of immunized women should be placed under risk

class C or D according to EU regulations. This relates to different

opinions as to how these women should be monitored. Overall, two

opinions are prevailing: One placing the testing under class C, where a

high level of monitoring is continued despite predicting the foetus to

be at no risk of HDFN, and one placing the testing under risk class D,

where monitoring of the pregnant woman is substantially decreased

or even discontinued when the foetus is predicted to be at no risk. In

addition, some favour risk class D because the risk concerns the foe-

tus, whereas others favour risk class C. Outside of Europe, in

Australia, the risk classification is class 3, equivalent to the EU class C.

In addition, several different techniques are used for testing of

immunized women, unlike the almost universally used real-time PCR

for foetal RHD genotyping of non-immunized RhD negative women.

These techniques include real-time PCR [52, 53], real-time PCR with

various modifications [54, 55], matrix-assisted laser desorption/ioniza-

tion–time of flight (MALDI-TOF) mass spectrometry [56], targeted

DNA sequencing [57–60] and Droplet Digital PCR [61]. Furthermore,

unlike foetal RHD genotyping of non-immunized women, the number

of cases of immunized women are often much lower and quite rare

for antigens other than RhD. Consequently, the number of published

cases and protocols is small compared to foetal RHD screening as

guide for targeted prophylaxis [1].

Therefore, validation of these assays is more challenging,

although validation of assays for immunized women can be done

using samples from non-immunized women when tested at equivalent

gestational age as expected from clinical samples.

We recommend that the risk class decision for assays intended

for non-invasive prenatal testing of foetal blood groups in immunized

women should be taken locally depending on the jurisdiction of each

country, relating to each country’s regime for management of immu-

nized women. The validation and quality assurance should generally

follow the same principles as recommended for foetal RHD status. We

recommended that manufacturers put specific claims on their NIPT

products, with respect to the need of further monitoring of

alloimmunized women if the foetus has been tested antigen negative.

For immunized women, it must be possible to convey a clinical

test result from an assay that has been tested only with a low number

of clinical cases. In a clinical setting, we recommend that clinicians

should be informed of this low number of cases, so that results are

warranted by the number of samples tested and clinicians made aware

that caution should be taken for result interpretation. A strategy of

re-testing can be applied for cases with a negative result to ensure

two independent negative results as basis for concluding a foetal

blood group status and, thus, no risk of HDFN. In addition, the use

of foetal DNA controls to show the presence of foetal DNA in case

of a negative blood group genotyping result is strongly rec-

ommended [62].

DISCUSSION AND CONCLUSION

Non-invasive foetal RHD genotyping has become a standard part of

antenatal care for RhD negative women in many countries. Foetal

RHD genotyping screening programs allow RhD negative women

carrying a compatible (RhD negative) foetus to avoid unnecessary

administration of prophylactic RhIg and thus avoid exposure to a

blood-derived product as well as conserve the valuable RhIg for ratio-

nal use. NIPT RhD represents one of the first clinical applications of

cell-free foetal DNA and has been used as a clinical tool for almost

20 years [63]. High assay performance of real-time PCR assays has

been extensively documented in the literature [7, 12–25], exemplify-

ing the large experience with this assay. In contrast, assays for women

immunized to blood group antigens other than RhD are reported in

smaller numbers in the literature due to the rarity of cases [1].

The risk assessment of the immunization risk in the context of

targeted routine antenatal anti-D prophylaxis programs is found to be

in a different category when compared to the immunization risk in the

context of blood transfusion. In addition, it can be argued that non-

invasive foetal blood group genotyping serves different clinical pur-

poses for immunized and non-immunized women, where the risk in

immunized women concerns the foetus and the risk in non-immunized

women concerns foremost the women (and only later the foetus, if

the woman becomes immunized and initiates a new pregnancy). Con-

cerning the potential risk associated with prophylaxis, demanding less

strict requirements for assays intended for screening non-immunized

RhD negative women will help advance the implementation of screen-

ing programs and targeted prophylaxis, thereby avoiding unnecessary

treatment and thus overall decreasing the potential risk associated

with prophylaxis.

In relation to the EU regulation, we, the leading experts in the

field, do not agree that all assays for non-invasive prenatal testing of

foetal blood groups should be placed under risk class D. We, thus, dis-

agree specifically with the corrigendum of 2019 [10]. Alternatively,

we recommend at least placing non-invasive foetal RHD genotyping

under risk class C, when applied as a screening of RhD negative non-

immunized pregnant women to guide targeted prophylaxis.

We have presented specific recommendations for assay valida-

tion in terms of performance evaluation, analytical detection limit,

range and linearity, precision, robustness, quality assurance, pre-

analytics and use of controls in routine testing. These recommenda-

tions are endorsed by expert colleagues and the cfDNA subgroup of

the ISBT RCIBGT working party. The resulting recommendations are

designed to ensure appropriate assay performance and applicability

for safe clinical use.
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COMMEN TAR Y

Seventy years of haemophilia care: A personal perspective

INTRODUCTION

Having lived for over 70 years with severe haemophilia A, I have

taken up the challenge to portray not only my life with haemophilia

but also my career in haemophilia and patient advocacy. The result

has been a book named, Surviving Hemophilia, A Road Trip Through the

World of Healthcare. This commentary is an excerpt of the memories,

emotions and experiences contained in the book.

MY EARLY HAEMOPHILIA YEARS

Luckily enough, soon after my birth in 1951, I was quickly diagnosed with

a spontaneous form of severe haemophilia A. At the same time, my par-

ents were told that I would not grow old, maybe I would reach the age

of 20, maybe 30, as there was no effective treatment. Despite this per-

spective, my parents never patronized me and tried to give me a carefree

youth. After a couple of life-threatening bleeds, my physician proposed

to treat me with growth hormones. I was 6 years old. This turned out to

be an experimental treatment with di-ethyl-stilbestrol (DES), introduced

by the French doctor Raymond A. Turpin in the late 40s. At that time,

DES was used as a medication for a variety of female reproductive prob-

lems and to inhibit growth in adolescent girls. DES caused dreadful

anomalies in women and their offsprings; as for me, DES inhibited my lin-

ear growth at 1.45 m. This was one of the drastic experimental treat-

ments for haemophilia in the days when there was no treatment at all. I

also took part in a more innocent experiment, the use of peanuts or pea-

nut extract, a therapy developed by H. Bruce Boudreaux who himself

had haemophilia. Both therapies did not have any positive outcome.

A SPRING OF HOPE

The real turnaround moment for haemophilia treatment came when Judith

Pool described how to isolate blood plasma concentrates that contained

more Factor VIII on a volume basis than fresh plasma. In 1967, I received

my first infusion with Factor VIII concentrates. This had an unexpected

effect; I became stuffy and could hardly breathe. I thought I was going to

die. I was lying in a single room with the door closed; I tried to scream, but

that was impossible because of my thick throat. Luckily enough, a nurse

entered my room, she saw what was going on, and I guess she reduced the

infusion speed. It was an allergic reaction; I never again had one that serious.

PROPHYLAXIS AND HOME TREATMENT

Gradually, my physician thought that a regular dose of Factor VIII could

avoid most of my spontaneous bleeds, and prophylaxis entered my life.

It was soon to be followed by transfusions at home that solved my nee-

dle fear, one of my early anxieties. I got a normal, regular life and even

sports came within reach. In the mid-70s, the Italian doctors Pier Man-

nucci and Zaverio Ruggeri introduced a winter sport holiday for

haemophilia families in the Italian Dolomites. My Dutch haematologist

Jan Wouter Ten Cate thought they were crazy, but they invited him to

take part in such a holiday. Jan Wouter Ten Cate asked me instead and

since then, I enjoyed cross-country skiing together with families of the

Italian Haemophilia Society for almost 40 years. Winter sports had been

unimaginable for me, for my parents and my doctors. The confidence

everyone with haemophilia gained from this experience reflects the free-

dom and emancipation of the haemophilia community in those years.

THE WINTER OF DESPAIR

All feelings of optimism and freedom disappeared with the viral infec-

tions caused by hepatitis C virus (HCV) and human immunodeficiency

virus (HIV) in the late 70s and 80s. In the end, these virus infections

caused a winter of despair in the international haemophilia community

with many thousands of HCV and HIV transmissions. Without an

effective treatment for HIV, almost all HIV-infected people with

haemophilia died. Early HCV treatments were little effective; only

recently, there is a real therapy to treat HCV. For many people with

haemophilia, this treatment came into existence too late. They either

died or lived with severe liver damage.

COMORBIDITY IN OLDER PEOPLE
WITH HAEMOPHILIA

Untreated bleeding episodes caused joint damage already in my early

life, and experimental treatment limited my growth. I was infected
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with HCV and HIV, and side-effects of HIV treatment resulted in seri-

ous renal complications. I am now a typical example of an ageing

man with haemophilia and complex comorbidity. This results in my

extensive network of healthcare contacts (Figure 1). The combina-

tion of the needle phobia from my childhood, together with comor-

bidity and polypharmacy issues, creates for me the phenomenon of

the ‘fear factor’, the lack of control when you are hospitalized and

when you need medical treatment from physicians who are less

familiar with haemophilia. An additional fear is related to my ageing

process. I experience my health situation as fragile and easily

unbalanced.

COMMERCIALISM OVER VOLUNTARISM

There are some less beautiful sides of haemophilia care and plasma

supply. These are the focus of the pharmaceutical industry on profits

and the negligence to create a safe blood policy. It is less known that

Judith Pool wrote a letter to the Nixon administration about the new

US national blood policy. She wrote in 1974: ‘My concern […] is that

it in no way requires or even encourages the use of volunteer blood

for this purpose but assumes a continuation of the dangerous, expen-

sive, wasteful, and unethical purchase of plasma by pharmaceutical

houses to provide such therapeutic material’. Another memorable

moment in time can be found in the famous book Journey, published

by Suzanne and Robert Massie in 1976. They described the battle

between Hyland/Travenol (now Takeda) and the American Red Cross

over the production of Factor VIII concentrate, a battle that was won

by Hyland/Travenol. The Massies consider this as a great loss for the

system of solidarity and the voluntary non-remunerated blood and

plasma donation. A third striking and neglected fact in the 70s is that

the plasma industry ignored that their own factory workers fell ill with

hepatitis [1].

A FORESEEABLE DISASTER

The tainted blood history shows that somewhere on this road, people

not only ignored an orange, but even a red light. Persons in charge

within the international haemophilia community focussed on the avail-

ability of Factor VIII to meet demands, while people with haemophilia

embraced the freedom they got from their medication. No one wanted

to lose these acquired rights. In the 1970s, the plasma fractionation

industry knew the dangers of hepatitis viruses in the plasma supply.

Even some of their employees warned for these contaminations. This

makes it unacceptable to speak of a ‘tragic incident’ in haemophilia his-

tory. Tainted blood was a foreseeable disaster. Numerous accusations

have been made against national governments and are still being made

in the Infected Blood Inquiry in the United Kingdom [2]. Until now, the

international plasma industry has escaped an investigation into the

causes of their plasma procurement process and its inadequacies in

the 70s and 80s. People with haemophilia and their families still experi-

ence the burden of this tragedy. Many died and, those who survived

live with ill health for more than 40 years.

A NEW SPRING OF HOPE

The voluntary blood and plasma sector never succeeded in getting con-

trol over the blood and plasma supply. On the contrary, the haemophilia

market is now a booming business with more than 60 companies active

in a billion-dollar market. Plasma concentrates for haemophilia have been

replaced by recombinant products, extended half-life products, factor-

replacement therapies and gene therapies. For people with haemophilia,

new therapies cause uncertainties, while existing products have its rela-

tively unease like intravenous access. Unfortunately, people in three

quarters of the world still have no access to haemophilia therapy because

of the price of the haemophilia products and its relative scarcity.

F I GU R E 1 An example of healthcare contacts’ network of an ageing man with haemophilia
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GLOBALISM OVER SELF-RELIANCE

For other plasma products, especially immunoglobulins, the world

is dependent on the large paid plasma donor pool in the United

States. This plasma pool is no longer owned by US-based plasma

collection centres but by large international pharma companies.

National blood transfusion services gradually lost their share on

this market. European countries permitted the selling of their

plasma factories, BPL UK and Biotest in Germany, to China’s

Creat. It shows that globalism has become a dominant factor in

the blood and plasma industry and supersedes nation’s historical

principle of self-sufficiency. At present, dealing with COVID-19,

we experience the impact of globalism on our health care. It is a

situation that was to be foreseen when we look at the history of

haemophilia treatment. History does not repeat itself, but it often

rhymes.

COROLLARY

I am glad I have survived these 70 years living with haemophilia, and I

must acknowledge that I could have never come this far without sup-

port. A large group of professionals, doctors, nurses, my friends, my

parents, my family, my partner and her children have always been at

my side. I am also grateful to the many donors in the Netherlands

who voluntarily donate their blood plasma.
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Abstract

Background and Objectives: Umbilical cord blood (UCB) donation is a behaviour pro-

moted by many countries’ health systems. However, UCB donation is not a wide-

spread behaviour among expectant mothers, and little is known about the reasons

that may lead to it. The aim of the present study was to analyse the contribution of

Theory of Planned Behaviour (TPB) variables among both primiparous and multipa-

rous women in predicting intention to donate UCB.

Materials and Methods: Three hundred seventy-six expectant mothers completed

questionnaires that captured sociodemographic data, parity, previous donation, atti-

tudes, subjective norms, perceived behavioural control (PBC) and intention to donate

UCB. Multigroup analysis structural equation modelling was conducted using Mplus

(version 8.02).

Results: Multigroup path analyses showed that intentions were strongly predicted by

subjective norms and moderately predicted by positive attitudes and PBC in both pri-

miparous and multiparous women. TPB constructs explained 71% of the variance in

intentions for both groups.

Conclusions: Future interventions to increase intention to donate among primiparous

and multiparous women could primarily consider the influence of partner and signifi-

cant others in determining positive intentions and secondarily target increasing posi-

tive attitudes and perceptions of control.

K E YWORD S

donor motivation, donors, embryonic stem cell

INTRODUCTION

Umbilical cord blood (UCB) banking consists in the collection and stor-

age of the UCB from the placenta and umbilical cord, soon after child-

birth [1] to preserve potentially life-saving cells that are usually

considered medical waste [2, 3]. Cord blood transplantation is consid-

ered a valid alternative treatment in haematologic diseases (malignant

and non-malignant), primary immunodeficiencies and metabolic disor-

ders [4, 5], especially in the case of scarce probability of having a

compatible donor [5]. Moreover, clinical studies have proved the plu-

ripotent nature of cord blood cells [6, 7], highlighting a wide range of

possible clinical applications in neonatology [6, 8], regenerative medi-

cine and immune modulation [9]. UCB can thus be used in the treat-

ment of various life-threatening diseases such as leukaemia, cerebral

palsy, neonatal hypoxic–ischaemic encephalopathy and diabetes.

UCB can be stored either in a public bank for allogeneic use (avail-

able to anyonewhomight be compatible) or in private banks for autolo-

gous or family use [1]. Several European and US professional
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organizations and institutions [10] support and promote the donation

of UCB to public institutions for altruistic and solidarity purposes

(e.g., patients needing transplantation will be able to rapidly find a

matching donor), since the use of cord blood stored in private cord

blood banks for autologous use rarely occurs [11]. Although in the pre-

vious two decades, many public banks for allogeneic use have been

established in Italy, actual donations remain very low, with only 2.2% of

parents donating the cord blood to a public cord blood bank [12]. There

are several possible reasons for the current low cord blood donation

rates. For instance, although women and/or couples are aware of the

possibility of donating UCB, they may either have little knowledge of

donation possibilities or the procedures to be followed or even be

unaware of the uses of UCB [13, 14]. In the view of these premises, it

seems particularly relevant to understand the factors that influence

expectant parents’ decisions to donate cord blood, as this may be

essential for encouraging donation.

Considering demographic factors, results of previous studies indi-

cated that educational level and age are positively associated with

UCB donation [5, 15, 16], while mixed results are reported on what

concerns household income [4, 16].

Although a growing number of studies highlighted the role of psy-

chosocial factors in explaining, predicting and promoting different

donation behaviours [17, 18], research on UCB donation is still very

limited with only a few studies highlighting a positive association

between attitudes and UCB donation [19, 20].

One of the most frequently applied models for predicting donation

behaviours and social behaviours, in general, is the Theory of Planned

Behaviour (TPB) [21]. In the TPBmodel, the most proximal determinant

of behaviour is considered intention to perform that behaviour [21]. In

turn, intentions are determined by attitudes (i.e., an evaluation or

appraisal of the behaviour as favourable or unfavourable), subjective

norms (i.e., perceived social pressure and expectations from significant

others to perform the behaviour) and perceived behavioural control

(PBC) (i.e., howmuch control individuals believe they have over the per-

formance of the behaviour) [21, 22].

Considering the TPB in the more general context of blood dona-

tion, a systematic review reported that the model explained between

31% and 72% of the variance in blood donation intentions and between

54% and 56% in blood donation behaviour [17]. Across the studies, atti-

tudes towards blood donation, subjective norms and PBC significantly

predicted intention to donate blood, being the influence of subjective

norms on intentions less consistent [17]. Furthermore, PBC had the

strongest effect in predicting intentions to donate blood [17]. Similarly,

in a meta-analytic review [18] including 37 studies on blood donation

intentions and 24 predictive studies on blood donation behaviour,

intentions had the strongest associations with donation behaviour. In

addition, large positive effects were found for attitudes and PBC in

predicting intentions, while a medium positive association was

observed for subjective norms [18]. Past donations were also positively

associated with both intention to donate and donation behaviour [18].

Despite the successful use of the TPB in the context of blood

donation [17, 23], to the best of our knowledge, only one study inves-

tigated the prediction of cord blood donation within this framework

[24]. In this study, attitudes, normative beliefs, subjective norms,

awareness and behaviour control were all considered predictors of

women’s intention to donate cord blood, explaining together 52%

of the variance for intention to donate. However, it is not possible to

infer the contribution of each of these constructs in this study, as the

regression coefficients were not reported by the authors and

the results were only summarily described [24]. Other studies have

considered only some of the TPB variables [19, 20]. For example, Kim

and colleagues [19] examined the knowledge and attitudes of early

post-partum women about storage, donation and disposal of their

cord blood, as well as sociodemographic factors influencing cord

blood donation, and found that knowledge, attitudes, income and

source of information influenced cord blood donation. None of these

studies has been conducted in the Italian context.

Based on these premises, the present study aims at extending

previous research on the predictors of the intention to donate UCB

considering primiparous and multiparous Italian women using the

well-established theoretical framework of the TPB.

METHODS

Participants

Three hundred seventy-six pregnant women in the third trimester of

pregnancy participated in the study. To be included, women had to be

in the last semester of pregnancy and be fluent in Italian. Eleven par-

ticipants with pathologies precluding the donation of UCB were

excluded from the study. A total of 365 participants remained.

Procedure

Expectant mothers were recruited through a variety of means

(e.g., information centres for maternity and birth, family associations,

cultural and sports associations). Participation in the study was anony-

mous and voluntary, and no incentives or payments were offered. The

survey was administrated as an online questionnaire. First, participants

read and signed a consent form and then were asked to provide their

email address. Afterwards, participants received an email containing a

personal code and the web link to access the online questionnaire, to

which they had access only through that same personal code. The study

was approved by the Ethical Committee of the Department of Psychol-

ogy of ‘Sapienza’University of Rome (Prot. 001066).

Measures

The questionnaire, in addition to sociodemographic information (age,

parity, gestation month, current relationship, education level of the

expectant mother), included a question evaluating potential illnesses

precluding UCB donation (e.g., autoimmune diseases, infectious dis-

eases, etc.). Before starting to answer the questionnaire, women were
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asked if they were aware of the possibility of donating or conserving

UCB. All these questions were answered on a dichotomous scale

(yes/no).

Theory of planned behaviour

Regarding the formulation and scaling of the TPB variables, we

followed the questionnaire construction recommendations of Fishbein

and Ajzen (2010) [25]. The items used to measure the TPB constructs

are listed in Appendix S1.

Attitudes towards UCB donation were assessed using a combination

of outcome beliefs measured by 10 semantic differentials: ‘Donate the

blood cord of my baby would be for me…’ ‘useless–useful,’ ‘difficult–
easy,’ ‘disappointing–rewarding,’ ‘senseless–sensible,’ ‘disadvantageous–
advantageous,’ ‘unsatisfactory–satisfactory,’ ‘wrong–right,’
‘stupid–wise,’ ‘unnerving–reassuring’ and ‘expensive–economical.’ Items

were scored on a 7-point Likert scale. Cronbach’s alpha resulted in 0.91.

Subjective norms regarding UCB donation were measured using a

combination of normative belief measures and motivation to comply

measures. Subjective norms were measured through five items rated on

a 7-point Likert scale, ranging from completely disagree (1) to completely

agree (7). Example of items were as follows: ‘Most people who are

important to me think that I should donate the cord blood of my baby’
and ‘My partner would approve….’ Higher scores correspond to higher

perceived social approval. Cronbach’s alpha resulted in 0.90.

PBC over UCB donation was measured using a combination of

control belief measures and power items. PBC was assessed with

three items: ‘Suppose you decide to donate your baby cord blood.

How easy or difficult do you think it will be?’, ‘very difficult’ (1) to
‘very easy’ (7). ‘Deciding to donate the cord blood of your baby is…’
‘not at all up to me’ (1) to ‘completely up to me’ (7) and ‘How much

control do you feel you have over your decision to donate your baby

cord blood?’ ‘not at all under my control’ (1) to ‘completely under my

control’ (7). Items were scored on a 7-point Likert scale with higher

scores representing greater PBC over cord blood donation.

Cronbach’s alpha resulted in 0.95.

Mothers’ intention to donate cord blood was measured through

five items. An example of an item was ‘Do you intend to donate your

baby cord blood?’ ‘I definitely do not’ (1) to ‘I definitely do’ (7). The
remaining items asked participants how strongly they wanted to

donate, how likely it was for them to though about donate and how

much they would like to donate. Items were scored on a 7-point Likert

scale with higher scores indicating stronger intentions to donate.

Cronbach’s alpha resulted in 0.95.

Past donation/storage for primiparous/multiparous woman was

evaluated through a dichotomous question (yes/no).

Data analysis

Descriptive analysis was conducted with the statistical program

SPSS for Windows version 25.0 (IBM Corp, Armonk, NY). Data are

reported as mean � standard deviation (SD). Categorical data are

reported as counts and percentages. To estimate the hypothesized

model, we used Mplus (version 8.02, Muthén & Muthén, Los

Angeles, CA) [26] with the Satorra and Bentler [27] scaled

chi-square statistic (SBχ2) and robust standard errors, which takes

T AB L E 1 Participants sociodemographic characteristics (N = 365)

Primiparous Multiparous

(n = 275) (n = 90)

N % N %

Months of gestation

Seventh 85 30.9 18 20.0

Eighth 101 36.7 42 46.7

Ninth 88 32.0 28 31.1

Tenth 1 0.4 2 2.2

Education level

Primary school — — 1 1.1

Middle school 30 10.9 17 18.9

Higher school 122 44.4 50 55.6

Degree 123 44.7 20 22.1

Missing — — 0.5 2.2

Current relationship

Married 142 51.6 59 65.6

Cohabitant 119 43.3 30 33.3

Have a partner (not cohabitant) 14 5.1 1 1.1

Mean age (SD) 31.22 5.24 33.09 5.63

Abbreviation: SD, standard deviation.
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into account the non-normal distribution of the data (Mplus

estimator = MLM). According to a multifaceted approach to the

assessment of model fit [28], the following criteria were employed

to evaluate the goodness of tested models: the Satorra–Bentler χ2

likelihood ratio statistic supplemented by the comparative fit index

(CFI) and the root mean square error of approximation (RMSEA),

with associated confidence intervals. The significance value of χ2 is

sensitive to large sample sizes and easily produces a statistically

significant result [29]. Values of RMSEA < .08 and CFI > .90 were

considered acceptable [30].

Multiple-group structural equation modelling was used to investi-

gate measurement invariance across the two groups (primiparous and

multiparous) [26]. In our approach, the equivalence across the two

groups was tested as follows: after evaluating the configural model,

each level of invariance was evaluated separately for groups and then

simultaneously. The complete sequence of models is shown in

Table 3. Overall, configural, metric, scalar and strong invariance [31]

were evaluated. The plausibility of the equality constraints implied by

the different models was examined with the Satorra–Bentler SB⊿χ2

difference test between nested models (i.e., the sex constrained

model vs. the unconstrained model [32]).

RESULTS

The final sample was composed of 365 participants, with a mean age

of 31.67 (SD = 5.39; age range = 18–44). Primiparous constituted

75.3% (n = 275) of the sample. Sociodemographic characteristics for

the entire sample are reported in Table 1. The vast majority of respon-

dents reported being aware of the possibility of donating or conserv-

ing UCB (97.5%). Considering past UCB donation, only 2.7% had

previously donated UCB (n = 10).

Correlations

Table 2 presents the descriptive statistics and the zero-order correla-

tions among the mean scores on the overall measures of attitudes,

subjective norm, PBC, past behaviour and behavioural intention. All

correlations resulted significant and in the expected direction, except

for those involving past behaviour in the multiparous group. Indeed,

past behaviour resulted uncorrelated with all of the variables included

in the model. It was, thus, decided to remove this variable from all

subsequent structural equation models.

T AB L E 3 Model fit and comparisons

Title SBχ2 scr df CFI RMSEA (95%CI)

M1. Unconstrained model 862.416 1.20 448 0.926 0.074 (0.067, 0.082)

M2. Equal loadings 881.717 1.21 467 0.926 0.073 (0.065, 0.080)

M4. Equal structural paths 885.133 1.21 470 0.926 0.073 (0.065, 0.080)

SB⊿χ2 ⊿df p

M2 versus M1 22.12 19 0.28

M3 versus M2 3.42 3 0.31

Abbreviations: CFI, comparative fit index; CI, confidence intervals; RMSEA, root mean square error of approximation.

T AB L E 2 Zero-order correlations among study variables

Multiparous ATT NS PBC INT PB Mean SD

ATT 1 6.20 1.42

NS 0.56** 1 4.52 2.28

PBC 0.19* 0.30** 1 5.57 1.99

INT 0.52** 0.66** 0.44** 1 4.62 2.18

PB 0.05 0.05 �0.03 0.04 1 0.87 0.38

Primiparous ATT NS PBC INT PB Mean SD

ATT 1 6.07 1.66

NS 0.66** 1 4.68 2.32

PBC 0.39** 0.45** 1 5.43 1.99

INT 0.69** 0.87** 0.52** 1 4.95 2.32

PB — — — — — —

Note: **p < 0.01; *p < 0.05.

Abbreviations: ATT, attitudes; INT, behavioural intention; NS, subjective norms; PB, past behaviour; PBC, perceived behavioural control; SD, standard

deviation.
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Structural equation analysis

Our theoretical model was tested as a multiple-group structural equa-

tion model simultaneously on primiparous and multiparous groups. In

this model, attitudes, subjective norms, PBC and behavioural intention

were specified as latent variables saturated, respectively, by 10, 5, 3

and 5 items. Parameters were all freely estimated across groups with

no restriction imposed. As reported in Table 3, this model fitted the

data very well. Following standard procedures, first, across-group

invariance was imposed on factor loadings and then on structural

regression paths. Overall, these constraints did not change the fit of

the model (See Table 3, bottom part). The final model with all restric-

tion included is represented in Figure 1, panels (a) and (b). Overall,

behavioural intention was strongly predicted by subjective norms,

F I GU R E 1 The hypothesized model with completely standardized estimates for (a) multiparous and (b) primiparous
Note: ATT, attitudes; PBC, perceived behavioural control; INT, behavioural intention; SN, subjective norms
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moderately predicted by attitudes and PBC. Subjective norms and

attitudes were strongly correlated, whereas there were moderate cor-

relations between subjective norms and PBC and between attitudes

and PBC. Explained variance was high (R2 = 0.71 in both groups).

DISCUSSION

Stemming from the TPB, the aim of the present study was to explore

the extent to which attitudes, subjective norms and PBC influence the

intention to donate UCB in Italian primiparous and multiparous preg-

nant women [21].

For decades, TPB has been applied to effectively explain, predict

and promote blood donation behaviour [17, 18], but, surprisingly, only

one study used this framework to predict blood cord donation [24].

The present study findings extend previous research in the Italian

context supporting the robustness of the TPB model in explaining

blood cord donation intentions. The fit indices across the cross-

sectional analyses confirmed the model structure both in primiparous

and multiparous women and the invariance across the two groups.

Together, the variables included in the TPB model explained 71% of

the variance in intentions to donate UCB in both samples, with sub-

jective norms being the strongest determinant of intentions and atti-

tudes and PBC significantly contributing to explaining intentions both

in primiparous and multiparous women. This amount of explained var-

iance is consistent with the results reported in other studies on blood

donation [17]. Unfortunately, regarding cord blood donation in spe-

cific, further comparisons are limited, since Natan’s study [24] suffers

from a few methodological issues, namely because items were ill-

defined and regression results were only partially reported.

Differently from previous studies on blood donation [17, 18], it

seems that subjective norms play a stronger role in determining inten-

tions in the present study. The direction of the path from subjective

norms to intention was positive, implying that higher perceived social

approval for cord blood donation results in higher intention for UCB

donation. This finding is not surprising considering that blood cord dona-

tion is generally a shared decision within a couple and that subjective

norms also encompassed a partners’ approval measure. In fact, previous

studies showed that pregnant women consider their husband/spouse to

have a key role in the decision about cord blood donation [4, 33]. Based

on these findings, it would be desirable that future studies should also

include the perspective of the partner and partner–actor interactions in

determining blood cord donation intentions. Other explanations for this

finding are also possible, such as the fact that although cord blood dona-

tion is well known, the women underline the need of knowing more clear

procedures on cord blood banking processes [34] and turn to relevant

others to form their intentions. Moreover, consistently with other studies

on blood donation [17, 18], attitudes and PBC were also found to have a

predictive role on intended behaviour donation.

Some practical implications can be drawn based on the present find-

ings. Interventions directed towards raising UCB donation intentions

may need to target relevant others (partner, families and health profes-

sionals) as their opinion may influence expectant mothers intentions.

Interventions should also consider increasing positive attitudes towards

cord blood donation and enhance women’s perceptions of control over

this behaviour. Targeting these constructs may be particularly relevant,

given that cognition-based interventions have been shown to be effec-

tive in other contexts, such as blood donation [35]. Although the present

study did not consider whether expectant mothers were counselled by

health care providers to donate their cord blood, future studies could

examine whether perceptions of control and social pressure change as a

result of the counselling sessions received.

For example, educational interventions and motivational inter-

views to decrease ambivalence and resistance towards UCB donation

may be considered as means to increase intentions to donate.

The present study has some limitations that need to be acknowl-

edged. First, despite the fact that assessing UCB donation behaviour

would have been optimal, it is important to note that only 2.2% of

women donates UCB in Italy donate UCB [12], similar to other coun-

tries [36, 37]. Therefore, a much larger initial sample would have been

necessary to estimate the intention–behaviour pathway. Neverthe-

less, we know from previous studies and meta-analyses on TPB that

intentions generally range from 13.8% to 29% for different health

behaviours (e.g., physical activity, diet, breastfeeding, safe sex, absti-

nence from drugs) [38, 39] and from 19% to 38% for blood donation

behaviour [18]. Future population studies are needed to evaluate how

behavioural intentions will determine actual donations in the specific

context of UCB donation. Secondly, the study considered a conve-

nience sample. Participants were expectant mothers who volunteered

to be part of the study, and they may differ from mothers who were

not available (i.e., a general tendency to be altruistic). Therefore, cau-

tion is needed in generalizing. Thirdly, the present research focussed

on testing the prediction of intentions within one model, the TPB.

Thus, the structural paths examined were those specified when fol-

lowing this framework. Evaluating the contribution of other models,

as well as integrating the TPB model with other constructs (self-effi-

cacy, self-identity, etc.) could hypothetically generate distinct results.

Finally, although previous studies in the blood donation context

reported that past behaviour was predictive of intentions, this variable

could not be used in the present study because only 2.7% of partici-

pants had donated UCB in the past.

In conclusion, the results of the present study demonstrate the

usefulness of TPB in predicting intentions to donate UCB and high-

light the importance of partner and significant others in forming posi-

tive intentions to donate UCB. Unlike other studies on blood and

organ donation [17, 18, 40], it appears that subjective norms play a

stronger role in determining intentions in the context of UCB. This is

consistent with other research on bone marrow donation [41]. These

aspects, along with positive attitudes and perceived control over cord

blood donation, should be considered when planning future interven-

tions to increase donation intentions.
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Abstract

Background and Objectives: Blood donor opinions and behaviours regarding mari-

juana use are not well known nor is the potential impact to the blood supply. We

sought to assess opinions and frequency of marijuana use in proximity to blood

donation via a survey of blood donors at a hospital-based blood collection site in a

state where recreational marijuana use has been legal since 2012.

Materials and Methods: Blood donors at least 18 years of age who donated between

2014 and 2019 were surveyed electronically, with all responses kept anonymous to

encourage engagement and accurate reporting.

Results: Overall response rate was 8.03% (12,186 surveys sent with 979 responses).

Of responding donors, 23.5% indicated that they felt that consuming various forms

of marijuana was acceptable prior to blood donation. Marijuana use <72 h prior to

blood donation was reported in all demographic groups surveyed except age

18–24 years. Of donors who reported daily marijuana use, 47.4% indicated >20

donations and 52.6% indicated apheresis platelet donation.

Conclusion: Nearly one quarter of responding blood donors feel that marijuana use is

acceptable prior to blood donation, and nearly every demographic group surveyed

indicated use of marijuana <72 h prior to donation. These results suggest the need

for additional research to determine if marijuana-related metabolites in collected

blood products negatively impact recipients, particularly vulnerable populations such

as children and pregnant women. These results may inform whether changes in

donor screening or testing for marijuana use are warranted.

K E YWORD S

blood donors, cannabis, marijuana, THC

INTRODUCTION

It is currently unknown whether blood donors in the United States

use marijuana prior to blood donation and if so, in what frequency. It

is also unknown if the legalization of marijuana for medical or recrea-

tional use has impacted the perception by blood donors that mari-

juana use is safe in proximity to blood donation. In 2012, two states,

Colorado and Washington, became the first to legalize recreational

marijuana use [1, 2]. Since then, marijuana legalization for

recreational purposes has expanded to 15 states in total, with many

other states having passed related legislation [3]. In addition, legisla-

tion to decriminalize marijuana at the federal level was passed by The

US House of Representatives in 2020 and awaits review in the Senate

as of this writing [4]. In a household survey conducted in the states of
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Washington, Colorado, Oregon and New Mexico in 2017, 41% of

respondents endorsed having used marijuana in their lifetime and 9%

endorsed use in the past month [5]. In a cross-sectional US survey

from 2002 to 2014, the perception that marijuana presented no risk

to the user increased from 5.6% to 15.1% [6]. As this trend of

expanded legalization continues, the prevalence of marijuana use is

expected to increase as public opinion is trending towards acceptance

[7]. This raises the question of whether blood donors who reside in

states or countries where marijuana is legal for recreational use may

perceive that the drug is harmless and feel that it is acceptable to

donate after recent marijuana consumption.

The US Food and Drug Administration (FDA) requires screening

questions for specific medications with a set deferral period, such as

those that are known to cause teratogenicity (vitamin A derivatives,

5-alpha-reductase inhibitors); that impact the effectiveness of the

product (anticoagulants) or indicate a possible risk of bacterial con-

tamination (antibiotics). Additionally, the FDA requires questions that

screen for intravenous drug use (IVDU) but does not screen for pre-

scription opioids or recreational drugs that may be consumed orally or

by inhalation [8]. In addition, the Universal Donor Health Question-

naire (DHQ) does not ask donors about marijuana use and commonly

used legal drugs such as tobacco or alcohol are also not specifically

addressed [8, 9]. This is despite nicotine and its metabolites, as well as

prescription drugs such as opiates, benzodiazepines, stimulants, or

barbiturates having been proven to be present in whole blood units

[9, 10]. In 2019, the FDA held a public hearing to obtain stakeholder

views on marijuana and marijuana-containing products [11]. This hear-

ing did not extend to blood donation issues, and currently, the FDA

does not require the testing of blood donors or blood products for

marijuana or any illicit drugs.

Despite recreational marijuana consumption being legal in several

countries around the world, there is a paucity of international litera-

ture on marijuana use specifically among blood donors. International

guidance documents regarding blood and blood components such as

the European Parliament Commission Directive 2004/33/EC mirror

guidance in the United States and does not specifically address mari-

juana use, but does mention non-prescribed drugs in the context of

infectious disease risk from intravenous/intramuscular (IV/IM) route

[12]. Through formal correspondence with colleagues within the Inter-

national Society of Blood Transfusion (ISBT) Haemovigilance Working

Group, we were able to identify policies in countries where medical

marijuana use has been legalized and recreational use has been

decriminalized or legalized including: the Netherlands, Denmark, Nor-

way, Finland and Canada. Deferral periods for the European countries

listed ranged from 24 h post single use, 4 weeks for habitual use and

up to 12 months for any use. Canadian marijuana deferral policy

focusses on whether a potential donor is intoxicated and would be

unable to understand screening questions and therefore be unable to

provide informed consent, but does not specify a specific period of

time for deferral (personal correspondence, ISBT Haemovigilance

Working Group, 16 June 2021).

The potential impact of Δ9-tetrahydrocannabinol (THC), the psy-

choactive component of marijuana, or its metabolites in donated

blood products on a recipient is currently unknown. THC has been

found in plasma products [13, 14], and approximately, 10% is bound

to red cells [15, 16]. While the large volume of distribution of THC

would seem to make significant transfusion-associated marijuana

exposure seem less likely in adults, the potential impact of THC on

vulnerable populations through a blood transfusion, such as pregnant

women, premature infants, or the foetus during intrauterine transfu-

sion, has not been established. THC rapidly crosses the placenta, and

maternal marijuana use has been shown to negatively impact foetal

brain development and lead to pregnancy complications such as spon-

taneous pre-term birth, although these studies are based on more

than a single THC exposure [17–19].

Children’s Hospital Colorado Blood Donor Center is a hospital-

based collection centre in the US state of Colorado, which collects

approximately 8000 units of whole blood and 5000 units of apheresis

platelets annually for hospital use in neonatal, paediatric and high-risk

pregnancy care. Our blood donor centre supports a wide range of ser-

vices including intrauterine transfusion; heart, liver, and kidney trans-

plant; as well as haematology and oncology including bone marrow

transplant. Given both the changes in societal perspectives on mari-

juana use, and unknown impact of possible THC transmission by

blood transfusion into the vulnerable populations that our institution

regularly serves, we wanted to better understand donor attitudes and

behaviour related to marijuana use. Here, we report a survey of blood

donors at our collection centre to define and quantify both the per-

spectives regarding, and actual usage of, marijuana in proximity to

blood product donation.

MATERIALS AND METHODS

Study design

A cross-sectional study was conducted from August 2019 through

December 2019 via an 18-question survey delivered via email

(surveymonkey.com, San Mateo, CA). Responses were anonymous

to encourage truthful reporting. The survey questions addressed

perceptions of marijuana use in relation to blood donation and

transfusion, personal use of marijuana products, demographic infor-

mation and donation history. An optional comments section was

available for most non-demographic questions. The option to skip

any question was available, thus a respondent could indicate mari-

juana use but decline to answer gender, and so forth. Institutional

review board approval was obtained from the University of Colo-

rado. Participants who had donated between 1 January 2014 and

9 October 2019 were sent the survey. Responses were collected for

3 months.

Study participants

Eligibility criteria included Children’s Hospital Colorado blood donors

18 years of age and older who qualified for blood donation under the
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regulatory requirements set by the FDA. Donors are qualified based

on a brief physical exam with established acceptable vital signs, mini-

mum haematocrit level and successful completion of the DHQ, which

includes screening questions regarding medications (e.g., antibiotics or

medications with known teratogenicity), IVDU or other blood expo-

sure, travel history (e.g., malaria or variant Creutzfeldt Jakob exposure)

and high-risk sexual practices (e.g., sex with a prostitute) [8, 20]. All

donors had donated at least once during the survey time period.

Donors who did not supply an email address or provided incomplete

responses were excluded from the survey. Participants were informed

that the survey was anonymous to encourage truthful reporting, thus

responses were not tracked for follow-up.

Analysis

Results were analysed based on the proportion of respondents who

answered the question, using SurveyMonkey (San Mateo, CA) and

Microsoft Excel (Redmond, WA). Results are reported using descrip-

tive statistics.

RESULTS

Demographics and donation history

A total of 12,186 donors met inclusion criteria and were sent surveys,

from which 979 individual donors took part, for a response rate of

8.03%. The majority of respondents identified as female (65.4%) and

one respondent identified as ‘other’. Age ranges were grouped in

10-year increments up to age 65 years (see Table 1), with the majority

of respondents in the 35- to 44-year-old category (25%). This is gen-

erally comparable to the demographic distribution at our centre, with

a female preponderance. For comparison, of 935 blood donors at our

center between 2019 and 2020, 56% were female. Majority age

group was 35–44 (24%), and donations represented 72% whole blood

and 22% apheresis platelets. The most common donation setting in

our survey responses was the main hospital donor centre (66.8%) with

the remaining donors presenting to mobile drives. Product donations

were primarily whole blood units (90.6%) with the highest reported

number of individual donations was 1–5 units (32.6%), followed by

greater than 20 units (30.1%). Donors were able to indicate that they

had donated more than one type of product (e.g., select both ‘whole

blood’ and ‘platelets on machine’).

Marijuana use reported by blood donors

When questioning if a donor had used marijuana (not including can-

nabidiold (CBD) products) since legalization, 32.6% of respondents

stated they had tried it at least once. Of these, 2.9% of the donors

reported using marijuana prescribed by a physician, with migraines,

anxiety and pain being common reasons for treatment. Most donors

reported frequency of using marijuana (edibles, smoke and/or vape)

as less than once a month (40.3%) with a minority reporting using it

daily (6.8%) or a few times a week (5.8%). For donors who reported

marijuana use, 43 of 312 respondents (13.8%) stated they have used

marijuana within 72 h of blood donation. Within this user subgroup of

respondents, 32.5% reported donating more than 20 units of blood

products, 34.8% were platelet donors and 16.2% indicated donating

both. When looking at those who reported daily use, 47.4% (9/19)

had donated >20 units; 52.6% (10/19) were platelet donors and

26.3% (5/19) indicated donating both (see Figure 1).

Concerns about reporting use

Several questions were designed to directly address marijuana use by

donors (see Table 2). Donors were queried ‘If you were asked, at the

T AB L E 1 Demographic distribution of survey respondents with
proportion who indicated use of marijuana since legalization in
Colorado

Demographics Response (%)

Indicated marijuana

use <72 h prior to blood
donation (% of total
respondents)

Gender

Male 336 (34.4%) 16 (4.8%)

Female 640 (65.4%) 20 (3.1%)

Other 1 (<1%) 1 (100%)

Age (years)

18–24 32 (3.27%) 0

25–34 200 (20.4%) 14 (7%)

35–44 246 (25.2%) 11 (4.5%)

45–54 219 (22.4%) 3 (1.4%)

55–64 165 (16.9%) 3 (1.8%)

65+ 116 (11.9%) 6 (5.1%)

Donation site (multiple option)

Mobile drive 460 (47%) 21 (4.6%)

Donor centre 654 (66.8%) 23 (3.5%)

Frequency of donation in units

0 5 (0.5%) 0 (0%)

1–5 319 (32.6%) 10 (3.1%)

6–10 207 (21.2%) 6 (2.9%)

11–15 88 (9%) 5 (5.7%)

16–20 59 (6.1%) 2 (3.4%)

Greater than 20 295 (30.1%) 14 (4.7%)

Type of products donated (multiple option)

Whole blood 887 (90.6%) 30 (3.4%)

Apheresis platelets 262 (26.8%) 15 (5.7%)

Apheresis plasma 114 (11.6%) 9 (7.9%)

Apheresis red cells 81 (8.3%) 9 (11.1%)

BLOOD DONOR MARIJUANA USE 3



time of donation, if you had used a marijuana product recently

(<72 h), would you feel comfortable answering honestly?’ Most

respondents indicated ‘Yes’. Some reasons cited included that they

do not use it (67.8%), and because it is legal (13.1%) or because they

do not believe it affects the blood donation (3.5%). Responses for

‘No’ to this question included being concerned about that informa-

tion being part of the donor record (1.4%); feeling it should not mat-

ter (1.9%) and that the question was too personal (0.7%). Comments

for this question highlighted concerns for potential legal or financial

risk, such as one respondent who stated ‘I would be concerned

about it being on record, especially not knowing the confidentiality

standards for donor records off the top of my head. It is legal in Col-

orado, but not nationally, and many employers have different stan-

dards, and I don’t know what my insurance company’s reaction

would be.’ Another respondent pointed out that workplace drives at

locations where the employer does not allow marijuana use when

off-duty could be a motivation to lie about recent use: ‘My donation

was mobile and made at my place of work. I would be concerned

that this information could be shared or accidentally seen.’ Several
comments also raised concerns about social judgement, such as

‘I wouldn’t think my use has any bearing on my ability to give blood

at all and therefore might be less likely to answer honestly. Also, the

stigma.’

Perceptions on marijuana use in blood donation

To help identify the changes in cultural perception on acceptability

of marijuana use in relation to blood transfusion, we designed sev-

eral questions to address this issue (see Table 3). Most respondents

felt that it was unacceptable to use marijuana prior to blood dona-

tion; however, 23.5% of respondents indicated it was acceptable. Of

note, three donors who indicated that they have used marijuana

<72 h prior to a blood donation responded that they felt it was not

acceptable to use marijuana prior to blood donation; two indicated

they would not feel comfortable answering the question honestly if

they were asked in screening and one of these donors indicated daily

use of marijuana. When asked ‘how would you feel if you knew that

you or someone you cared about could receive a unit of blood from

someone who had recently consumed a marijuana product?’ the

majority (43.5%) of respondents answered that they would ‘be con-

cerned but accept the transfusion if it was really needed’ with 22.9%

of respondents saying ‘it wouldn’t matter’ and 5% saying they would

‘refuse the blood product even if it could negatively affect their

health.’ Comments generally reflected that the impact was unknown

and the respondent would trust their medical professional, although

some had concerns. One respondent commented ‘This would be a

grand travesty and complete breach of confidence in the medical

world. We come to hospitals and clinics to receive care that is SAFE,

EFFECTIVE, and most importantly PROVEN. Marijuana is very far

from being proven. It has no place when it comes to emergency

medicine.’ Several others were concerned about allergic reactions,

hypersensitivity to THC or the impact on their job if it were to cause

a positive test.

Questioning the timing of marijuana use prior to donation showed

13.2% respondents thought timing did not matter and no deferral was

needed. The majority (30.3%) thought donors should wait at least

72 h. Other time periods included at least 1 day (14.1%), more than a

week (14.4%) and more than a month (12.4%). Some respondents

(3.8%) thought no length of time would be sufficient and that people

who use marijuana should be permanently deferred.

F I GU R E 1 Blood donors who used marijuana frequently reported
a proportionally higher rate of repeated donations and apheresis
platelet donations than non-users

T AB L E 2 Survey responses: Self-reported marijuana use and
frequency of marijuana by blood donors

Survey question Response choices

Answer

(%)

Remember this survey is

anonymous: Have you

personally used marijuana

(not including CBD oil) at any

time since it became legal in

Colorado (medical or

recreational)? N = 728

Yes, edibles 256 (26.1)

Yes, smoke or

vape

200 (20.4)

No 272 (62.6)

You indicated that have used

marijuana (edibles, smoke or

vape), how often do you use

it? N = 310

Just tried it once 101 (32.6)

Less than once a

month

125 (40.3)

A few times a

month

45 (14.5)

A few times a

week

18 (5.8)

Daily 21 (6.8)

Have you used marijuana prior to

blood donation (72 h or less)?

N = 312

Yes, edibles 19 (6.1)

Remember this survey is

anonymous: Have you

personally used marijuana

(not including CBD oil) at any

time since it became legal in

Colorado (medical or

recreational)? N = 728

Yes, smoke or

vape

24 (7.7)

No 272 (87.2)
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DISCUSSION

The objective of this study was to determine the opinions and behav-

iours of blood donors related to marijuana use both in general and in

proximity to blood donation in a state with legalized recreational use.

Through our anonymous survey, we found that among donors respon-

dents almost a quarter found marijuana use acceptable prior to blood

donation. We also saw that among donors that use marijuana daily,

almost half had donated greater than 20 times, and many of them

were apheresis platelet donors.

Although 15 states have legalized recreational marijuana [3], as of

this writing, it is still illegal at the federal level in the United States, and

many employers consider a positive drug test grounds for termination.

This is true in the state of Colorado currently; although a House Bill was

introduced in January of 2020 that would prohibit firing an employee

for using marijuana when off-duty, it was postponed indefinitely [21].

Countries with nationally legalized recreational marijuana use such as

Canada are also addressing this dilemma [22]. This issue is reflected in

the small proportion of blood donors (1.4%) who stated they would be

concerned about marijuana use being in the blood donor record.

Honesty, when answering the DHQ is critical to the safety of the

blood supply. Although many highly personal questions are asked

about sexual activity, it is known that blood donors are not always

honest or comfortable with providing responses. A German study rel-

evant to blood donor truthfulness in reporting recreational drug use

found that of 186 donors surveyed, all denied using recreational

drugs. However, hair and urine samples collected at the time of dona-

tion from these same surveyed donors showed that 10 donors tested

positive for recreational drugs with six positives for cannabinoids [23].

In our survey, while the majority of donors indicated they would be

honest in answering a question about marijuana use, some did state

they would not be honest, feeling that the question should not be in

the donor record (1.4%), is too personal (0.7%) or that it should not

matter for blood donation (1.9%).

The legal and potential employment implications for a recipient

must also be considered. Although confidentiality measures are in

place to enable blood donors to securely and honestly answer the

DHQ, privacy breaches may occur. Lawsuits have been brought alleg-

ing negligence both in screening donors and failure to inform recipi-

ents of risks. Cases related to confidentiality breaches regarding

T AB L E 3 Survey responses: Donor perceptions of marijuana use in proximity to blood donations

Survey question Response choices
Answer
(%)

Uses marijuana <72
h? (N = 37)

Do you think it is acceptable for a blood donor to

consume or smoke marijuana prior to a blood

donation?

Yes 230 (23.5) 31

No 684 (69.9) 3

If you were asked, at the time of donation, if you

had used a marijuana product recently (<72 h),

would you feel comfortable answering

honestly?

Yes, because I don’t use it 664 (67.8) 0 (0)

Yes, because it is legal in Colorado 128 (13.1) 11

Yes, because I don’t believe it affects the blood

donation.

34 (3.5) 11

No, because that question is too personal 7 (0.7) 1

No, because I’d be concerned about that being in

my donor record

14 (1.4) 5

No, because it isn’t a question that should

matter for blood donation

19 (1.9) 7

Yes, other 56 (5.7) 2

No, other 8 (0.8) 0

If it were considered acceptable for someone to

consume marijuana prior to blood donation,

how long should a person wait to donate after

consuming?

Anytime, I don’t think it matters 129 (13.2) 21

They should wait at least a day 138 (14.1) 8

They should wait at least 72 h 297 (30.3) 7

They should wait more than a week 141 (14.4) 0

They should wait more than a month 124 (12.4) 0

People who use marijuana should be

permanently deferred (never allowed to

donate)

37 (3.8) 0

How would you feel if you knew that you or

someone you cared about could receive a unit

of blood from someone who had recently

consumed a marijuana product?

It wouldn’t matter 225 (22.9) 30

I would be concerned but accept the transfusion

if it was really needed

426 (43.5) 6

I don’t know 204 (20.8) 1

I would refuse the blood product even if it could

negatively affect my health

49 (5) 0

Note: Donors had the option to skip questions.
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human immunodeficiency virus in the blood supply provide guidance

for informed consent and record-keeping policies that would be appli-

cable to donor marijuana use status [24].

Although transfusion services and blood collection centres have

generally not been found liable for harm if they were following stan-

dard practices, some lawsuit cases ruled that the blood supplier or

trade group should have enacted screening or provided recommenda-

tions when the industry became aware of the risks to the recipient

[25, 26]. Transmission of small amounts of drugs – from prescriptions

or recreational use – is possible but is not generally disclosed as part

of the blood transfusion consent [10]. Because we do not know the

transmissibility of marijuana in blood products, it has not been proven

that there would be no impact should a recipient receive a blood or

platelet transfusion on an outpatient basis and then have workplace

or school drug testing, a traffic accident or other incident that could

incorrectly implicate them as a marijuana user. The legal risk is further

complicated by the interstate transfer of blood products, where a unit

could be collected in a legal state and transfused in one where mari-

juana is still illegal. Although the timing of a positive drug test after a

receiving a THC-positive unit may seem unlikely, a chronic marijuana

user may have a higher baseline plasma level of THC due to high lipo-

philic binding, with subsequent redistribution, resulting in a potentially

higher dose of THC in the donated unit [16]. Knowing the transmissi-

bility of THC in the blood supply may be helpful for patients in this

unfortunate predicament and may also support deferring for mari-

juana usage.

There were several weaknesses of the study design. A survey

sent prior to legalization was not conducted; therefore, it is unclear if

use of marijuana, when illegal, significantly varied when compared to

use after legalization. As this was an electronically administered sur-

vey, there is possible bias in the response group. In an effort to

encourage truthful reporting, the survey was not linked to respon-

dent’s email addresses, thus, we could not send reminders to partici-

pants who did not respond and could not follow-up with respondents

to verify their responses. We chose not to re-send the survey to all

donors who met inclusion criteria to avoid receiving repeat responses.

We also do not know if our sample was diluted by surveying a 5-year

range of donors, as many may no longer be active donors and thus

not responsive to communication from our centre. This likely means

that our respondents were those who had a high likelihood to respond

to surveys or were highly interested in the topic and possibly recent

donors. This may also account for the high percentage of donors who

reported both donating more than 20 units and frequent marijuana

use, skewing our results towards a higher percentage than is repre-

sentative of the overall donor population. The converse is also possi-

ble: the topic of marijuana use may have dissuaded some donors from

responding. We also note that donor respondents were a female

majority; a review of the literature shows that sex differences in can-

nabis use do exist. Males are found to use marijuana more frequently

and in higher doses when compared to females, which may imply that

our results underestimate marijuana use in our donor population [27].

In addition, the non-incentivized participation rate of 8.03% was

lower than anticipated. For comparison, Children’s Hospital Colorado

blood donors were sent a routine Donor Experience Survey during

the same time period as our survey, with a response rate of 15.7%.

We may also have unintentionally introduced a bias with the

question by choosing ‘72 h’ as our cutoff for several questions.

The timeframe of 72 h was chosen for the survey as there is evidence

that that is the approximate amount of time in which THC will

become undetectable in urine [28]. One question: ‘If it were consid-

ered acceptable for someone to consume marijuana prior to blood

donation, how long should a person wait to donate after consuming?’
had the majority (30.3%) of responses indicate the 72 h was the ideal

window. Due to our use of ‘72 h’ as a timeframe for marijuana use in

this and several other questions, we may have inadvertently signalled

that this was a preferred response. This question did receive a wide

range of responses, with 14.1% choosing ‘they should wait at least a

day’ and 3.8% stating that ‘people who use marijuana should be per-

manently deferred (never allowed to donate).’
One of the reasons that little attention has been paid to the

amount of marijuana that may be transfusion-transmitted is that it is

believed to be an insignificant amount for an adult. Whether mari-

juana metabolites can be transmitted by blood transfusion in a quan-

tity significant enough to cause harm to a vulnerable patient such as a

neonate is unknown. Studies on marijuana use during pregnancy have

reported increased likelihood of low birth weight and require care in

the neonatal intensive care unit [29–31]. In addition, there is no ‘mini-

mum safe dose’ established for marijuana use in pregnancy. If it is

determined that any significant amount of THC is present in donated

units, a deferral may be needed until the safety limit of marijuana can

be established. The FDA seeks to protect vulnerable populations from

blood transfusion risks – users of teratogenic mediations such as

finasteride are deferred for 30 days, even though the ingested dose is

minimally transmitted through a blood transfusion after only a 3-day

deferral [32]. Comparatively, although it has not been proven or stud-

ied, there is a perception by the blood industry that a single exposure

of marijuana, diluted into a recipient, would be essentially harmless, as

discussed by CBS-Hema-Quebec Donor Selection Criteria Working

Group, an advisory group that includes medical, scientific, quality and

regulatory affairs, and operational experts from both organizations, as

well as a pharmacist and a donor representative (personal correspon-

dence, Mindy Goldman, 4 June 2021).

The findings in this study shows that, among our population of

blood donors, marijuana use in proximity to donation does occur.

Marijuana use less than 72 h prior to blood donation was reported in

all demographic groups surveyed except for the 18–24 age group.

Overall, of donors who indicated they had used marijuana less than

72 h prior to blood transfusion, 32.5% indicated that they had

donated more than 20 times, and although the raw numbers for this

group are very small, it is of interest that frequent marijuana users

appear to be frequent donors as noted in Figure 1: within those who

reported daily use, 52.6% indicated they were apheresis platelet

donors and 47.4% indicated they had donated greater than 20 prod-

ucts, with 26.3% indicating both. It is possible that this number repre-

sents a small group of marijuana users who are highly motivated

donors and also motivated survey responders; as this is one of the
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most desirable populations for blood donation, this represents a con-

cern for the blood supply, should these individuals ever need to be

deferred from donating apheresis platelets.

Platelets, as a plasma-based product, may have more potential for

transmission of THC to vulnerable populations [15]. If this is the case,

then a question on the DHQ with a related deferral period may need

to be established. In 2014, Booth and Gehrie proposed that a 2-week

deferral would be appropriate to allow for complete metabolism of

any marijuana use [33]. As we found a dedicated population of repeat

platelet donors who use marijuana in our survey, these results, if

applicable to the other states or countries that allow recreational mar-

ijuana use, suggest that a 2-week deferral would have a significant

impact on the donor blood supply. If blood product testing for THC

and its related metabolites was used in place of screening questions,

this would create additional delay and cost as detection in whole

blood would utilize the high complexity methodology of liquid chro-

matography tandem mass spectrometry [34].

Colorado was one of the first states to legalize recreational mari-

juana; the results we have reported here may be a harbinger for the

trends of use by blood donors as recreational marijuana use becomes

more socially acceptable both nationally and internationally. Based

on our results, with a proportion of nearly every demographic group

in our survey indicating they had used marijuana less than 72 h prior

to blood donation, there is no doubt that some blood donors are

using marijuana. Now it is up to the stewards of the blood supply to

determine whether or not there is enough THC transmitted via

blood transfusion to have a negative impact on the recipient,

whether it be physiological or present legal or financial ramifications.

Further studies on the impact of THC transmitted by blood transfu-

sion, especially platelet products, on the recipient are warranted to

determine if additional action such as screening or deferral is

needed.
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Abstract

Background and Objectives: Passive immunization using investigational COVID-19

convalescent plasma (CCP) is a promising therapeutic strategy and could improve

outcome if transfused early and contain high levels of anti-SARS-CoV-2 antibodies.

We report the management of a national CCP collection and distribution program in

Israel.

Materials and Methods: From 1 April 2020 to 15 January 2021, 4020 volunteer

donors donated 5221 CCP units and 837 (20.8%) donors donated more than once.

Anti-nucleocapsid IgG antibodies were determined using chemiluminescent immuno-

assay method (Abbott). A statistical model based on repeated IgG tests in sequential

donations was created to predict the time of antibody decline below sample/cut-off

(S/CO) level of 4.0.

Results: Ninety-six percent of CCP donors suffered a mild disease or were asymp-

tomatic. Older donors had higher antibody levels. Higher antibody levels (S/CO ≥4)

were detected in 35.2% of the donors. Low positive (S/CO ≥1.4–3.99) were found in

37%, and 27.8% had undetectable antibodies (S/CO ≤1.4). The model predicted

decrease antibody thresholds of 0.55%/day since the first CCP donation, providing

guidance for the effective timing of future collections from donors with high anti-

body levels.

Conclusions: An efficient CCP collection and distribution program was achieved,

based on performing initial and repeated plasma collections, preferably from donors

with higher antibody levels, and only antibody-rich units were supplied for therapeu-

tic use. The inventory met the quantity and quality standards of the authorities,

enabled to respond to the growing demand of the medical system and provide a

product that may contribute to improve prognosis in patients with COVID-19.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe respiratory

syndrome coronavirus 2 (SARS-CoV-2), is one of the biggest global

health threats of the last century.

At the time of this writing, a year into the pandemic, specific

treatment remains elusive [1]. Although the available vaccines may

become a principal game changer in the prevention of new infection,

passive immunization by transfusion of COVID-19 convalescent

plasma (CCP) is still used widely. This strategy is based on century-old

reports that describe the efficacy of treating patients during the 1918

influenza A pandemic by transfusions of CCP [2–4] and from small

reports, showing encouraging clinical benefit of CCP in patients with

severe COVID-19 [5–7].

Based on these reports, the Israeli Ministry of Health (MOH)

requested Magen David Adom National Blood Services in Israel

(MDANBS) to establish an investigational CCP program as a part of a

national COVID-19 treatment protocol.

As of today, data accumulated worldwide suggest that transfusion

of CCP is safe and effective [8, 9]. Recent data from matched con-

trolled studies [10, 11], from randomized clinical trial [12] and from

retrospective analysis [13] showed benefit of CCP in patients treated

early with CCP containing high-titre antibodies (Ab), while others did

not show decrease in mortality [14, 15]. Based on these data,

U.S. Food and Drug Administration (FDA) issued on 4 February 2021

a revision of the Emergency Use Authorization (EUA) for CCP and lim-

ited the authorization to the use of high-titre CCP only [16]. Several

trials are ongoing, investigating clinical benefit of CCP [17] and stan-

dardization of serological and neutralization assays [18].

In Israel, transfusing CCP is currently an integral component of

the early treatment of COVID-19, as a part of a national investiga-

tional program. All aspects of CCP collection, processing, testing and

distribution to hospitals nationwide are centrally performed by Magen

David Adom National Blood Services (MDANBS), to assure standardi-

zation, quality and impartiality. The treatment protocol was based on

transfusion of two CCP units (200 ml each) 24 h apart, to patients

approved by the MOH research committee. The results of treating

the first group of COVID-19 patients have been previously reported

[19], and the correlation of clinical benefit with higher anti-SARS-

CoV-2 Ab in transfused CCP was shown.

A key question for every CCP collection and distribution centre is

how to select the right plasma donors. In this article, we report our

experience accumulated since 1 April 2020, in recruiting CCP donors

and in inventory management, as our aim is to qualify and supply for

transfusion CCP units with highest anti-SARS-CoV-2 antibody levels.

MATERIALS AND METHODS

Donor population

The Ethics Committee of the MOH approved an Institutional Review

Board (IRB) protocol to recruit individuals who recovered from

COVID-19 as potential CCP donors and conduct laboratory tests to

qualify and supply CCP units for treatment. CCP collections were initi-

ated on 1 April 2020, according to the first FDA protocol [20], with

local modification to comply with the MOH regulations and the IRB

protocol [21], similar to programs established simultaneously around

the world [22].

Potential CCP donors required evidence of COVID-19 by molecu-

lar tests and two consecutive negative test results after symptomatic

recovery, thereafter 14-day deferral needed before plasma collection.

Recovered COVID-19 patients were referred to the MDANBS by

various sources, including MOH’s database, the Israeli Defense

Forces, cohorts in closed ethnic communities and social media.

Donors gave their consent for transfer of personal data to MDANBS.

All CCP donors were non-remunerated volunteers whose health his-

tories complied with MOH and MDANBS criteria for blood donations.

Only males or nulliparous females were recruited to mitigate the risk of

transfusion-associated acute lung injury (TRALI). A Donor Recruitment

Call Center was established and operated by trained MDANBS person-

nel, who conducted telephone interviews with potential donors to

assure compliance with requirements. Pre-donation screening included

evaluation of potential donors’ records in the MDANBS computer data-

base (Progesa, MAK-system) to identify prior disqualifying deferral.

Plasma collection

CCP collections were initially performed at the main MDANBS plas-

mapheresis donation centre that routinely performs apheresis plasma

collections and had been involved in similar projects previously [23].

To respond to the rapidly growing demands for CCP, four additional

donation sites were opened, additional mobile apheresis equipment

(MCS+, Haemonetics, Covina, CA) was purchased and extra apheresis

operators were trained.

In addition to the standard MDANBS Donor Health Question-

naire, every donor signed an informed consent for the CCP collection.

Apheresis collections of 600 ml of CCP were obtained, divided into

three 200-ml units, frozen at �30�C within 22 h and labelled as Aphere-

sis Convalescent Plasma according to ISBT-128 standards (ISBT code

E9743). As anti-SARS-CoV-2Ab testing was not available during the first

2 weeks of CCP collections, we saved archive samples for further studies.

Donors’ testing

Blood samples from each donation were tested according to MOH

and MDANBS standards and the IRB protocol, including ABO/Rh,

Treponema pallidum haemagglutinin assay (PK7300 Beckman Coulter,

Brea, CA), red blood cells (RBC) antibody screening (Erythra, Grifols,

Spain), serological tests for human immunodeficiency virus I/II (HIV-

I/II), hepatitis B virus (HBV), hepatitis C virus (HCV), human

T-lymphotropic virus I/II (HTLV-I/II) (Alinity S, Abbott, Green Oaks, IL)

and individual donor nucleic acid testing (ID-NAT) for HIV-I/II, HCV,

HBV and West Nile virus (WNV) (Panther, Grifols, Spain).
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Anti-SARS-CoV-2 antibodies

Commercially available assays for anti-SARS-CoV-2 Ab differ by the Ab

subclass (IgM, IgA, IgG or total antibody), the targeted antigen (subunit

1[S1] of the spike protein, nucleocapsid protein [N] or the receptor-

binding domain [RBD]) and by assay method, that is, lateral flow assay

(LFA) [24, 25], neutralizing Ab assay (nAb) [26, 27], enzyme-linked

immunosorbent assay (ELISA) [28] and chemiluminescent immunoassay

(CLIA) [29, 30]. For this project, we used multiple laboratory methods

to test the presence of different anti-SARS-CoV-2 Ab.

1. Anti-S (S1 subunit) SARS-CoV-2 Ab

Serum samples were tested for anti-S IgG and IgA, using ELISA

(EUROIMMUN AG, Germany), performed in the Research Labora-

tories of the School of Public Health, Tel Aviv University during

the first month of the project (April, 2020). A positive result was

defined as a sample to calibrator absorbance (S/CO) ratio

≥ 1.1 [28].

2. Anti-N (nucleocapsid protein) SARS-CoV-2 Ab

Starting 1 May 2020, all CCP collections were tested for anti-N by

CLIA, performed on the Architect i2000 SR (Abbott, Green Oaks,

IL) automated immunoassay analyser [29]. Testing also included

samples retained from the first month’s apheresis collections.

Positive result was defined as S/CO≥1.4 [29, 30]. Having accumu-

lated a sufficient CCP inventory (since 1 October 2020), we quali-

fied for transfusion CCP units by S/CO: one unit had an Ab level

of S/CO ≥7.0 and another– S/CO ≥4.0, thus an average S/CO≥4.5

was provided, in line with the later decision of FDA, issued on

4 February 2021 [16].

3. Viral neutralization assay

As initial reports indicated a positive correlation between anti-S and

anti-N IgG values and nAb activity [22, 26], we compared our results

of anti-S by ELISA (EUROIMMUN) and anti-S by CLIA (Abbott) with

results of neutralization studies for the first 53 CCP units. The Israeli

Institute for Biological Research team performed the test, using a

modified plaque reduction neutralization test (PRNT) with Vero E6

cells (ATCC® CRL-1586™), as described previously [19].

4. Pre-donation anti-S SARS-CoV-2 rapid point of care (POC) assay

We evaluated anti-S BELTEST-IT COV-2 Rapid Test (PharmAct AG,

Germany) LFA [31], as a part of the pre-donation screening on a cap-

illary blood sample, to avoid collections of plasma from donors with

undetectable Ab. Results were obtained within 15 min. Only poten-

tial donors with positive IgG by POC results proceeded to the aphe-

resis collection. Venous blood samples were obtained as well for all

potential donors (including first and subsequent donations) and

tested for anti-N by CLIA.

Donated once  

n=3,183 (79.2%) 

Donated 
twice       

n= 561 
(14%) 

 Donated 
three times   

n=212 
(5.3%) 

Donated
four times 
or more 

n=64 
(1.6%) 

Donated more than once  

n=837 (20.8%) 

Applications for CP  

N=56

Convalescent patients contacted 
by phone call     n=51,116 

Scheduled for donation  

n=5,914 

Arrived for donation  

n=4,256 

Did not meet the criteria for CCP 
donation or refused to donate 

n=45,202 

Missed the appointment or 
scheduled for later

n=1,658 

Donated 

n=4,020 

Differed due to health issues (low 
Hb, etc.) 

n=192 

Units discarded after donation 
(abnormal blood tests)  

n=44 

F I GU R E 1 Recruitment of convalescent plasma donors (1 April–15 January, 2021). CCP, COVID-19 convalescent plasma;Hb, haemoglobin
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Statistical analysis

Descriptive statistics are presented as mean � SD for continuous vari-

ables and compared using independent t-test or Mann–Whitney test.

Categorical variables presented as number of observations and per-

centage and compared using Pearson χ2 test. To assess correlations

between Ab levels measured by EUROIMMUN and CLIA tests, we

used Spearman’s correlation test.

A statistical prediction model of decline of anti-N Ab in subse-

quent CCP donations was created by generalized linear mixed models

(GLMM) with a random intercept for each participant. GLMM was

used to account for clustering with link function fitted to distributions.

The last detectable Ab is the dependent variable, a function of: (1)

time between first donation to subsequent donation and (2) initial

antibody level. Data were analysed using R software (Version 3.5.1).

RESULTS

Donors’ demographics and eligibility

From 1 April 2020, until 15 January 2021, the CCP Call Center per-

formed 51,116 telephone interviews (217/day), resulting in 5914

(11.6%) scheduled appointments. Most of the donors referred were

4,020 donors 

Anti-SARS-CoV-2 IgG  
1.4-3.99 S/CO 
n=1,487 (37%) 

Anti-SARS-CoV-2 IgG  
4-7.0 S/CO 

n=952 (23.7%) 

Donors will be invited for further 
CCP collections 

according to the initial antibody 
level (35.2%)  

Anti-SARS-CoV-2 IgG >7 
S/CO 

n=464 (11.5%) 

Anti-SARS-CoV-2 IgG 
undetectable 

n=1,117 (27.8%) 

F I GU R E 2 Identification of convalescent plasma donors suitable for further donations, based on anti-nucleocapsid antibody IgG results. CCP,
COVID-19 convalescent plasma;S/CO, sample/cutoff

F I GU R E 3 Correlation between neutralizing antibody (nAb) activity (x-axis) and two serological assays (y-axis): (a) anti-S, EUROIMMUN and
(b) anti-nucleocapsid (anti-N), CLIA; Abbott. Vertical dotted lines represent the cutoff for nAb positivity at the indicated titre. The dashed
horizontal lines represent the cutoff for serological assays positivity. R is calculated by Spearman correlation test
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ineligible for donation due to health reasons or unwilling to donate

plasma. Only 72% (4256/5914) of the scheduled donors arrived to

the Apheresis collection centres, of whom 4064 donated CCP and

192 (4.5%) were further deferred on site due to health reasons

(i.e., low haemoglobin, abnormal blood pressure or other health con-

ditions). The percentage of deferrals on site for CCP donors was

lower than for regular blood donors: 11.3% blood donors deferred in

2019 and 10.5% in 2020 due to health reasons. Disqualifying labora-

tory test results for transfusion-transmitted diseases, abnormal

blood count or presence of clinically significant Ab to blood group

antigens were found in blood samples of 1.08% CCP donors (44/

4064), comparing to 0.53% among blood donors in 2019 and 0.58%

in 2020. Final analyses were performed on 4020 CCP donors

(Table S1, Figure 1), their mean age was 32.6 � 12.9 years and

736/4020 (18%) were female and 36% were first-time donors.

About 96% of the CCP donors (3859/4020) were asymptomatic or

had a mild COVID-19; 161/4020 (4%) had moderate disease. Analy-

sis of the first 726 CCP donors’ self-reports revealed that the mean

time from the onset of symptoms to the first CCP collection was

45.6 � 14.5 days.

Anti-SARS-CoV-2 antibodies

First 230 CCP collections were tested by EUROIMMUN. Anti-S1 IgG

Ab were undetectable in 17% (39/230). As the results of the test were

not available at the time of CCP release, 19 of these CCP units were

transfused. Two-weeks’ follow-up was available for 15 patients that

received at least one unit of CCP with undetectable anti-S1 IgGAb

levels, and as discussed previously [19], the lower mean antibody level

in transfused plasma was a predictor of worse outcome in the group

of 49 patients analysed in the study [19].

All 5221 donations from the 4020 donors were tested for anti-N

by CLIA; 1117/4020 (27.8%) had an anti-N S/CO <1.4 (negative);

1487/4020 (37.0%) had S/CO of 1.4–3.99 (low positive); 952/4020

(23.7%) had S/CO 4.0–7.0 (positive) and 464/4020 (11.5%) had S/CO

>7.0 (high positive) (Figure2). Antibody levels were higher in older

donors:96 individuals older than 60 years had a mean � SD S/CO of

5.74 � 2.65, while the youngest 506 donors (age 17–20 years) had a

mean � SD S/CO of 3.74 � 1.79 (p < 0.001) (Table S2). In stratifica-

tion to age strata, there was no difference in antibody levels between

genders.

F I GU R E 4 Gradual decrease of anti-nucleocapsid (anti-N) antibody levels (%) in convalescent plasma donors through 150 days since first
donation. Anti-N anti-SARS-CoV-2 IgG antibodies detected by chemiluminescent microparticle immunoassay (CLIA; Abbott, Green Oaks, IL).
Donors with sample/cut-off ratio (S/CO ≥1.4) were analysed. Ab level in the first donation for each donor was defined as 100% and, in
subsequent donations, was calculated (%) relative to his/her first donation. Light grey lines represent donors’ anti-N levels (in %) through
subsequent donations; trend-line represents the mixed model regression analysis using R software. Ab, antibodies [Colour figure can be viewed at
wileyonlinelibrary.com]
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Results of 199 rapid point-of-care test (POC) were compared to

the anti-N results: 171/199 (85.9%) showed concordant results, with

143 positive and 28 negative by both assays. Disagreement of POC

with anti-N CLIA was observed in 28/199 samples. Of them, 27/199

were positive by the POC assay and negative by the anti-N assay and

1/199 negative by the POC assay and positive by the anti-N assay.

The positive predictive value (PPV) for POC was 0.84 and the negative

predictive value (NPV) was 0.97, with sensitivity of 99.3% and specific-

ity of 50.9%. Comparison of anti-S by EUROIMMUN and anti-N by

CLIA was performed on 139 samples; PPV of EUROIMMUN was 0.96

and NPV was 0.63 (sensitivity of 92.4% and specificity of 79.2%).

NAb activity was determined in 53 CCP units from 29 donors, as

described previously [19]. The median nAb titre was 1:160 (inter-

quartile range [IQR] 1:160–1:640, range 1:20–1:2560). NAb titre was

<1:160 in eight CCP units (15.1%) and ≥ 1:160 in 84.9%. Taken as a

continuous variable, the IgG anti-S by EUROIMMUN yielded positive

correlation r = 0.69 (p < 0.001) with nAb after logarithmic transforma-

tion of both variables. IgG anti-N by CLIA showed a positive correla-

tion of r = 0.66 (p < 0.001) with nAb, both by Spearman’s rank

correlation (Figure3).

Gradual decrease of antibody level over time

Of 4020 apheresis donors, 837 (20.8%) had more than one CCP col-

lection; 561 donated twice, 212 donated three times, 44 donated four

times, 16 donated five donations and 4 had six donations (Table S1).

As we aimed to deliver only antibody-rich CCP to COVID-19 patients,

only donors with initial anti-N IgG level of S/CO ≥ 4.0 were invited

for subsequent donations, and two CCP units were delivered to

patients: one unit with IgG S/CO ≥ 7.0 and one with S/CO ≥ 4.0, pro-

viding an average S/CO ≥ 4.5.

The timeframe of Ab decrease was predicted by statistical model

as 0.55%/day (Table S3, Figure4) and could be calculated relatively to

the level at the first collection, for example, if initial S/CO was 10.0,

the decrease to S/CO of 4.0 will take 92.65 days (Table S4).

Blood groups in CCP donors

The prevalence of ABO/Rh blood groups in CCP donors was similar to

that of blood donors in the general Israeli population, according to the

MDANBS database from 2019. Higher prevalence of blood group A

and a lower prevalence of group O among COVID-19 patients

reported previously [32, 33] was not seen in CCP donors in Israel;

however, higher percentage of AB group in convalescents (9%) com-

paring to blood donors (8%) was statistically significant (p = 0.002).

DISCUSSION

This report describes the steps taken to rapidly establish a program

for the recruitment of volunteer CCP donors, qualifying their plasma

by a multi-assay laboratory protocol and supplying it to COVID-19

patients in Israel. Over 2300 COVID-19 patients treated until

15 January 2021, as a part of an investigational, multi-institutional

national program.

Patients recovered from COVID-19 were referred by the MOH

or responded to calls in the social media to become CCP donors. To

facilitate recruitment of eligible individuals, personnel of CCP Call

Center conducted health-screening interviews. Although only 11.6%

of the calls yielded appointments, of which 72% of the donors showed

up, remarkable low percentage of donors (4.5%) were deferred on

site, compared to a deferral rate of 11% in our regular blood drives.

The low percentage of deferrals on site was probably a result of pre-

donation telephone interviews with potential donors to assure compli-

ance with requirements, the tactics that were not accepted for regular

blood donations. The relatively high percentage of CCP units dis-

carded due to abnormal blood tests (1.08% for CCP vs. 0.42% for

blood donations) could be a result of high percentage of first-time

donors among CCP donors comparing to regular blood donors

(36% vs. 20%, respectively).

Almost all our CCP donors were asymptomatic or had mild

COVID-19 disease, as most of potential donors with moderate or

severe disease were not qualified for CCP collection, usually due to

persistent symptoms. The addition of pre-donation screening method

enabled to collect CCP only from donors who showed the presence of

antibodies, thus, saving time and resources of both the donors and

the blood services.

Based on published data on efficacy of antibody-rich CCP and

according to recently approved FDA policy [16], we used a statistical

prediction model to optimize our CCP inventory of units with higher

IgG antibody levels. Since the model predicted that anti-N Ab

decreased at 0.55%/day from the time of the first donation (Tables S3

and S4 and Figure 4), only donors with higher antibody levels were re-

scheduled for further plasma donations, keeping short periods

between collections (2 weeks). All donated units were retested for

anti-N antibodies in subsequent donations.

Our study has few limitations. One is the fact that 88.4% of indi-

viduals who were referred to the MDANBS were found to be non-

eligible due to health issues, parity in women or refused to donate.

Consistently low compliance rate of COVID-19 convalescents to

donate plasma was recently described by our colleagues [34]. We

need to further study this phenomenon. Secondly, we used anti-N Ab

as a surrogate marker of anti-viral neutralizing activity; however,

follow-up of repeated nAb or anti-S IgG was not available during the

study period. Thirdly, no anti-N IgGAb were found in high proportion

of our CCP donors, in agreement with published data on lower Ab

levels anticipated in cohort of asymptomatic individuals [35] and in

patients with mild symptoms [36, 37], with rapid decline of anti-N and

nAb[38]. Anti-S antibodies were undetectable in 17% of our donors

by EUROIMMUN test and in 14% by the rapid POC lateral flow test.

We are awaiting for follow-up results of nAb tests in a larger group of

CCP donors that will be performed by the Israeli Institute for Biologi-

cal Research; they will be helpful to understand better the relationship

between anti-N and nAb.
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Another limitation was unknown period between recovery and

donation in many donors. It is clear that early CCP donation soon after

recovery is associated with higher antibody levels, but unfortunately,

the donors’ information provided from the sites to MDABS was

uneven and sometimes incomplete.

Currently, all expectations are concentrated on the results of vacci-

nation programs. Although over 3 million individuals were already vacci-

nated in Israel by the Pfizer-BioNTech vaccine [39], urgent requests for

CCP units for new COVID-19 patients are being added daily. Gaps in

knowledge still exist for the timeframe for SARS-CoV-2 antibody forma-

tion and decline, the relationship between antibody levels and the sever-

ity of COVID-19 disease and the protective effect of antibodies against

re-infection with the SARS-CoV-2 wild type or variants [40, 41].

In this ongoing project, we focussed on rapid creation of sufficient

CCP inventory, by collection of CCP with higher antibody levels, as we

believe that a better outcome for COVID-19 patients can be achieved by

providing CCP transfusion early during the course of the disease. This

challenging task was achievable and maybe less complicated in Israel,

where the country’s blood collection processing and supply is concen-

trated in a centralized Blood Services Establishment. Building a CCP inven-

tory was achieved by being part of an integral, multi-disciplinary program

involving community stakeholders (hospitals), governmental regulators

(MOH) and research laboratories, all supporting the national program for

donor recruitment and laboratory qualification of CCP. We encourage

additional programs to share their experiences to support a timely deter-

mination of best practices for CCP programs during the current pandemic.
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Abstract

Background and Objectives: Due to increasing concerns about possible endocrine-

disrupting properties, the use of the plasticizer di(2-ethylhexyl) phthalate (DEHP) will

be banned in future blood storage. Di(2-ethylhexyl) terephthalate (DEHT) provides

sufficient red blood cell (RBC) quality during conventional blood bank storage. It is

important that a new plasticizer also maintains acceptable quality during exposure to

high cell stress, such as irradiation, which is commonly used to prevent graft-versus-

host disease.

Materials and Methods: A total of 59 RBC units were collected and processed in

polyvinyl chloride (PVC)-DEHT or PVC-DEHP blood bags combined with either

saline-adenine-glucose-mannitol (SAGM) or phosphate-adenine-glucose-guanosine-

saline-mannitol (PAGGSM) additive solution. All units were X-ray irradiated on day 2

post-collection. Sampling for assessment of parameters of storage lesion was per-

formed on day 2 pre-irradiation and day 14 and 28 post-irradiation.

Results: Though irradiation increased cell stress, DEHT/PAGGSM and current com-

mon European preference DEHP/SAGM were equally affected up to 14 days post-

irradiation for all measured parameters. At day 28, haemolysis and microvesicle count

were slightly increased in DEHT, whereas extracellular potassium ions, glucose, lac-

tate, pH, mean corpuscular volume and microvesicle phosphatidylserine remained

unaffected by plasticizer choice throughout storage. No individual unit exceeded

0.8% haemolysis, not even in DEHT/SAGM, the combination overall most affected

by irradiation. Of the four combinations, membrane stability was least impacted in

DEHP/PAGGSM.

Conclusion: We demonstrate that DEHT is a suitable plasticizer for storage of RBCs

after X-ray irradiation cell stress. This strengthens the option of DEHT as a viable

non-phthalate substitute for DEHP.
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INTRODUCTION

The normal lifespan of a red blood cell (RBC) is around 120 days in cir-

culation, but maximum storage time of a refrigerated RBC concentrate

(RCC) is usually limited to five to seven weeks due to a degenerative

process called RBC storage lesion. This is a descriptive name for the

large number of metabolic, oxidative and morphological changes that

RBCs undergo during blood bank storage conditions, which ultimately

leads to cell rupture: haemolysis [1]. When RBCs lyse, haemoglobin is

released. Haemoglobin is a strong inducer of reactive oxygen species

(ROS) that, just like RBC microvesicles (RMV), are linked to pro-

inflammatory and pro-thrombotic processes [1, 2]. Therefore, it is crucial

to keep the number of haemolysed cells in an RCC as low as possible up

until the point of transfusion. The upper limit for haemolysis has been

set to 0.8% of red cell mass in the Council of Europe member states [3].

The haemolysis generation is affected by exposure to different

manufacturing and storage stressors [4–6]. One of the most extreme

stressors is irradiation. Irradiation, usually through X-ray or gamma

methods [7], is an important measure to inhibit proliferation of resid-

ual white blood cells (WBCs) and thereby prevent transfusion-

associated graft-versus-host disease [3, 8, 9]. However, irradiation

stimulates the creation of ROS which, in turn, damages the RBC mem-

brane through induction of lipid peroxidation and oxidation of

membrane-bound proteins, including inhibition of Na+/K+ ATPase

[10–12]. This premature loss of membrane integrity increases the rate

of both haemolysis and RMV generation [6, 10–14] as well as the

accumulation rate of extracellular potassium ions (K+), associated with

hyperkalaemia-linked cardiac arrest [10, 15, 16]. Consequently, the

shelf-life of irradiated RCCs is frequently reduced between 24 h and

2 weeks. Among the more stringent practises is the ‘14 + 14 days’
rule (maximum 14 days old RCCs at time of irradiation, maximum

14 days storage post-irradiation), which is advocated in for instance

Sweden and the UK. [3, 17, 18].

The use of polyvinyl chloride (PVC) storage containers plasticized

with di(2-ethylhexyl) phthalate (DEHP) has, in combination with suit-

able additive solution (AS), long been a cornerstone to maintain low

haemolysis levels throughout storage. DEHP leaches from the PVC

matrix and incorporates into the RBC membrane phospholipid bilayer,

thereby stabilizing it and prolonging the time to lysis [19, 20]. Due to

increasing concerns about possible endocrine-disrupting properties,

the regulatory restrictions for medical devices have recently been

updated with the aim to abolish the use of DEHP in blood storage

[21]. Therefore, it is urgent to remove DEHP without compromising

the blood component quality [22], a conundrum that has delayed the

replacement process for a long time.

Although no other plasticizer has, so far, shown identical RBC

storage quality to DEHP, there are a few promising candidates. In a

previous study [23], we demonstrated that a structural isomer to

DEHP, di(2-ethylhexyl) terephthalate (DEHT), provides adequate RBC

quality during seven weeks of storage in both saline-adenine-glucose-

mannitol (SAGM; primary AS in Europe) and phosphate-adenine-glu-

cose-guanosine-saline-mannitol (PAGGSM). Satisfying quality of

DEHT combined with AS-1 has also been confirmed [24].

It is important that a new plasticizer is versatile enough to main-

tain acceptable RBC quality not only at ideal storage conditions, but

also during exposure to common blood bank stressors. Therefore, we

wanted to subject RBCs stored in PVC-DEHT bags, combined with

SAGM or PAGGSM, respectively, to X-ray irradiation and compare

the results to corresponding DEHP storage. This study sheds light on

the characteristics of DEHT for RBC storage during the condition of

irradiation cell stress.

MATERIALS AND METHODS

Blood collection and component processing

A total of 59 RCCs were produced through collection and separation

of whole blood (WB; 450 ml � 10% in 63 ml citrate-phosphate-dex-

trose) from regular, voluntary, non-remunerated blood donors, follow-

ing Karolinska standard operating procedures [23, 25]. Briefly, these

include separation with Macospin (3130 � g, 11 min) and MacoPress

Smart Revo (both Macopharma, Mouvaux, France) on the collection

day (no overnight WB hold). Blood bag systems corresponding to the

commercially available bottom-and-top NPT reference (Macopharma),

including identical needle and leucoreduction filters, were man-

ufactured completely of PVC-DEHT or PVC-DEHP, respectively. These

bag systems contained either 100 ml SAGM or PAGGSM, respectively,

for RBC resuspension. This set-up allowed four study arms to be cre-

ated: DEHT/SAGM, DEHT/PAGGSM, DEHP/SAGM and DEHP/

PAGGSM (blood type A; DEHP/SAGM n = 14, all other arms n = 15).

The donors were chosen randomly for each arm; no pool-and-split

strategy was applied. The RCCs were cold stored (2–6�C) within 8 h of

donation. Tube sealers from the Qseal range (Conroy Medical AB,

Upplands Väsby, Sweden) and sterile docking device TSCDII

(TerumoBCT, Lakewood, CO) were used for both the DEHT and DEHP

material.

On day (d) 2 post-collection, the RCCs were X-ray irradiated (can-

ister center dose 37.85 Gy, maximum 38.53 Gy, minimum 26.42 Gy;

Raycell Mk2, Best Theratronics, Ottawa, Canada) following guideline

specifications [3]. The RCCs were sampled on d2 pre-irradiation for

baseline values, then on d14 and d28 post-irradiation. Sampling was

performed through sterile connection of 40 ml sampling bags (also

made of PVC-DEHT or PVC-DEHP, respectively) to the RCCs, very

gentle mixing during sampling, followed by immediate analysis.

The RBCs were exposed to the same plasticizer (DEHT or DEHP,

respectively) at all time points, from collection until study end. Fur-

thermore, the RCCs of different plasticizers were handled and stored

separately to avoid accidental cross-contamination, as were the bag

systems during the manufacturing process.

Assessment of RBC quality

The impact of X-ray irradiation on the different plasticizer/AS combi-

nations was determined through collective assessment of membrane
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effects and metabolic effects during storage. The RCCs were analysed

for haemoglobin (HbRCC; g/l), haematocrit (Hct) and mean corpuscular

volume (MCV; fl) through Swelab Alfa Plus Basic hematology analyzer

(Boule Diagnostics AB, Spånga, Sweden). After centrifugation of

the samples twice (1450 � g, 10 min, 20�C), free supernatant

haemoglobin (Hbsupernatant; g/l) was measured with HemoCue plasma/

low haemoglobin photometer (Radiometer Medical ApS). Haemolysis

(%) was calculated as (100-Hct) � Hbsupernatant (g/l) / HbRCC (g/l). Extra-

cellular K+ (mmol/l), pH, glucose (mmol/l) and lactate (mmol/l) were

assessed with ABL 800 Flex blood gas analyser (Radiometer Medical

ApS, Brønshøj, Denmark). Measurements of RMV count and RMV

phosphatidylserine externalization (Annexin V positive RMVs) were

performed by flow cytometry (CytoFLEX, Beckman Coulter, Brea, CA),

protocols identical to previous study [23].

In addition, residual WBCs were counted with cell counter

ADAM-rWBC (NanoEnTek, Seoul, South Korea) at storage start. All

donors were screened for required serological markers [3], and

all RCCs were bacteriologically tested at storage end (Karolinska Uni-

versity Laboratory, Clinical Chemistry and Clinical Microbiology

departments).

Statistical analysis

After verifying a Gaussian distribution (D’Agostino-Pearson normality

test), mean � standard deviation (SD) was computed (GraphPad Prism

v.8.2 for Windows; GraphPad Software Inc., La Jolla, CA). To test sta-

tistical significance between the study arms, two-way analysis of vari-

ance (ANOVA) was applied with Holm-Sidak’s correction as post-hoc

test, while differences between time points within a single study arm

were compared using repeated measures one-way ANOVA.

Ethics statement

As all used material was fully anonymised, the Stockholm Regional

Ethical Review Board did not consider an ethical application

necessary.

RESULTS

All RBC units fulfilled European and national quality criteria in HbRCC,

Hct and WBC count [3, 17]. Screenings for bacteria and infectious

markers were negative.

Haemolysis was similar for DEHT/PAGGSM and DEHP/SAGM at

d14 post-irradiation. However, during the second half of storage, it

increased faster in DEHT, especially in combination with SAGM, and

at d28, all four study arms differed (p < 0.001; Figure 1a, Table 1). The

highest individual unit (DEHT/SAGM) reached 0.65% haemolysis,

meaning all units remained safely below 0.8% at storage end.

Elevated extracellular K+ signifies membrane leakage and/or

suppressed metabolism. Extracellular K+ increased sharply after

irradiation in all study arms, independent of plasticizer/AS combina-

tion. DEHT/PAGGSM stayed similar to both DEHP arms throughout

storage, whereas storage in DEHT/SAGM resulted in slightly higher

concentration than both PAGGSM arms (d14: p < 0.001, d28:

p < 0.05; Figure 1b, Table 1). The two SAGM arms (DEHT/SAGM

vs. DEHP/SAGM) remained similar throughout storage. The difference

in concentration between the study arms stayed within 2.4 mmol/l

(min-max range of the d28 means: 57.2–59.6 mmol/l).

Increased RMV count signifies loss of membrane integrity. The

RMV count was similar for all study arms at d14 post-irradiation.

However, at d28, DEHT/SAGM had the highest observed count,

followed by DEHT/PAGGSM (Figure 1c, Table 1). Although the overall

percentage of RMVs exposing the apoptosis marker phos-

phatidylserine increased after irradiation (p < 0.05), there was no dif-

ference between the study arms at the separate time points (Table 1).

Glucose, lactate and pH are markers of metabolic capacity. The

glucose concentration and pH were both initially higher in SAGM

storage than in PAGGSM (glucose: p < 0.05, pH: p < 0.001), but the

differences ceased with storage time. Correspondingly, the lactate

generation was faster and indicated an overall higher metabolism dur-

ing SAGM storage. MCV is sensitive to osmolality. A distinct increase

in MCV was detectable from d14 onwards in both SAGM arms,

whereas in PAGGSM, MCV decreased compared to d2 (p < 0.001;

Figures 2a–c, Table 1). No distinct differences could be related to

plasticizer for glucose, lactate, pH or MCV.

DISCUSSION

This study demonstrates that DEHT is a suitable plasticizer for storage

of RBCs after applying severe cell stress in the form of X-ray

irradiation.

The observed haemolysis in irradiated RBCs stored in DEHT in

combination with either SAGM or PAGGSM (Figure 1(a)) was in accor-

dance with the previously shown pattern of non-irradiated RBC units

stored in DEHT [23], however, expectedly amplified. The non-

irradiated d49 haemolysis values were exceeded somewhere between

d14 and d28 post-irradiation. This similarity suggests that irradiation

itself does not interfere with the DEHP removal and/or DEHT addi-

tion in other ways than the accelerated speed in haemolysis genera-

tion observed also after irradiation of conventional DEHP-stored

RBCs [6, 11, 13, 14]. Even with DEHP, the possibility of individual

units exceeding 0.8% haemolysis during post-irradiation storage

remains a health risk, in particular to the more fragile patient catego-

ries such as, for instance, paediatric patients. The literature for irradia-

tion of non-DEHP storage containers is scarce, likely because removal

of DEHP has been linked to critical haemolysis levels in non-irradiated

units [26]. This study indicates that PVC-DEHT containers provide

sufficient RBC storage environment with existing commercial ASs for

at least 14 days, but even up to 28 days post-irradiation, when irradia-

tion is carried out early after donation.

The extracellular K+ results were also encouraging. The minor

concentration differences between the four plasticizer/AS

STORAGE OF IRRADIATED RBCs IN PLASTICIZER DEHT 195

 14230410, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13177 by N

at Prov Indonesia, W
iley O

nline L
ibrary on [19/02/2025]. 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



combinations were likely not of clinical significance and suggest that

the irradiation itself had substantially more impact than the possible

theoretical influence of plasticizer or AS (Figure 1b).

RMVs are shed from the RBC membrane as part of the stor-

age lesion process, as ROS increases and antioxidants and ATP are

depleted [2]. In this study, the generation of RMVs had similar but

earlier onset than in non-irradiated units [23]. This is likely attrib-

uted to increased ROS generation caused by irradiation, both

directly and through the positive feedback loop provided by the

haemolysis-induced increase of free haemoglobin [11, 12]. A

relationship was demonstrated between RMV count and both plas-

ticizer and AS, the latter likely related to the ATP dependency of

the RMV generation; the lower RMV count in PAGGSM-stored

units suggests a slower reduction of ATP. Though ATP was not

analysed in this study, the associated markers pH, lactate and glu-

cose all trended towards a higher metabolic rate in SAGM storage

(Figure 2a,b).

Phosphatidylserine is a phospholipid normally located in the inner

leaflet of the RBC bilayer membrane. Membrane proteins of ATPase

character control the asymmetry between the inner and outer leaflet,

F I GU R E 1 (a) RBCs stored in DEHT had acceptable haemolysis throughout storage, especially when combined with PAGGSM additive
solution. No units exceeded 0.8%. The bars show mean with a scatter dot plot representing the individual values. (b) Irradiation implicated sharp
increases in extracellular K+ concentration in all study arms. DEHT/SAGM was marginally higher than both PAGGSM arms post-irradiation but
similar (ns) to DEHP/SAGM. (c) RBC microvesicle count was similar in both plasticizers at d14 post irradiation but higher in DEHT at d28.
PAGGSM detained the microvesicle generation compared to SAGM. Values in (b) and (c) are displayed as mean � standard deviation. Significance
levels: *p < 0.05, no significance (ns). Radiation symbols represent post-irradiation. DEHT/SAGM, DEHT/PAGGSM, DEHP/PAGGSM: n = 15,
DEHP/SAGM: n = 14. DEHT, di(2-ethylhexyl) terephthalate; DEHP, di(2-ethylhexyl) phthalate; SAGM, saline-adenine-glucose-mannitol;
PAGGSM, phosphate-adenine-glucose-guanosine-saline-mannitol; RBC, red blood cell
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and when ATP levels decrease, there is a progressive translocation of

phosphatidylserine to the outer leaflet [27], where it plays a signalling

role for phagocytosis [28]. The literature is ambiguous as to whether

the percentage of phosphatidylserine positive RMVs from non-irradi-

ated RBCs increases during storage or not; several studies, our own

previous study included, seem to suggest that it does not [23, 29, 30].

However, as irradiation induces increased oxidizing damage to

membrane-bound proteins [11, 12], it may be hypothesized that the

observed increase in the frequency of RMVs exposing phos-

phatidylserine may be a consequence of irradiation damage. Possibly,

irradiation targets ATPase the same way as for extracellular K+. Phos-

phatidylserine externalization could not be related to AS the way it

could for non-irradiated units. The irradiation damage to the ATPase

may have outweighed the potential later effects of AS- and storage

time-dependent metabolic depletion, especially as the RBCs were irra-

diated as early as d2 post-collection.

Irradiation appears to primarily impact the storage lesion parame-

ters connected to the stability of the RBC membrane. Expectedly, the

same parameters were affected when the membrane-stabilizing plasti-

cizer DEHP was exchanged for DEHT. However, there seems to be

no negative physical impact by irradiation on the DEHT plasticizer

itself, as parameters that are unaffected by choice of plasticizer in

non-irradiated RBCs remained unaffected also in this study. The

AS-dependent differences for glucose, lactate, pH and MCV were

well in accordance with previous findings for non-irradiated units [23]

without any detectable dissimilarities that could be ascribed to poten-

tial irradiation damage to the plasticizer itself. Furthermore, sealing,

sterile docking and general bag handling were performed without

remark throughout the study.

This study has both strengths and limitations. One limitation is

that irradiation was performed on d2, while it is allowed up until d28

post-collection in many countries [3], and there is evidence con-

necting irradiation of older RCCs to higher haemolysis rates [6, 13].

This study gives a good first indication, but a similar follow-up study

with older units would be a necessary complement for further conclu-

sions. Moreover, the irradiation process was performed by X-ray tech-

nique. Although proven to be equal to gamma technique for RBCs

stored in DEHP [7], gamma irradiation of DEHT should be verified.

Furthermore, it was not possible to directly measure ATP. Instead,

indirect markers such as pH, glucose, lactate and K+ had to be used

for conclusions about the metabolism. Yet another limitation is the

impact of donor variability as, for logistical reasons, no pool-and-split

strategy was applied during processing. This is a weakness when com-

paring different study arms; however, it is simultaneously an impor-

tant asset for demonstrating that despite donor variation, no

individual units exceeded the limit for haemolysis, independent of the

plasticizer or AS they were stored in (Figure 1a).

Numerous processing conditions affect the RBC storage lesion,

which complicates inter-blood establishment comparisons [31, 32]. A

strength of this study is that the irradiated RCCs were processed in par-

allel with the non-irradiated RCCs of our previous study about DEHT

storage, using identical processing specifications, disposable materials,

equipment, sampling procedure, laboratory staff and facilities. This opti-

mizes the use of that study for comparison and reference [23].

This study demonstrates an encouraging quality of irradiated RBCs

stored in PVC-DEHT blood bags combined with the European primary

AS choice SAGM. The membrane integrity loss caused by DEHP

removal can, however, be counteracted to some extent by instead

choosing PAGGSM. DEHT/PAGGSM differed very little, if at all, to the

current DEHP/SAGM storage. It is well established that SAGM is a sub-

optimal storage solution for RBCs and that, quality-wise, more

favourable options exist [26, 33–35]. However, it does remain the first-

hand choice in most European countries, likely due to its long-standing

regulatory approval, cost, and the extensive evaluation efforts a transi-

tion would require. Perhaps, when the new medical device regulation is

taken into effect and a new plasticizer will be mandatory, it may be a

good opportunity to simultaneously consider a change of AS.

It could also be a good time to revise the guidelines for irradiation,

as has been previously suggested [13], and opt for a more conserva-

tive post-irradiation timeframe. An important observation of this

study was that neither the haemolysis levels nor the RMV count of

RBCs stored in DEHT/PAGGSM differed statistically to DEHP/SAGM

at 14 days post-irradiation. A maximum of 14 days post-irradiation

storage time is already routine practice in Sweden and the UK [17,

18]. Such a revision would further facilitate the transition to DEHP-

free materials.

F I GU R E 2 (a) pH, (b) lactate and (c) MCV were unaffected by plasticizers. Discernible differences could be linked to additive solution
composition, which influence (a) decreased or (b, c) increased with time. Values are displayed as mean � standard deviation. Significance levels:
*p < 0.05, no significance (ns). Radiation symbols represent post-irradiation. DEHT/SAGM, DEHT/PAGGSM, DEHP/PAGGSM: n = 15, DEHP/
SAGM: n = 14. DEHT, di(2-ethylhexyl) terephthalate; DEHP, di(2-ethylhexyl) phthalate; SAGM, saline-adenine-glucose-mannitol; PAGGSM,
phosphate-adenine-glucose-guanosine-saline-mannitol; MCV, mean corpuscular volume
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In summary, this work investigates the additional stress of irradia-

tion on red blood cells stored in PVC bags plasticized with DEHT. A

satisfactory post-irradiation storage capacity of DEHT with either

SAGM or PAGGSM additive solution is demonstrated. This adds fur-

ther weight to the suitability of DEHT as a non-phthalate replacement

option for DEHP.
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Abstract

Background and Objectives: In Canada, men having sex with men (MSM) are

deferred for 3 months from last sexual contact to reduce human immunodeficiency

virus (HIV) risk to recipients. The aim of this paper was to model the Canadian resid-

ual risk of HIV-positive source plasma incorporating pathogen inactivation (PI) under

no MSM deferral scenarios for apheresis plasma donations.

Materials and Methods: A combined Bayesian network (BN) and Monte Carlo

approach were implemented to estimate the HIV residual risk under 3-month defer-

ral compared with no deferral without quarantine scenarios for MSM donors. Models

involve the stochastic generation of donation and its infection status based on its

corresponding simulated donor profile. Viral load reduction conferred by PI used by

source plasma fractionators was simulated. Model parameters were derived from

Héma-Québec and Canadian Blood Services data, viral loads in a large sample of

HIV-positive US blood donors, CSL Behring documentation and from published data.

Results: In the most likely scenario for the 3-month deferral model, there were 2.71

positive donations per 1,000,000 donations (95% confidence interval [CI] 2.63–

2.78). For the no-deferral model, there were 3.01 positive donations per 1,000,000

donations (95% CI 2.94–3.09). For both scenarios, the risk of having an infectious

pool was 0 in 300,000 pools (95% CI 0–0.0000123) after consideration of PI.

Conclusion: Based on simulation results, there would be a negligible HIV residual risk

associated with the removal of a time-based MSM deferral without quarantine for

source plasma incorporating PI.
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INTRODUCTION

Since human immunodeficiency virus (HIV) emerged in the early 1980s,

major efforts have been made to ensure blood products’ safety and qual-

ity in order to avoid transmission of infectious agents to recipients [1].

One approach has been to exclude from donation those at higher risk for

HIV. In North America, beginning in the early 1980s, men having sex

with men (MSM) was identified as a very-high-risk group for acquired

immunodeficiency syndrome (AIDS). Although little was known about

HIV as the causative agent of AIDS at the time, MSM were permanently

deferred from blood donation if they had sex with another man even

once, since 1977. Since then, scientific knowledge concerning HIV infec-

tion, diagnostics and transmission modes have considerably expanded.

Sensitive assays have reduced the window period (WP) of infection and

computer systems have all but eliminated the chance of releasing a prod-

uct in error. Internationally, MSM deferral from blood donation was ini-

tially permanent, but numerous countries have changed the deferral

from a lifetime to progressively shorter periods [2]. Based on develop-

ment of highly accurate testing methods and introduction of pathogen

inactivation (PI), completely lifting the ban on donation from sexually

active MSM has been suggested [3]. In particular, it has been proposed

that MSM could safely donate plasma intended for fractionation, given

that each donation is screened by serology and nucleic acid testing

(NAT), and that the fractionation process includes very effective PI steps.

However, it is necessary to carefully assess risks associated with this

change since this group of potential donors remains at higher risk of HIV

infection in Western countries. For example, at the end of 2016, the

Public Health Agency of Canada estimated that 49.1% of HIV-infected

persons in Canada were MSM [4].

In Canada, the lifetime exclusion for MSM blood donors was

abolished in 2013 and replaced by a 5-year deferral. In 2016, deferral

changed from 5 years to 12 months, and, in 2019, Canada authorized

MSM blood donations after 3 months since last sexual contact with

another man [5]. These policy changes were supported by mathemati-

cal models simulating various scenarios which allowed estimating the

risk of releasing potentially infectious donations [5, 6]. Based on these

estimations, simulated HIV residual risk remains extremely low, given

that sensitivity of NAT has improved to the extent that the HIV WP

for donation testing in Canada is 8–10 days [5].

One approach now being considered in Canada is the possible

implementation of less restrictive MSM deferral for plasma intended

for fractionation. In this context, we developed a stochastic BN model

with Monte Carlo simulations to estimate the risk of HIV contamina-

tion of plasma-derived products if sexually active MSM were allowed

to donate.

MATERIALS AND METHODS

Context

We define HIV residual risk as the probability of having an infectious

pool of plasma after using PI processes. The infectious threshold is

conservatively assumed to be one HIV RNA copy per pool. A pool

designates the combination of a number of individual plasma dona-

tions required to reach a predefined volume of plasma. Individual

donations are assumed to originate from donors who are considered

safe to donate based on their answers to numerous risk questions,

including those regarding sexual risks (see Data S1) and whose dona-

tion has tested negative for HIV-1/2 antibody and HIV-1 NAT. This

allows an estimate of what the residual risk would be in a model

where the MSM deferral for source plasma is 3 months (current) ver-

sus no MSM deferral (proposed).

Model

A two-stage Monte Carlo procedure was employed to estimate the

rate of HIV-positive pools in N = 300,000 pools of fractionated

plasma treated with one or more PI steps.

First stage

A BN is a probabilistic graphical model that uses a directed acyclic

graph (DAG) to specify conditional relationships among a collection of

variables. In the BN DAG, nodes represent variables, and edges reflect

conditional dependencies. A joint probability distribution can then be

constructed from the graphical structure by elicitation of the set of

conditional probabilities of each node given its parents in the graph [7].

Figure 1 shows the BN DAG considered for our simulation models. It

includes donor variables known to be associated with risk of infection:

age at the time of donation, sex, donor status (new/repeat), MSM

(yes/no), compliance with MSM deferral (yes/no, in the 3-month sce-

nario only), level of risk (high/low, in the no-deferral scenario only),

HIV infectious state (not infected/infected within the WP/infected

and not in WP) and NAT (+/�). According to the BN graph in

Figure 1, the joint probability over these variables factors as:

P age, sex, MSM, status, compliance, HIV state NATð Þ
¼ P ageð ÞP sexageð ÞP MSMsexð ÞP statusage, sex, MSMð ÞP complianceMSMð Þ
�P HIVstatesex, MSM, status, complianceð ÞP NATHIVstateð Þ:

The Elicitation section contains a description of how bodies of

knowledge were used to model each factor above.

Second stage

The Monte Carlo algorithm performed simulations of each donation

individually and independently from the joint distribution specified by

the BN. To form plasma pools, simulated plasma donations (750 ml)

were iteratively combined until a pooled volume ranging randomly

from 4000 L to 6000 L was reached (personal communication with

Rima Khalil, Héma-Quebec Stable products director). The HIV viral

load of a pool was calculated as the sum of the viral load of each
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positive donation adjusted for the volume of each plasma unit and the

total volume of the pool. The effect of the PI process was simulated

based on the viral load of each pool.

Elicitation

Simulation process flowchart

The BN DAG in Figure 1 was used as a process flowchart for donor

profile simulations. First, age was generated, second, sex conditional

on age, third, MSM status conditional on sex and so on. In the no-

deferral model, rate of non-compliance was used as a proxy for the

percentage of recently active high-risk MSM potential donors (calcula-

tions are shown in the Scenarios section). Although not explicitly

shown in Figure 1, infectious state was also set to depend on preva-

lence and incidence rates. These were made specific to sex, donor sta-

tus, MSM status and compliance variables. For newly positive

donations, an extra simulation step was carried to consider WP risk.

Parameters used in the first stage

Donor age and sex

Distribution of donors by age group (P ageð Þ) was set to match sample

proportions calculated based on plasma donation data from Canadian

Blood Services (CBS) and Héma-Québec collected in 2018 (January

1–December 31). The minimum age for donation is 17 at CBS and

18 at Héma-Québec. Three age groups were considered: 17/18–24,

25–44 and above 44. This stratification was made since it could be

seen from the data that the proportion of new donors (which needed

to be simulated in our model) varied significantly among these three

groups. Distribution of sex within each age group (P sex agej Þð ) was

determined similarly.

MSM donor proportion

P MSM¼ yes sex¼ femalej Þð was set to 0, and P MSM sex¼malej Þð was

adjusted based on the MSM male donor proportion for the 12-month

deferral model described in O’Brien et al. [8], see Data S1.

Donor status

The distribution of new and repeat donors (P status age,sex,MSMj Þð )

was elicitated by matching sample proportions from Héma-Québec

and CBS internal data.

MSM donor non-compliance with MSM deferral criteria

The rate of MSM failing to comply with deferral criteria was deter-

mined based on male non-compliance rate retrieved from the most

likely scenario of O’Brien et al. [5]. Non-compliance in MSM

(P compliance¼no MSM¼ yesj Þð ) was estimated using the non-

compliance rate in men and MSM proportion:

P compliance¼nojMSM¼ yesð Þ¼P non-compliance inmenð Þ
P MSM¼ yesð Þ

Further, P compliance¼nojMSM¼noð Þ was set to 0.

HIV state

For the conditional distribution of HIV state, parameters associated to

HIV incidence/prevalence and WP probability were considered.

HIV prevalence/incidence: Here, prevalence is defined as the pro-

portion of positive donations in a donation pool, whereas the inci-

dence rate is defined as the proportion of new HIV cases in a

donation pool over a year. Given the limited number of HIV-positive

donations in our datasets (three positive donations in 5 years), preva-

lence and incidence rate estimations were not categorized by age

group and were determined for all groups of donors G¼
G sex,MSM,status,complianceð Þ corresponding to a plausible choice for donor

profile variables.

To determine group-wise HIV prevalence and incidence rates,

donations in Canada (CBS and Héma-Québec) from 1 July 2014 to

30 June 2019 were considered. For groups matching status¼ repeat,

prevalence was elicitated according to the formula

Prevalence inGstatus¼repeat ¼number ofHIV infected donations inGstatus¼repeat

number of donations tested inGstatus¼repeat

Prevalence in groups with status¼new was considered 10 times

higher than the one of their matched analogue with status¼ repeat (i.

e., same characteristics except for status) obtained from the above

Equation [5].

To determine group-wise HIV incidence, an annual mean of 2.15

donations per donor was used to estimate the number of annual

F I GU R E 1 Directed acyclic graph (DAG) of human
immunodeficiency virus (HIV) risk estimation for source plasma
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donations. Group-specific incident cases rate was determined from HIV-

positive donations made by repeat donors who had made an HIV-negative

donation in the 12 months preceding their positive donation. For groups

associated with status¼ repeat, incidence rate was calculated as:

Incidence rate inGstatus¼repeat ¼ number of incident cases inGstatus¼repeat

number of donations tested inGstatus¼repeat
:

Incidence rate in groups with status¼new was elicitated follow-

ing the approach of Davison et al. and set equal to the one of their

matched analogues with status¼ repeat multiplied by a truncated-at-

zero normal random variable with mean of 1.65 (SD 1.0334). This

adjustment factor was put forward following the analysis of first time

and repeat English donor data during 2001–2007 [6].

For cases where MSM¼ yes, prevalence and incidence propor-

tions were set equal to the number of HIV-positive donations from

non-compliant MSM donors (current criteria), and the estimated num-

ber of non-compliant MSM donors was based on post-donation inter-

views and compliance survey.

WP donations: WP is the stage from infection to time at which

pathogen becomes detectable by a given diagnostic procedure. The

probability of having an incident donation being made during the WP

was considered independent of the donor’s profile given their ‘newly

infected’ status, and set equal to:

P WPdonationjincident case¼ yesð Þ
¼ WPlength
Median interdonation interval length

:

The median interdonation interval length was calculated based on

2018 CBS and Héma-Québec data for plasma donation.

Parameters used in the second stage

Viral load

For WP donations, Weusten et al. model [9] was used to specify the

viral load distribution. The maximum WP viral load was set to 14.5

copies/ml. Viral loads post WP were simulated based on U.S. HIV-

positive blood donation database (1156 positive blood donations from

the period of 2010 to 2018). Complete modelling details regarding

viral load distribution are given in Data S1.

HIV serological and NAT

Performance, limit of detection and system failure parameters were

elicitated based on routinely used procedures in Canadian blood oper-

ators involving Cobas multiplex and Procleix Ultrio Plus package

inserts [10, 11], see Data S1 for details.

PI process

Donor screening and testing of donations and fractionation pools are

the first and second steps in product safety, while virus reduction

using PI is the third and last step applied to pooled plasma destined

for plasma-derived medical products [12] (see also Data S1). The log

reduction factor (LRF) is used to quantify this reduction, for instance,

one LRF corresponds to inactivating 90% of the pathogen with the

viral load being reduced by a factor of 10 (i.e., 1 log). HIV LRF for

PDMD ranges from 15.3 (Privigen, CSL Behring, Bern, Switzerland) to

9.6 (RiaSTAP, CSL Behring, Marburg, Germany) (Personal communica-

tion with CSL Behring). For modelling purposes, the lowest mean LRF

for HIV was used.

Model parameter values related to NAT performance and PI log

reduction are detailed in Data S1.

Scenarios

Simulations were conducted according to a 3-month MSM deferral

model and to a model with no MSM deferral without plasma unit

quarantine. Both were simulated under four scenarios: most likely,

optimistic and pessimistic i and ii. Values for the parameters are

shown in Tables 1–3.

1. Most likely scenario: HIV incidence, prevalence, MSM donor

proportion and non-compliance rates were taken as described in the

Elicitation section. For the no-deferral model, proportion of males

with high-risk MSM behaviour was determined using the proportion

of non-compliant male donors as proxy for high-risk MSM behaviour

as follows: non-compliant male donor proportion 3-monthð Þ�2
1þnon-compliant male donor proportion 3-monthð Þ.

The 3-month non-compliant male donor proportion was multi-

plied by 2 for the no-deferral model since MSM donors who were

non-compliant before lifting of the deferral were considered to remain

blood donors after the lifting, and the number of high-risk newly eligi-

ble MSM donors was considered to be proportional to that number.

2. Optimistic scenario: HIV incidence, prevalence and MSM

donor proportion were set as in the most likely scenario. Non-

T AB L E 1 MSM parameter values according to deferral model

Three-month deferral (95% CI) No deferral (95% CI)

Proportion of MSM among donor population 0.0162 (0.0099–0.0254) 0.0172 (0.0110–0.0264)

Proportion of non-compliant MSM 0.0010 (0.0003–0.0020) –

Proportion of men at high risk of HIV – 0.0020 (0.0006–0.0040)

Proportion of MSM among new donors by age group 17/18–24 0.0522 (0.0348–0.0843) 0.0562 (0.0398–0.0864)

25–44 0.0279 (0.0225–0.0324) 0.0332 (0.0282–0.0375)

>44 0.0158 (0.0135–0.0186) 0.0218 (0.0197–0.0245)

Abbreviations: HIV, human immunodeficiency syndrome; MSM, men having sex with men.

4 AUB�E ET AL.



compliance in male donors for 3-month deferral and high-risk MSM

proportion for no-deferral model were reduced by half.

3. Pessimistic scenarios:

i. Compared to the most likely scenario, incidence, prevalence,

non-compliance and/or high-risk MSM proportion were doubled,

and MSM donor proportion was increased by a factor of 1.5.

ii. Parameters were set as in pessimistic i, except for MSM donor

proportion. For the latter, the estimation of MSM proportion

within the general population in Canada of 2.9% (95% confidence

T AB L E 2 Human immunodeficiency virus (HIV) prevalence and
incidence according to deferral models

HIV prevalence in the donor population

Sex Donor type
HIV prevalence per
100,000 donations

Men First time 0.724

Repeat 0.117

Women First time 0.613

Repeat 0.306

Probability that donation is an incident case for HIV in donor
population

Sex
HIV incident donation rate
per 100,000 donations

Men 0.039

Women 0.102

MSM HIV prevalence

Donor type Compliance
HIV prevalence
per 100,000 donations

First time Non-compliant or high risk 155.40

MSM donor population 65.28

Repeat Non-compliant or high risk 15.54

MSM donor population 6.53

MSM HIV incident donation probability

Donor type Compliance
HIV incident rate
per 100,000 donations

Repeat Non-compliant or high risk 15.54

MSM donor population 2.7

Abbreviation: MSM, men having sex with men.
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T AB L E 3 Parameter values for window period and interdonation
interval

Parameter Value Reference

Window period (mean [SD])a 9 (0.6) days O’Brien et al.

[5]

Interdonation interval (median

[IQR; Q1, Q3])

14 days [7–
34]

HQ and CBS

aVariability modelled by a normal distribution.

Abbreviations: CBS, Canadian Blood Services; HQ, Héma-Québec; IQR,

interquartile range; SD, standard deviation.
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interval [CI] 1.8–3.9) was used, combined with the donor rate cal-

culated for the general population [13].

In addition, a worst-case scenario was simulated for the no-deferral

model using MSM donor proportion and MSM HIV incidence and

prevalence rates based on the MSM general population (i.e., 443 per

100,000 MSM persons and 9.60%, respectively) [14, 15].

RESULTS

In the most likely scenario for the 3-month deferral model, the probabil-

ity of having a pool with HIV RNA was 0.00441. An average number of

HIV copies per pool after use of PI of 9.7606 � 10�8 (95% CI

9.7598 � 10�8–9.7615 � 10�8) was obtained, with a median of

1.7536 � 10�8 copies and a maximum of 1.7672 � 10�6 copies. For

the no-deferral scenario, probability of having a pool with HIV RNA

was 0.00494. The number of HIV copies per pool was 9.7856 � 10�8

(95% CI 9.7847 � 10�8–9.7865 � 10�8), along with a median number

of 1.4700 � 10�8 and a maximum number of 2.2000 � 10�6 copies

per pool. The mean number of HIV copies per billion litres ranges from

0.019334 to 0.019511 corresponding to a difference of 0.000177 cop-

ies per billion litres between the averages of the two deferral models.

For the worst-case scenario, the probability of having a pool with

HIV RNA was 0.02872. The average number of HIV copies per pool

after use of PI was of 1.6294 � 10�6 (95% CI 1.6244 � 10�6–

1.6346 � 10�6), with a median of 1.6300 � 10�8 copies and a maxi-

mum of 0.010409. Results are presented in Table 4. There, absolute

differences between mean viral concentrations are smaller than 1.59

� 10�15 copies/ml and are thus not clinically significant.

Finally, under the one HIV RNA copy per pool assumed threshold,

none of the 300,000 pools simulation rounds, each round representing

around two billion donations, would have been considered infectious

(i.e., no manufactured product would have contained one virion of HIV

after the use of PI process). A sensitivity analysis was conducted to

highlight variables that are likely to affect risk estimates (Data S2).

DISCUSSION

Our model allowed to simulate HIV contamination risk in pools of

plasma with a change from 3 months to no deferral without quaran-

tine for MSM, considering the use of PI steps in the fractionation pro-

cess. The results suggest that the latter risk of HIV transmission in

plasma-derived products is negligible. According to our model, all-

owing sexually active MSM to donate would not significantly increase

the risk of occurrence of an HIV RNA-positive pool. Our results also

suggest that, while the vast majority of pools would not contain HIV

at all, the average viral load within the HIV RNA-positive pools would

only be slightly higher under the no-deferral model compared to the

one under the 3-month deferral model and would be well under

the one-per-pool HIV RNA copy threshold. Therefore, the safety

profile of plasma-manufactured products, with respect to HIV trans-

mission, would likely remain unaffected. Of note, our assumed thresh-

old is arguably conservative, see, for example, Zanetti et al. [16],

which states, regarding plasma for transfusion, that one human infec-

tious dose corresponds to approximately 500–1000 HIV RNA copies.

See also the study of HIV acquisition in Kleinman et al. [17].

In the worst-case scenario, only three infectious donations made out-

side theWP ended up in a pool, none of these, due to an NAT failure. This

corresponds to three procedural errors in every 10,000 years in Canada.

Each source of data employed to estimate the model parameters

has its limitations, and some parameters were more challenging to

estimate. For instance, a response bias might have been present in

surveys used to estimate the non-compliance rate among men for the

MSM deferral criteria [18]. Non-compliance in Canada is low and may

be different in other countries [19]. Our estimation of these rates was

based on the ones presented by O’Brien et al. [8], obtained from a

Canadian survey, to reflect Canadian donor behaviour with greater

accuracy. Another limitation is that this simulation study did not con-

sider the pre-exposure prophylaxis (PrEP) medication used to reduce

the burden of HIV. PrEP use could interfere with HIV screening

among blood donors and may result in undetectable RNA by nucleic

acid/viral load assays for blood component qualification [20]. PrEP

medication use is a deferral criterion for blood donors in Canada, and

hence, its inclusion in the model should arguably not significantly

increase the proportion of donations with HIV viral loads below the

NAT detection limit under a realistic compliance rate assumption.

Despite the need to generate evidence-based data supporting

policy changes regarding MSM ensuring the safety of recipients, few

studies have evaluated intention to donate plasma among MSM. A

qualitative study performed by Grace et al. indicated that time-based

deferral would maintain the key issues regarding equity and fairness

related to blood screening practices for MSM in Canada [21].

According to participants, policies regarding MSM blood donations

should be more aligned with sound and up-to-date scientific evidence.

Our results strongly suggest that allowing sexually active MSM to

donate plasma for fractionation would be just as safe as the current

approach of time-limited deferral, without having to impose a poten-

tially inefficient and costly quarantine strategy that would be per-

ceived as unduly burdensome and discriminatory.

Demand for plasma-derived medicinal products in Canada has

increased over the past 10 years [22]. Our study supports the safety

of expanding source plasma donation to include donors not subject to

deferral for MSM. Based on the number of source plasma donations

in Canada in 2018 (106,654 donations), no deferral model would lead

to an increase of about 1119 donations (1.05%) if we added newly eli-

gible donors according to pessimistic ii scenario.

Based on our modelling, there would be a negligible HIV contami-

nation risk associated with a change from 3-month MSM deferral to

no MSM deferral for source plasma donors in Canada. Given the aim

of implementing less restrictive MSM deferral policies in Canada, our

results support that it would be a safe next step to permit MSM to

donate source plasma without a time-based deferral.
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Abstract

Background and Objectives: The use of immunoglobulin (IG) solutions as an immu-

nomodulatory therapy in certain neurological conditions has become an established

modality and represents a significant proportion of total IG use. The estimation of

the evidence-based potential demand designated as the latent therapeutic demand

(LTD) for IG in these diseases is required for adequate planning of the plasma supply

required to manufacture the product.

Materials and Methods: The diseases studied included chronic inflammatory demye-

linating polyneuropathy (CIDP), Guillain–Barré syndrome (GBS) and multifocal motor

neuropathy (MMN). The LTD for IG was assessed using a decision analysis model,

using Microsoft Excel. The model analysed the epidemiological and clinical factors

contributing to IG usage. One-way sensitivity analysis and probabilistic sensitivity

analysis derived the LTD in grams per 1000 inhabitants. The key variables included

the treatment schedule and the prevalence of the disease.

Results: The model estimates that an average annual IG demand and standard devia-

tion for CIDP, GBS and MMN in the United States is 83.05 � 24.5, 6.1 � 3.2 and

36.1 � 25.5 g/1000 inhabitants, respectively.

Conclusion: Together with previous work on the LTD for IG in immunodeficiencies,

these results indicate that current IG usage reflects the estimated LTD for the main

indications for IG in the United States The wide range of LTD found in all these stud-

ies emphasizes the need for more precise assessment of the underlying variables,

particularly disease prevalence and dosage. Further studies on other indications such

as secondary immunodeficiencies will augment these results and will assist in guiding

demand planning for IG use and plasma collection in the United States and inform

blood policy in other countries.
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INTRODUCTION

The use of immunoglobulin (IG) solutions purified from human plasma

has become increasingly established as a therapy in various neurologi-

cal diseases in the past 20 years [1]. This group of indications has

overtaken primary immune deficiency (PID) as the largest users of IG

[2] and thus represents an important driver for the collection of

plasma for fractionation. The United States is one of the few countries

in the world which collects more than enough plasma for its use and

exports a considerable volume of plasma products outside the coun-

try. Despite this, shortages of IG for different diseases have become

increasingly visible in the past few years [3, 4]. Plasma for fraction-

ation is a finite resource, and, in many countries, growth in its collec-

tion has lagged behind the demand for IG [5]. Estimating the potential

demand for IG indications is important for adequate planning of

plasma collection and management of the limited supply. In previous

work, the concept of latent therapeutic demand (LTD) has been used

to estimate the requirements for IG in PID [6, 7] in the hypothetical

scenario when usage is unconstrained by supply and reimbursement.

Given that the usage of IG in neurological conditions now constitutes

the single largest group of indications, an estimate of the LTD for IG

arising from these diseases is relevant.

Chronic inflammatory demyelinating polyneuropathy (CIDP) is a

chronic neurological disorder characterized by progressive weakness

and impaired sensory function in the legs and arms. Treatment for

CIDP includes corticosteroids such as prednisone, which may be pre-

scribed alone or in combination with immunosuppressant drugs. Plas-

mapheresis (plasma exchange) and intravenous immunoglobulin (IVIG)

therapy are effective [8], but plasma exchange can cause a rebound in

the condition [9] and causes substantial inconvenience to the patients

. Following the first approval of IG for use in CIDP by the US Food

and Drug Administration (FDA) 2008 [10], IG use for this indication

has expanded greatly, despite the lack of specific licensure for most of

the products on the U.S. market [11]. This reflects the acceptance by

medical specialists that the efficacy of the product transcends particu-

lar brands, a situation which mirrors the regulatory oversight of IG

product in Europe, where the CIDP indication is embedded in the

summary of product characteristics (SmPC) for intravenous immuno-

globulin (IVIG) products, allowing all brands to be prescribed for CIDP

if they have shown efficacy and safety according to the relevant

Guideline of the European Medicines Agency (EMA) [12, 13].

Guillain–Barré syndrome (GBS) is an acute neurological disorder

characterized by presence of different autoantibodies against the

peripheral nervous system. Treatments include plasmapheresis and

IVIg therapy, modalities which have similar efficacy rates [14, 15]. The

benefit of IVIG in children with GBS is poorly supported by evidence,

but the modality forms part of clinical practice by specialists in the dis-

ease [16]. Despite IVIG being indicated on the basis of clinical associa-

tion guidelines [16], no IVIG product in the United States is

specifically licensed for GBS. In Europe, it is approved for use in all

brands.

Multifocal motor neuropathy (MMN) is an asymmetric, progres-

sive neuromuscular motor disorder characterized by muscle weakness

in the hands (commonly), with differences from one side of the body

to the other in the specific muscles involved. MMN is a chronic dis-

ease which responds well and uniquely to IVIG treatment [17] and is

indicated on the basis of guidelines (EFNS 2006); nevertheless, only

one IVIG product is licensed for this indication in the United States. In

Europe, it is approved for all brands.

Table 1 from the U.S. Food and Drug Administration (FDA) sum-

marizes the status of the current immunoglobulin products licensed

by indication in the United States [11]. It is noted that several of these

products do not carry the label for all the neurological indications

which are the subject of this paper. While usage of these products for

indications which have not been approved constitutes off-label use, it

is known that clinicians and insurers support the prescribing of these

products for the whole spectrum of neurological indications, basing

their decisions on which indications are supported through the rele-

vant medical guidelines. Although regulatory authorities do not sub-

scribe to the concept that immunoglobulins are generic products,

clinical practice indicates that the safety and efficacy profiles of all

licensed products are similar.

Despite the relatively small number of products specifically

licensed for the above diseases, IG consumption in the United States

for these conditions is very high. In this study, the LTD for IG for

these three indications has been estimated using a decision analysis

model previously described for estimating LTD of Factor VIII in

haemophilia [18] and IG in PID [6].

METHODS

Model structure

For modelling the LTD for IG in the three neuropathies described in

the Introduction, we used the decision analysis methodology similar

to the methods developed by Stonebraker et al [6, 7] for modelling

the LTD of IVIG in PID. The variables used in the model are shown in

Tables 1 and 2. The model is based on the relationships of the epide-

miological and clinical factors, integrated as shown in the flow charts

in Figure 1. Each disease follows a different treatment schedule and

depending on the incidence/prevalence of the disease the demand in

terms of grams per 1000 inhabitants is calculated. For each disease,

variables included prevalence, dosage and variations in treatment pat-

terns. For CIDP, a treatment schedule based on an initial treatment of

24 weeks followed by a maintenance period of 24 weeks at a lower

dose and frequency [19]. Since the America Association of Neurology

(AAN) does not specify dosage levels for IVIG [16], the dosage was

varied over a wide range in the analysis to reflect dosages reported by

a range of studies and organizations [19, 20]. In GBS, a dose for 3–

6 days was followed by a second complete dose in case of relapse

[15, 16]. In MMN, a loading dose was followed by a maintenance dose

every 1–6 weeks depending on the clinical status of the patient

[17, 21, 22].

The model was built in Microsoft Excel. The analysis was con-

ducted on one-way sensitivity analysis and probabilistic sensitivity

2 FARRUGIA ET AL.



analysis. We have used probability distributions around variables as

appropriate. These distributions were generated using Monte Carlo

simulations with Excel, as has been described [23]. Normal and uni-

form distributions were used for some model parameters. The follow-

ing formulas were used within Excel:

For the UniformDistribution :minþ max�minð Þ*RANDðÞ

For the Normal Distribution :NORM:INV RANDð Þ,mean,stddeviationð Þ

Tornado diagrams were used to describe the sensitivity analyses

(Figure 2), while the probability distributions were used to generate

histograms (Figure 3). Excel has the capability to generate both these

products [24, 25].

The respective models for the three conditions have been made

available [26] as a resource for researchers and for comment.

T AB L E 2 : Base-case values for population variables in the model

Parameter Value Source

US population 317,297,938 Census 2014

Prevalence

CIDP 7.7/100,000 Laughlin 2009 [27]

GBS 2.3/100,000 NIH 2011 Genetics Home

reference31

MMN 1.65/100,000 Lawson 2014 [32]

Male:female

CIDP 56.6:43.4% Laughlin 2009 [27]

GBS 54.6:45.4% HCUP 2012 [41]

MMN 67.5:32.5% Berg 2014 [40]

Age groups (years)

CIDP

18–44 18.8% Laughlin 2009 [27]

45–65 40.9%

65+ 40.9%

GBS

1–18 9.11% HCUP 2012 [41]

18–44 27.58%

45–64 35.57%

65+ 27.70%

MMN

18–44 60.50% Azulay 1997 [42], Berg-Vos 2002

[17], Harbo 2009 [43]45–64 36.80%

65+ 2.60%

Weight (kg) –
male

1–17 44.5 CDC 2010 [44]

18–44 83.5

45–65 88.7

65+ 83.8

Weight (kg) –
female

1–17 39.4

18–44 67.8

45–65 73.7

65+ 68.3

Abbreviations: CIDP, chronic inflammatory demyelinating polyneuropathy;

GBS, Guillain–Barre syndrome; MMN, multifocal motor neuropathy.

T AB L E 1 Immunoglobulin products licensed for use in the United
States. From Reference [11]

Product Manufacturer Indications

Gammagard liquid Baxter Healthcare

Corporation

• Primary Humoral

Immunodeficiency

• Multifocal Motor

Neuropathy

Gammagard S/D Baxter Healthcare

Corporation

• Primary Humoral

Immunodeficiency

• B-cell Chronic

Lymphocytic

Leukaemia

• Immune

Thrombocytopenic

Purpura

• Kawasaki

syndrome

Gammaplex Bio Products

Laboratory

• Primary Humoral

Immunodeficiency

• Immune

Thrombocytopenic

Purpura

Bivigam Biotest

Pharmaceuticals

Corporation

• Primary Humoral

Immunodeficiency

Carimune NF CSL Behring AG • Primary Humoral

Immunodeficiency

• Immune

Thrombocytopenic

Purpura

Privigen CSL Behring AG • Primary Humoral

Immunodeficiency

• Immune

Thrombocytopenic

Purpura

Gamunex-C

Gammaked

(distributed by:

Kedrion

Biopharma)

Grifols Therapeutics,

Inc.

• Primary Humoral

Immunodeficiency

• Immune

Thrombocytopenic

Purpura

• Chronic

Inflammatory

Demyelinating

Polyneuropathy

Flebogamma DIF

5% and 10%

Instituto Grifols, SA • Primary Humoral

Immunodeficiency

Octagam Octapharma

Pharmazeutika

Produktionsges.

m.b.H

• Primary Humoral

Immunodeficiency

ESTIMATION OF THE LATENT THERAPEUTIC DEMAND FOR IMMUNOGLOBULIN THERAPIES
IN AUTOIMMUNE NEUROPATHIES IN THE UNITED STATES
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Data sources

Prevalence

A review of medical records in the United States estimated the preva-

lence of CIDP as 8.9 per 100,000 [27]. Other reports provided a

varied range of 1.9–7.7 per 100,000 worldwide [28–30]. Since the

study done in the United States showed higher prevalence compared

to the worldwide estimation, we assumed 7.7 per 100,000 as the base

case and conducted one-way sensitivity analysis around prevalence of

1.9–8.9 per 100,000.

According to National Institutes of Health, the prevalence of GBS

is quite varied, 0.6–4 cases per 10,000 [31]. We have taken an aver-

age of 2.3 cases per 100,000. The one-way sensitivity analysis utilizes

0.6 and 4 cases per 100,000 people as input values.

The prevalence of MMN is estimated from various sources to be

0.3-3 cases per 100,000 people [32]. The average of 1.65 cases per

100,000 people is used as the base case.

Patients treated with IVIG

CIDP is a rare disease and the review of medical records in the United

States identified 23 cases treated for CIDP in the Rochester Epidemi-

ology Project [27]. The prevalence computed in this project was 7.7

per 100,000 with a yearly incidence of 1.6 cases per 100,000, in the

studied population of Olmstead County in Minnesota. The population

of Olmstead County was 144,921 in the year in which the project was

conducted. Among the cases identified with CIDP, 59% were treated

with IVIG. Another retrospective study done in Massachusetts Gen-

eral Hospital identified 28.9% of patients being treated with IVIG in

CIDP [33]. We used a uniform distribution to vary the patients treated

in the initial period.

In the maintenance or extension period, the CIDP patients that

responded well to IVIG were infused with lower dosage of IVIG (usu-

ally 1 g/kg) and at lower frequency (usually every 3–4 weeks) to avoid

a relapse. Multiple studies and trials indicated that 50–70% patients

responded well to IVIG [8, 34]. A retrospective study done in Spanish

hospitals showed 45.3% of the patients responded well to the treat-

ment and were assigned to the group with low frequency of infusions.

This group was further divided among patients receiving drug at 6–8

week interval, 8–12 week and >12 weeks [35] .

A retrospective chart review study shows 86.9% of the patients

suffering from GBS receive IVIG either alone or in combination with

plasmapheresis [14]. Out of these, patients who relapse are provided

with a second complete dose of IVIg. The evidence shows 8–16% of

the patients relapse [15, 36].

A review study [22] for treatment of MMN reports 80% of the

patients respond to IVIG. We used this figure (80%) as the number of

people treated with IVIG in the United States due to lack of exact

data. Since treatment of MMN is an ongoing treatment, we assumed

100% of these patients are treated with IVIG.

Dose of IVIG

We noted the administration of IVIG in CIDP for 1 year with

24 weeks on the initial period and 24 weeks in the maintenance

period. Most of the trials and studies mentioned a loading dose of

F I GU R E 1 Flow charts showing the contribution of the relevant
variables used to calculate latent therapeutic demand (LTD) for use of
IVIG in chronic inflammatory demyelinating polyneuropathy (CIDP)
(a), Guillain–Barre syndrome (GBS) (b) and multiple motor neuron
neuropathy (MMN) (c)
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2 g/kg of IVIg in the initial period over 2–4 days. For the remaining

period, a range of 0.4–2 g/kg of IVIG is given every 3 weeks [19,

20, 37]. Most of the dosages recommended by guidelines such as the

EFNS/PNS [38] and the Australian Guidelines [36] reflect the dosages

used in the seminal clinical trial of Hughes et al [19] which we have

used in our analysis. The American Academy of Neurology suggests

the dosage, frequency and duration of treatment based on clinical

assessment [16]. We varied the dosage using a uniform distribution.

In the extension period, the same range of 0.4–2 g/kg of IVIG was

used, but the frequency of infusion was reduced from 3 weeks to

6–24 weeks. The patients were divided in the groups of 6–8 weeks,

8–12 weeks and 12–24 weeks [35].

A randomized controlled trial for IVIG in GBS used 0.4 g/kg over

3–6 days [16]. The Australian guidelines recommended dosage to be

2 g/kg over 2–5 days [39]. We used an average of 1.2 g/kg over

4 days as the base case and varied the dose from 0.4–2 g/kg over 3–

6 days in one-way sensitivity analysis.

The evidence shows an induction dose of 2 g/kg of IVIG is admin-

istered in MMN [22]. The maintenance dose varies between 0.1 and

2 g/kg every 1–6 weeks annually [17, 39, 40].

T AB L E 3 Base-case values for treatment patterns for CIDP, GBS and MMN

Parameter Value Source

Treatment of CIDP

Patients treated with IVIG in the initial

period

59% Laughlin 2009 (Table 1) [27]

Patients treated with IVIG in the

extension period

45.3% Querol 2013 [35]

Time period of IVIG administration 24 weeks – initial period; 24 weeks –
extension period

Hughes 2008 ICE study [19]

Volume of IVIG used per person in the

initial period

2 g/kg over 2–4 days and then 1 g/kg over

1–2 days

Hughes 2008 ICE study [19]

Volume of IVIG used per person in the

extension period

1 g/kg over 1–2 days Hughes 2008 ICE study [19]

Frequency of dosage in the initial

period

Every 3 weeks Hughes 2008 ICE study [19]

Frequency of dosage in the initial

period

Every 6–8 weeks or 8–12 weeks

or >12 weeks

Querol 2013 [35]

Patients on low frequency of dosage in

the extension period

6–8 weeks 33.3% Querol 2013 [35]

8–12 weeks 35.9%

>12 weeks 30.8%

Treatment of GBS

% Treated with IVIG 86.9% Oczko-Walker 2010 [14]

% Treated with IVIG for second dose

(patients who relapse)

12% va Doorn 2010, NBA 2012 Australian

guidelines [39]

IVIG administration days 3.5 days Patwa 2012 AAN guidelines [16]

Volume of IVIG used per person 1.2 g/kg Patwa 2012 AAN guidelines [16]; NBA

2012 Australian guidelines [39]

Frequency of dosage may be repeated in case of relapse or no

response

van Doorn 2010 [15]

Treatment of MMN

% Treated with IVIG 80.0% Jinka 2014 [22]; 80% respond to IVIG

treatment

% Treated with IVIG maintenance 100.0% Aassumption

Interval between IVIG dose Every 3.5 weeks Berg-vos 2002 [17]

Volume of loading IVIG 2 g/kg Jinka 2014 [22]

Volume of IVIG for maintenance 1.1 g/kg Berg-vos 2002 [17]; Berg 2014 [40], NBA

Australia 2012 guidelines [39]

Abbreviations: CIDP, chronic inflammatory demyelinating polyneuropathy; IVIG, intravenous immunoglobulin; GBS, Guillain–Barre syndrome; MMN,

multifocal motor neuropathy.
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Age, gender and weight of patients

In the cases where dose is administered per kg of the weight of

patients, it is necessary to distinguish age and gender groups. The data

for gender and age for CIDP were obtained from a retrospective study

conducted in the United States. [27] The age groups are classified as

18–44, 45–64 and 65+ years of age. There was only one case of a

4-year-old in this study, which we excluded so that the population is

aligned with the adult population in the clinical trial which we

used [19] .

GBS inflicts both adults and children so we included another age

group of 1–18 years of age to GBS. The proportions of patients in

each age group were gathered from Healthcare Cost and Utilization

Project (HCUP) of the U.S. Agency for Healthcare Research and Qual-

ity [41]. Several follow-up studies were used to populate the propor-

tions in each age group in MMN [17, 42, 43].

The weight distribution was extracted from a report by the

Centers for Disease Control [44], specified weight by age and

gender. We used extended the Swanson–Megill (ESM) approxima-

tion [45], as described by Stonebraker et al [7] to obtain 10th,

T AB L E 4 Variables used in the sensitivity analysis

Parameter Values for one-way SA Probability distribution Source

Treatment in CIDP

Prevalence of CIDP 1.9–8.9/100,000 Laughlin 2009 [27]

Patients treated with IVIG in initial

period

28.9–59% Uniform () Darabi 2006 [33], Laughlin 2009 [27]

Patients treated with IVIG in

extension period

35–70% Uniform () Gorson 2012, Sarti 2009 [34]

Volume of IVIG used per person for

maintenance (gm/kg)

0.4–2.0 Uniform () Australian 2012 guidelines [20] and

Eftimov 2013 [37]

Frequency of dosage in the extension

period

1st group 6–8 weeks Uniform () Querol 2013 [35]

2nd group 8–12 weeks Uniform ()

3rd group >12 weeks Uniform ()

Treatment in GBS

Prevalence of GBS 6–40/1000,000 Uniform () NIH 2011 Genetics Home reference31

% Treated with IVIG for second dose

(patients who relapse)

8–16% Uniform () Van Doorn 2010 pg S77 [15], NBA 2012

Australian guidelines [39]

IVIG administration days 3–6 days Uniform () Patwa 2012 AAN guidelines [16]

volume of IVIG used per person 0.4–2 g/kg Uniform () Patwa 2012 AAN guidelines [16]; NBA

2012 Australian guidelines [39]

Treatment in MMN

Prevalence of MMN 0.3–3/100,000 Uniform () Lawson 2014 [32]

Interval between IVIG dose every 1–6 weeks Uniform () Berg-vos 2002 [17]

volume of IVIG for maintenance 0.1–2.0 g/kg Uniform () Berg-vos 2002 [17]; Berg 2014 [40], NBA

Australia 2012 guidelines [39]

Weight (kgs – 10th, 50th and 90th

percentiles)

Male Uniform ()

1–17 27.95–44.5–74.10 Extended Swanson–Megill

approximation

CDC 2010 [44]

18–44 62.60–83.5–112.75

45–64 69.10–88.7–113.1

65+ 65.40–83.8–104.5

Female

1–17 27.45–39.35–65.25

18–44 52.5–67.8–102.6

45–64 54.7–73.7–106.3

65+ 49.8–68.3–91.2

Abbreviations: CIDP, chronic inflammatory demyelinating polyneuropathy; IVIG, intravenous immunoglobulin; GBS, Guillain–Barre syndrome; MMN,

multifocal motor neuropathy.
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50th and 90th percentiles for use in the probabilistic sensitivity

analysis.

RESULTS

Using the variables shown in Tables 3 and 4 for one-way sensitivity

analysis, Tornado diagrams were generated which showed the dosage

of immunoglobulin and the disease prevalence were the most impor-

tant parameters influencing the decision analysis model in all the three

conditions (Figure 2). Extension and second doses for CIDP and GBS

respectively were less important in influencing demand. In MMN, the

interval between doses was highly influential.

The model allowed the generation of a probabilistic distribution

for LTD for each condition (Figure 3) which was skewed for all the

three diseases. From this distribution, an average demand and stan-

dard deviation for CIDP, GBS and MMN of 83.05 � 24.5, 6.1 � 3.2

and 36.1 � 25.5 g/1000 inhabitants, respectively, was estimated. The

median extracted from the histograms of the probability distribution

were 111, 9.5 and 65 g/1000 inhabitants, respectively.

DISCUSSION

This study augments previous work by Stonebraker and colleagues in

which decision analysis methodology is used to estimate the

unconstrained demand for plasma protein therapies [6, 7, 16]. The

level of uncertainty and professional variation underpinning many of

the key elements contributing to demand enable this methodology,

through the sensitivity analyses which are a feature of the model, to

synthesize the various values offered through clinical research and

professional into an estimate for LTD. The relative contributions of

the different variables into the final estimate are shown in the Tor-

nado diagram generated by the one-way sensitivity analysis, allowing

a rapid pictorial assessment of the ranking of these variables in the

LTD (Figure 2). Unsurprisingly, the model identified dosage and dis-

ease prevalence as the highest contributors to the LTD for

immunoglobulin for all the three disease studied, but the one-way

sensitivity analysis also allowed generation of the range of values con-

tributing to the final estimate.

This study has several limitations. Although we sought to assess

the LTD of the neurological indications for which immunoglobulin is

prescribed in the United States, these three conditions are not an

exhaustive list of these indications in the medical literature [46]. Inclu-

sion of these other rare conditions may be expected to augment the

total LTD estimated in our study, and immunoglobulin has been used

to treat exacerbations myasthenia gravis for many years [47],

although the evidence base is poor [48], and new therapies are emerg-

ing for the disease [49]. While one product is approved for this indica-

tion in Europe, none are approved in the United States, and we were

unable to access any data regarding its usage, possibly because of a

lack of insurance for this condition.

Any study addressing the uncertainties underpinning LTD suffers

from the limitations imposed by these uncertainties. As is shown by

the sensitivity analysis, disease prevalence influences LTD greatly and

is the subject of debate and controversy, particularly for CIDP, the

indication associated with the highest LTD. In a recent meta-analysis,

Broers et al [50] found a pooled prevalence of 2.81 per 100,000 over

11 studies included. Of note was this meta-analyses’ exclusion of the

widely cited study conducted by the Mayo Clinic for Olmstead

County in the United States [27], which was used in our study to

specify prevalence in the United States. The Mayo study was included

in the studies considered by Broers et al, but data were not incorpo-

rated in the final analysis because Broers et al considered that the

crude rates for the data were not visible. Broers et al comment that

the inclusion of the Mayo Clinic study would have increased the

pooled prevalence, and this study, which is the most widely cited for

the prevalence of CIDP in the United States in the literature, reports a

prevalence similar to a later study extracting prevalence data for the

whole of the USA extracted from an insurance claims data base [51],

increasing our confidence in the prevalence recorded by the Mayo

Clinic .

Earlier studies in other geographies, for example, Japan [52] and

Australia [29], and a more recent study from a single centre in Chile

T AB L E 5 LTD for immunoglobulin in primary immunodeficiencies and neurological diseases. From Stonebraker et al [7] and this study

Condition
Mean LTD immunoglobulin
g/103 population References

Common variable immune deficiency (CVID) 65.4 � 73.6 Stonebraker et al [7]

X-linked agammaglobulinemia (XLA) 25.5 � 27.6 Stonebraker et al [7]

Severe combined immune deficiency (SCID) 13.4 � 13.5 Stonebraker et al [7]

Wiskott–Aldrich syndrome (WAS) 0.5 � 0.4 Stonebraker et al [7]

hyper IGM syndrome (HIGM) 0.3 � 0.3 Stonebraker et al [7]

Chronic inflammatory demyelinating polyneuropathy (CIDP) 83.05 � 24.5 This study

Guillain–Barré syndrome (GBS) 6.1 � 3.2 This study

Multifocal motor neuropathy (MMN) 36.1 � 25.5 This study

Total mean immunoglobulin consumption 230.35

Abbreviation: LTD, latent therapeutic demand.
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F I GU R E 2 One-way sensitivity analysis (tornado diagram) – For variables included in the decision analysis model for CIDP (a), GBS (b) and
MMN (c). CIDP, chronic inflammatory demyelinating polyneuropathy; GBS, Guillain–Barre syndrome; MMN, multifocal motor neuropathy
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F I GU R E 3 Distribution of IVIG use in the US, extracted from the model and estimated for patients with CIDP (a), GBS (b) and MMN (c).
CIDP, chronic inflammatory demyelinating polyneuropathy; GBS, Guillain–Barre syndrome; IVIG, intravenous immunoglobulin; MMN, multifocal
motor neuropathy
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[53] have reported lower prevalence rates, while more recent studies

in Australia [54] report prevalence rates of 10 per 100,000. In this lat-

ter study, a difference was noted between prevalence levels esti-

mated using the diagnostic criteria of the European Federation of

Neurological Societies/Peripheral Nerve Society (EFNS/PNS) [38],

considered to be the most widely accepted criteria for the diagnosis

of CIDP [50], and the patient numbers listed in a data base including

patients prescribed immunoglobulin for CIDP.

Reported differences in disease prevalence can arise from a num-

ber of causes. In clinical studies, diagnostic alignment to different sets

of criteria may result in these differences. In CIDP, the criteria of the

EFNS/PNS are considered to have a higher diagnostic sensitivity than

those previously published by the American Academy of Neurology

(AAN) [55], which may underestimate prevalence and incidence of the

disease [56]. A study in the UK reported a twofold difference between

the prevalence of CIDP defined by the EFNS/PNS and that defined by

the AAN [56], and this difference was also found in the meta-analysis

of Broers et al. [50] However, the uncertainty generated by these dif-

ferent criteria is compounded by the fact that in more than 47% of

cases, CIDP is misdiagnosed as other diseases and clinical adherence

to diagnostic criteria is poor [57]. Differences in geographies and

demographics may also contribute to these variations.

Overall, uncertainty in this key variable emphasizes the role of sensi-

tivity analysis in defining and quantifying the extent to which findings

such as those in the present study may be influenced by further research

in the clinical and epidemiological definition of the disease. While meta-

analyses such as those of Broers et al [50] reflect the uncertainty in prev-

alence through the prediction interval, this role is taken up by the Tor-

nado Diagrams which are included in the present study.

In this study, we considered the sole administration route for

immunoglobulin in treating these diseases to be intravenous. Although

one product has been approved for subcutaneous administration in

treating CIDP, there are still no data available on the extent to which

this route has been adapted for CIDP [58]; furthermore, a European

meta-analysis of studies conducted in Europe suggests that current

practice involves similar doses with IVIG and SCIG in most cases of

patients with neuropathies [59]. The US FDA’s recommendation to

correct the dosage of immunoglobulin when transitioning PID patients

from IVIG to SCIG is not reflected in the case of CIPD [60].

Estimation of LTD for other groups of indications, notably condi-

tions such as idiopathic thrombocytopenic purpura and immunodefi-

ciency secondary to haematological malignancies, will increase insight

in the factors influencing demand for these conditions. In the interim,

our study suggests that the underlying demand for IG in the main neu-

rological diseases approaches 125 g/1000 inhabitants. In Table 5, we

list the LTD for immunoglobulin consumption for the indications

where this has been studied [7] (this study). This suggests that approx-

imately 75% of the amount of IG used currently in the countries using

high amounts IG, including the United States, Canada and Australia

[61], represents the consumption expected from decision analysis

modelling for these two groups of indications. As diagnosis and treat-

ment access improve in other, lower consuming countries, the actual

usage is expected to reflect the levels estimated in these models. This

scenario assumes that the underlying factors shaping demand are sim-

ilar to those in high-usage countries. These factors assume, for exam-

ple, dosage regimens such as those we have drawn from in

influencing demand. Dosage in immunoglobulin therapies is a contro-

versial topic [62], and the guideline-driven dosages underpinning

much of current practice in the developed economies do not reflect

possible individual variations in the required trough levels in PID

patients [63], which, if used in determining dosages, may well influ-

ence the demand. Similarly, scrutiny of the doses used in the neuropa-

thies may also result in altered regimens, as many of these doses were

derived empirically from the initial clinical observations on the use of

IVIG in idiopathic thrombocytopenic purpura (ITP) with minimal rele-

vance to the different pathologies involved in the neuropathies. The

global supply of IG is already under substantial stress [64], and

increased effort is required to collect the volumes of plasma needed

to generate these amounts of IG. These pressures should heighten

efforts in understanding better the use of immunoglobulin in all the

disease where it is present as a modality. They should also accelerate

the search for alternatives to IG therapy, with some therapies already

showing promise as candidates for treating the autoimmune neurolog-

ical diseases assessed in the present study [65]. In the interim, we pro-

pose that decision analyses for estimating latent demand for therapies

should be considered as useful tools in assisting policy makers and

funders in planning access to medical interventions.
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Abstract

Background and Objectives: Studies have shown granulocyte transfusions (GTXs)

may be beneficial in neutropaenic patients with severe systemic infections.

New Zealand Blood Service has a policy for provision of granulocytes to

New Zealand’s District Health Boards. We set out to explore utilization of therapeu-

tic granulocyte infusions in New Zealand.

Materials and Methods: Patients who received GTXs in the 16-year period between

2000 and 2016 were identified by the New Zealand electronic blood management

system, eProgesa. Information pertaining to recipient demographics, disease-related

factors, methods of granulocyte collection and clinical outcomes was obtained by the

review of electronic transfusion and clinical records.

Results: Forty-five septic patients received granulocyte support for a total of

263 days. The median age of the recipients was 16 (range 0–74) years. Seventy-nine

percent of the recipients had an underlying haematological malignancy with 50%

having acute leukaemia. The median neutrophil count on the last day of GTX was

0.02 � 109/L (range 0–16.32). Sixty-three percent (27/43 patients with available

data) had persisting severe neutropaenia when the GTXs were stopped. The median

duration of support was 3 (range 1–32) days. Forty-six percent of granulocyte collec-

tions were performed via apheresis. Of the 44 patients, for whom survival outcome

was available, 18 (41%) survived the acute illness.

Conclusion: GTXs were infrequently used, most commonly in the setting of an

underlying haematological malignancy. This may be explained by the current weak

evidence base supporting this therapeutic modality. Procuring a sufficiently large

dose of granulocytes for infusion remains an issue for adult recipients.

K E YWORD S

apheresis – donation, blood components, granulocyte concentrate

INTRODUCTION

Cancer patients receiving intensive chemotherapy or those undergo-

ing haematopoietic stem cell transplantation (SCT) often experience a

prolonged period of severe neutropaenia, which predisposes them to

invasive bacterial and fungal infections that are associated with high

morbidity and mortality [1]. The strongest predictor of survival from

these infections is improvement of the neutrophil count [2].
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Granulocyte transfusion (GTX) has been around for many

decades with the first documented GTX in 1934 [3]. Significant

enthusiasm developed for GTX in the 1970s, but controlled trials in

the 1970s and 1980s yielded mixed results [4], which were partially

attributed to differences in qualities and doses of the granulocytes

transfused. There was resurgence of interest in clinical application of

GTXs in the 1990s with the advent of leukapheresis and clinical utili-

zation of granulocyte colony stimulating factor (G-CSF). Granulocyte

collection without stimulation of the donor may yield 0.1–1 � 1010

granulocytes, but this yield can increase to 4–8 � 1010 cells after

stimulation with G-CSF and steroids [5]. A study has found that

granulocytes obtained from donors stimulated by G-CSF retained

immunological functions such as chemotaxis, respiratory burst, adhe-

sion and bactericidal and antifungal activity, which remained

unchanged even after storage of the granulocyte product for

24 hours [6].

The few published multicentre randomized controlled trials for

GTX suffered from poor recruitment, and they were not able to

show clinical benefit in the intervention arm [7, 8]. However, the

RING study did show the subjects who received a higher dose of

granulocytes (mean dose greater than 0.6 � 109/kg per transfusion)

had superior outcomes in a subgroup analysis [8]. The latest

Cochrane review recommends regarding the use of GTX as investi-

gational, given the lack of sufficient evidence from randomized con-

trolled trials to support or refute its use in patients with

neutropaenia and severe infection to reduce mortality [9]. In the

recent years, several single centres published retrospective analyses

of their real-life experience with GTX therapy. In one such study,

providing GTX to severe neutropaenic patients with treatment-

refractory, life-threatening infections resulted in 15/27 (56%)

patients surviving to hospital discharge [10]. In another, 18/22

(81.8%) patients with neutropaenia due to haematological malig-

nancy survived severe refractory abdominal infection when treated

with GTX until recovery of absolute neutrophil count (ANC >1

� 109/L) or significant clinical improvement. The patients achieving

control of the infection within 7 days of the first GTX had signifi-

cantly better overall survival (p < 0.001) [11]. Nguyen et al. described

use of GTX as a bridge to an urgent allogeneic SCT in 19 severe neu-

tropaenic patients with severe uncontrolled infection, where 90% of

the GTX recipients were able to proceed to SCT with 80% continu-

ing on GTX support until neutrophil engraftment. Following the SCT,

10% of the patients eventually succumbed to the initial infection, for

which they received GTX. They showed an association between

delay in provision of GTX and delay in proceeding to HCT

(p < 0.0001), suggesting a potential role for GTX in facilitating an

urgent SCT [12]. In the current multicentre retrospective observa-

tional study, we report on New Zealand’s real-life experience in use

of GTX for treating paediatric and adult patients with severe infec-

tion in the setting of neutropaenia or neutrophil dysfunction associ-

ated with wide ranging haematological and non-haematological

disorders over 16 years. This project was carried out as a quality

improvement audit for New Zealand Blood Service (NZBS), and an

ethics application was not required as per the local guidelines.

New Zealand’s policy and procedures for GTX

NZBS provides a ‘vein-to-vein’ transfusion service for the nation, and

it is responsible for provision of all blood products. The national policy

for provision of therapeutic granulocyte products states that GTX

may be considered in patients with

1. persistent neutropaenia of less than 0.2 � 109/L, which is

expected to persist for longer than 5 days,

2. either septicaemia or life-threatening local infection that is not

responding to 72 h of appropriate antimicrobial therapy or proven

or probable fungal or yeast infection that is refractory to appropri-

ate antifungal therapy,

3. good long-term prognosis from the underlying disorder and

4. a suitable donor.

Contraindications include poor long-term prognosis of the

underlying disorder, known as human leukocyte antigen (HLA)

alloimmunization (relative), severe respiratory compromise and

requirement for ventilatory support.

The granulocyte products can be provisioned within 24 h of a

request through the on-call Transfusion Medicine Specialist on 6 days

of the week, fromMonday to Saturday. A donor search is made on a list

of ABO- and RhD-compatible NZBS apheresis donors. Family members

of the patient, who meet requirements of the NZBS Collection Stan-

dards as evaluated by a NZBS Medical Officer, may become donors,

but directed family donation is relatively contraindicated if allogeneic

SCT is being considered due to risk of HLA alloimmunization. Given the

limited size of the donor pool, granulocytes are only matched for ABO

and RhD types, unless the recipient is known to have HLA antibodies.

Apheresis units from single donors expose the recipients to a limited

number of HLA antigens compared to buffy coat units from several

donors. Collection of an apheresis unit, however, requires priming of the

donor with recombinant G-CSF (5–10 μg/kg) with or without dexametha-

sone (8 mg) in the evening prior to the collection date, whereas buffy coat

units are routinely set aside for platelet pooling at NZBS collection sites.

Consequently, buffy coat units are used for GTX if an apheresis donation

cannot be arranged in a timely manner. For procurement of buffy coat

units, whole blood donations, collected into ‘top-and-bottom’ bags, are
centrifuged at 3616g (using a Heraeus 6000i centrifuged at 3300 rpm for

11 min) at room temperature, and the bottom red cell layer and the top

plasma layer are removed using a Macopress automated blood component

separator. The remaining buffy coat is transferred to a bag that is suitable

for transfusion. For apheresis collection, NZBS currently uses Spectra

Optia®, which utilizes continuous-flow centrifugation and optical detection

technology. Other machines that had been in use over the preceding years

include Haemonetics MCS+® and Fresenius Kabi’s COM.TEC®.

All granulocyte products are irradiated prior to infusion to prevent

transfusion-associated graft-versus-host disease. The requirements

for an adequate buffy coat unit are volume of 35–65 ml and granulo-

cyte and platelet contents of ≥1 � 109 and ≥5 � 1010 per unit,

respectively. The volume of an apheresis unit is defined locally, and it

is between 200 and 500 ml in practice. Each apheresis unit should
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contain ≥1 � 1010 of granulocytes. For quality control, each donation

of granulocyte products is tested for volume and granulocyte content,

and these data are entered into a statistical process control system,

NWA, to identify trends and outliers. The collected granulocytes must

be transfused as soon as possible but can be stored for up to 24 h

from collection if they are kept at 20–24�C without agitation.

METHODS

An electronic search was performed on eProgesa, the electronic blood

management system used by NZBS since year 2000, to identify all

recipients of buffy coat and/or apheresis granulocyte units during the

16-year period between 2000 and 2016. We collected data related to

the recipient’s demographic features, the underlying disease status

(primary diagnosis, indication for GTX), the intervention (method of

procurement of granulocyte products, number of infusions given per

patient, dose of granulocytes given per patient) and the clinical out-

come (neutrophil count post-GTX, survival). The Transfusion Nurse

Specialists working for the eight largest District Health Boards (DHBs)

around New Zealand reviewed the electronic records of the GTX

recipients belonging to their respective DHBs and other smaller DHBs

supported by their DHBs and collected the pre-specified set of data.

The authors analysed the data and prepared the manuscript.

STATISTICAL ANALYSIS

Pearson’s chi-squared test with Yates’ continuity correction was used

for the correlation between increment in the neutrophil count during

treatment and survival to the time of discharge from hospital. Kaplan–

Meier analysis was used to estimate survival. The statistical software

used was R (R Foundation for Statistical Computing, Vienna, 2018).

RESULTS

Between 2000 and 2016, 45 patients received GTX for a total of

263 days in New Zealand. Twenty-eight (62%) patients were females.

The median age of the recipients was 16 with a range between zero

and 74 years (Figure 1). Fifty-six percent of the recipients had under-

lying acute leukaemia, and another 22% had other haematological

malignancies including large granulocytic leukaemia (two patients),

chronic lymphocytic leukaemia (one patient), classic Hodgkin lym-

phoma (one patient), Burkitt lymphoma (one patient), chronic myeloid

leukaemia (one patient), Juvenile myelomonocytic leukaemia (one

patient) and T-cell lymphoproliferative disorder, NOS (one patient).

Four patients had underlying aplastic anaemia. Four recipients did not

have a primary haematological diagnosis. These included two paediat-

ric patients with chronic granulomatous disease leading to granulocyte

dysfunction and two patients with solid organ malignancy (Figure 2).

All patients had documented bacterial or fungal infections that were

refractory to conventional therapy. None received GTX as a second-

ary prophylaxis to prevent progression or recurrence of chronic

infection.

Eleven out of the 20 DHBs in New Zealand have a dedicated

Haematology Department, and the remaining DHBs are served by

neighbouring DHBs with a Haematology Service. The majority of the

GTXs (21 patients, 47%) were carried out by Starship Hospital,

the largest tertiary paediatric service in New Zealand. Auckland City

Hospital, the adult equivalent, was the second biggest user of GTX

during the study period, but their usage was much less than that of

Starship Hospital, with only six cases comprising 13% of the total

number. This was slightly more than that seen in the rest of the coun-

try. Other haematology centres in both North and South Islands of

New Zealand had one to four cases of GTX therapy in the 16-year

period. There did not appear to be any apparent regional variation in

the clinical practice; for example, Wellington Hospital Haematology

F I GU R E 1 Age distribution of recipients. This graph illustrates the number of recipients of therapeutic granulocyte infusion in each age
bracket [Colour figure can be viewed at wileyonlinelibrary.com]
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Centre, serving Capital and Coast, Hutt Valley and Wairarapa DHBs in

the lower end of the North Island (a population of 525,910 people by

the Ministry of Health 2020/21 estimate), used GTX on four occa-

sions, whereas Dunedin Hospital Haematology Department, serving

the lower end of the South Island (a population of 344,900 people by

the same estimate) used it for three patients.

Thirty-four out of the 40 recipients with available data (85%) had

severe neutropaenia (defined as a neutrophil count of less than 0.5 �
109/L) at baseline and three (7.5%) had moderate neutropaenia

(defined as a neutrophil count between 0.5 and 1 � 109/L). Four of

the five patients with missing data had only the total white blood cell

(WBC) count without differentials reported on the day. Three of the

44 patients with available data (6.8%) had a neutrophil count above 1

� 109/L. Only one patient had a missing data for this latter category

because all of the patients who had a WBC reported without differen-

tials had a WBC of less than 1. The patients with a starting neutrophil

count of 1 � 109/L or greater included a patient with an underlying

chronic granulomatous disease (ANC 16.32 � 109/L), a paediatric

acute leukaemia patient with typhlitis and abdominal wall cellulitis

(ANC 3.29 � 109/L) and an adult patient with a bone marrow failure

syndrome and Escherichia coli bacteraemia (ANC 1.1 � 109/L). The

median neutrophil count at baseline was 0.02 � 109/L with a range

between 0 and 16.32 � 109/L.

One hundred thirty-nine (139/303, 45.9%) therapeutic doses of

granulocytes were collected via apheresis, and 164 (164/303, 54.1%)

doses were derived from buffy coats (10–12 buffy coats per one ther-

apeutic dose). The median number of GTXs given per patient was four

with a range between one and 37 doses (Figure 3). The patient who

received the highest cumulative dose of GTX was a 7-year-old female

with a brain stem glioma, who had chemotherapy-induced

neutropaenia and invasive pulmonary aspergillosis. Despite receiving

23 therapeutic doses of buffy coats and 14 apheresis units of GTX,

she eventually succumbed to the acute infection. Her WBC at the

commencement of GTX was 0.14 � 109/L, and the peak WBC during

the course of GTX was 0.44 � 109/L (no differentials available).

The survival outcome data were available for all but one recipient.

Twenty-six (58%) recipients were alive at the time of discharge from

hospital. Eighteen (40%) died from severe infection.

The information on the granulocyte dose per kilogram body

weight was available for a subset of 30 patients. Fifteen patients

received 0–100 � 108/kg of granulocytes, and 40% of them survived

the acute infection. Of the 11 patients who received 100–200 � 108/

kg of granulocytes, 55% survived. All four patients who received

greater than 200 � 108/kg of granulocytes were alive at the time of

discharge from hospital (p = 0.1014).

Based on the available data, the post-GTX neutrophil count could

be determined for a subset of 42 patients. During the time interval

between the first GTX and the day after the last GXT, 27 (64%)

patients had a rise in their neutrophil count of 0.2 � 109/L or greater,

and 14 (52%) of these patients survived to hospital discharge. Out of

the 15 patients who had less than 0.2 � 109/L increase in their neu-

trophil count, only five (33%) survived (p = 0.4055). All but six

patients had an increment in their neutrophil count at one or more

measurements while receiving GTX. Of the six patients who failed to

have any rise in their neutrophil count during the treatment course,

only one patient (17%) was alive at the time of discharge from hospi-

tal, in comparison to 18 out of the 36 patients (50%) who had at least

a transient rise in their neutrophil count (p = 0.282).

Eight GTX incidents were associated with a reported transfusion

reaction according to the NZBS haemovigilance record. The

F I GU R E 2 Underlying primary diagnoses of granulocyte transfusion (GTX) recipients. This graph illustrates the underlying primary diagnoses
of the patients who received therapeutic granulocyte infusion for neutropaenia or neutrophil dysfunction in this series [Colour figure can be

viewed at wileyonlinelibrary.com]
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commonest transfusion reaction was mild to moderate allergic reac-

tion (four patients; two patients with buffy coat units and two

patients with apheresis units). Two patients experienced non-

haemolytic febrile transfusion reaction (one with buffy coat unit and

one with apheresis unit) and one patient developed transfusion-

associated circulatory overload after receiving an apheresis unit.

There was one reported case of transfusion-associated polycythaemia

in a paediatric patient who received a cumulative sum of 23 buffy coat

units and 14 apheresis units over the treatment course.

DISCUSSION

In our retrospective study, we reviewed the GTX usage in

New Zealand over a 16-year period between 2000 and 2016 and

explored the associated clinical practice and patient outcomes.

Although the NZBS protocol suggests GTX be given to patients with a

neutrophil count of less than 0.2 � 109/L, 11 (24.4%) recipients had

a neutrophil count of 0.2 � 109/L or greater at the time of treatment.

This is because NZBS allows the requesting clinicians to make the

decision to access GTX support for a septic patient after careful con-

sideration of the patient’s underlying disease, neutrophil function,

anticipated trajectory of the neutrophil count and severity of the

acute infection, in addition to the absolute neutrophil count.

There was little fluctuation in the demand for GTX over the years.

The maximum number of cases was seen in 2008 and 2012, with five

patients receiving GTX in each. The number of cases varied between

one and four in other years, except for in 2002, when GTX was not given

at all. This is not surprising as there has not been any groundbreaking

improvement in the process of granulocyte collection or a major publica-

tion providing stronger evidence for benefit of GTX over this time. The

majority of the recipients were paediatric patients located at Starship

Hospital, the country’s largest tertiary children’s hospital. This may be

partially because GTX is perceived to be more efficacious in paediatric

patients, who are able to receive a higher number of granulocytes per

kilogram body weight due to their smaller size. It may also be because

doctors and the parents, who often are the surrogate decision-makers

for paediatric patients, are more likely treat the very young patients

aggressively and/or explore alternative therapeutic options when con-

ventional measures are failing. Cost may also be an issue favouring pae-

diatric recipients. Although all blood components are free of charge to

the patient, NZBS operates on a cost recovery model, with the

government-funded DHBs paying for each component. A single aphere-

sis granulocyte component costs approximately €500, while a buffy coat

from a single whole blood donation costs approximately €145.
New Zealand is a small country, hence, therapeutic granulocytes

can generally be transported from a collection site to where a patient

is situated by land or air in a timely manner. Provision of all blood

products in New Zealand is coordinated by a single crown-owned,

non-profit entity, NZBS, so there are insignificant variations in the

cost or logistic complexities related to GTX provision around the

country. Consequently, there does not appear to be any regional

F I GU R E 3 Number of therapeutic granulocyte doses given per patient. This graph illustrates distribution of the number of therapeutic doses
of granulocytes given per patient. Each therapeutic dose of granulocytes consists of either one apheresis unit or 10–12 buffy coats [Colour figure
can be viewed at wileyonlinelibrary.com]
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variation in the usage of GTX. The overall number of cases has been

low from all parts of the country. This is likely reflective of the clini-

cians’ uncertainty or scepticism towards the therapeutic benefit of

GTX in treating severe infections in immunocompromised patients,

given the lack of clear evidence based on large well-conducted

randomized controlled trials.

It is interesting to note that at 42 days (the RING trial’s endpoint),

our survival was over 70%, which is in keeping with the RING trial’s

expected indicator of success [8]. We have failed to demonstrate

improved survival in patients who received a higher dose of

granulocytes in the subgroup analysis, but it could be attributable to

the small sample size and the incomplete data set. We were not able

to determine the granulocyte dose per kilogram body weight for

patients who received GTX prior to 2008 due to missing data on the

granulocyte content in the infusion products in our current electronic

quality assurance database. We also did not find statistically signifi-

cant difference in survival in patients who had a rise in their neutro-

phil count of at least 0.2 � 109/L compared to those who did not

(p = 0.4055), but in order to have a 95% chance of detecting a statisti-

cally significant difference, around 144 patients were needed in each

group. Likewise, there was no statistically significant difference in sur-

vival between the patients who had any rise in the neutrophil count

during the course of GTX and those who did not (p = 0.282), but we

would have needed 24 patients in each arm to detect a statistically

significant difference (50% vs. 16.7%) with 80% certainty.

GTX has a number of challenges. It is mandatory to have special-

ized expertise and facility, such as leukapheresis and HLA matching,

to produce the granulocyte products and the manufactured granulo-

cyte products need to reach the intended recipients within 24 hours.

This may be particularly challenging in peripheral centres where the

manufacturing expertise and facility are not available. The NZBS pro-

tocol considers a minimum therapeutic dose of granulocytes to be

1 � 1010, although >2 � 1010 is desirable. Each bag of buffy coat unit

should contain at least 1 � 109 of granulocytes, and at least 10 bags

of buffy coat are given per infusion to achieve the therapeutic dose.

Currently, there is no formal requirement to adjust the number of

buffy coat units to be given based on the patient’s weight although

this does happen in practice. The recommended granulocyte dose

from the 2009 Cochrane review is 3 � 108/kg, which equates to 2.1

� 1010 per infusion for a 70 kg individual. As the average weight of

the population increases in the current obesity pandemic, provision of

a sufficient dose of therapeutic granulocytes will likely become more

and more challenging.

There are concerns over treatment-related adverse effects, particu-

larly pulmonary events, CMV transmission and HLA alloimmunization.

GTX appears safe in our study. During the 16-year period where

45 patients received a total of 303 therapeutic doses, only eight transfu-

sion incidents were reported to have caused a transfusion reaction. The

commonest transfusion reaction was an allergic reaction, and none was

life-threatening. This is significantly less than what was reported in the

RING study, where 41% of the 114 participants and 28% of the transfu-

sions were associated with grade 1–2 transfusion reactions, the com-

monest of which were fever, chills and/or modest changes in the blood

pressure [8]. In the same study, 20% of the recipients and less than 5% of

the transfusions were associated with grade 3–4 reactions, such as hyp-

oxia, tachycardia, hypotension and allergic reaction. There were no deaths

attributable to GTX and no significant association between the granulo-

cyte dose administered and the occurrence of a transfusion reaction. In

New Zealand, reporting of transfusion reactions is voluntary, which may

lead to under-reporting. Our observed rate of transfusion reactions for

fresh components is 2% from audits of over 1000 transfusion episodes,

whereas our reported rate via the haemovigilance program is 0.3%. Trans-

fusion reactions associated with GTX are, however, less likely to have

been unreported compared with those associated with other fresh com-

ponents as provision of therapeutic granulocyte products demands close

communication among the treating clinicians, the transfusion medicine

specialists and the NZBS staff during the treatment course.

There are potential ethical and safety concerns pertaining to

exposing healthy volunteer donors to medications, such as G-CSF and

dexamethasone, for mobilization of granulocytes. Quillen et al.

followed 83 out of 92 apheresis granulocyte donors who received

three or more doses of G-CSF at 5 mcg/kg and 8 mg of oral dexa-

methasone between 1994 and 2002 for a median follow-up period of

10 years. They compared the health outcomes of these granulocyte

donors with matched control platelet donors and found there was no

difference in the incidence of malignancies, coronary artery disease

and thrombosis [13]. To our knowledge, there is no definite evidence

in the current literature that a short-term use of G-CSF and dexa-

methasone leads to any significant long-term morbidity or mortality.

These medications, however, still have potential side effects, such as

bone pain, tenderness at the injection site, transient hyperglycaemia

and so forth. Therefore, it is important to counsel the potential donors

carefully before obtaining their informed consent.

Improvements in diagnostic strategies, antimicrobial therapy and

supportive care in modern medicine have reduced the perceived need

for GTX, and there is lack of strong evidence for GTX in treating neu-

tropaenic patients with severe infection; a limited number of publi-

shed randomized trials were underpowered to demonstrate potential

benefit of GTX owing to small sample sizes and slow recruitment. As

the latest 2015 Cochrane review has concluded, there is also not

enough evidence to refute the benefit of GTX, and there are case

series and anecdotal evidence that show potential benefit of GTX;

hence, it seems premature and scientifically unjustified to dismiss

therapeutic utility of GTX entirely [9, 14]. We believe GTX should be

considered in critically unwell patients with severe neutropaenia or

neutrophil dysfunction who fail to respond to conventional antimicro-

bial or antifungal therapy and surgical measures to control an infective

source but otherwise have good long-term prognosis from their

underlying diagnoses. Without firm evidence directing the clinicians

and patients in one way or another, full discussion should be held

with regards to the potential benefits and risks of GTX, and the con-

troversial nature of the treatment before a consensus decision is

reached for each patient. It is essential that such a decision is made

promptly so that the search for suitable donors can begin without

delay and GTX can be delivered in a timely manner at an appropriate

dose, before the patient is in extremis.
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Our study has a number of limitations. It is a retrospective data

analysis, and the data quality was dependent on the availability and

completeness of historic documentation. The number of subjects

included in this study is small although we were able to capture all

patients who received GTX during the study period by virtue of the

presence of a single national electronic platform for patient blood

management. There is no comparison group because we anticipated it

would be difficult to define a matched historic control group as the

GTX recipients included in this analysis were a heterogeneous group

with varying underlying diagnoses, different types of infections and a

wide range of baseline neutrophil counts.

In order to prove or refute the clinical benefit of GTX in septic

patients with severe neutropaenia or neutrophil dysfunction, a random-

ized controlled trial with an adequate power is needed. Such efforts to

date have been hindered by failure to enrol enough participants to

achieve an adequate power. The next best approach would be to set

up an international prospective registry of therapeutic GTX, so the out-

come data can be collected in a much larger scale. The Biomedical

Excellence for Safer Transfusion (BEST) Collective has set up a web-

based international collaborative registry of GTX [15]. NZBS has been

working with this international registry to establish participation since

2018. It is anticipated that as the Registry data matures over time,

more information will become available to shed more light on real-life

experience in therapeutic use of GTX and trend in clinical outcome.
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Abstract

Background and Objectives: Our study sought to evaluate and compare different

prediction scores for massive transfusion in-hospital packed red blood cell (PRBC)

transfusions.

Materials and Methods: Between January 2013 and December 2018, 1843 trauma

patients were enrolled in the registry of a level-1 trauma centre. All prehospital and

in-hospital variables needed to calculate the Shock Index and RED FLAG, Assessment

of Blood Consumption (ABC) and Trauma Associated Severe Hemorrhage (TASH)

scores were prospectively collected in the registry. The primary endpoint was the ini-

tiation of transfusion within the first hour of the patient’s arrival at the hospital.

Results: A total of 1767 patients were included for analysis with a mean age of 43 years

(�19) and a mean Injury Severity Score of 15 (�14). The in-hospital TASH score had the

highest predictive performance overall (area under the curve [AUC] = 0.925, 95% confi-

dence interval [CI] [0.904–0.946]), while the RED FLAG score (AUC = 0.881, 95% CI

[0.854–0.908]) had the greatest prehospital predictive performance compared to the

ABC score (AUC = 0.798, 95% CI [0.759–0.837]) and Shock Index (AUC = 0.795, 95%

CI [0.752–0.837]). Using their standard thresholds, the RED FLAG score was the most

efficient in predicting early transfusion (sensitivity: 87%, specificity: 76%, positive predic-

tive value: 25%, negative predictive value: 99%, Youden index: 0.63).

Conclusion: The RED FLAG score appears to outperform both the ABC score and the

Shock Index in predicting early in-hospital transfusion in trauma patients managed by

pre-hospital teams. If adopted, this score could be used to give advance warning to

trauma centres or even to initiate early transfusion during pre-hospital care.

K E YWORD S

early transfusion, major trauma, massive transfusion, pre-hospital score, RED FLAG

INTRODUCTION

Trauma is the primary cause of death among people under 45 years of

age worldwide [1], and 66% of trauma deaths occur during pre-

hospital care, while 27% occur within the first 48 h in hospital [2].

Between 30% and 40% of these deaths are attributable to massive

haemorrhage [3]. In recent years, various scores have been developed

to quickly predict the need for massive transfusion. There are
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14 prediction scores and algorithms for massive transfusion in major

trauma patients [4]. Of these, the Assessment of Blood Consumption

(ABC) score and the Shock Index are most frequently used in pre-

hospital care [5, 6], while the Trauma Associated Severe Hemorrhage

(TASH) score remains the gold standard in hospitals [7]. The objective

of these scores is to identify major trauma patients requiring transfu-

sion at an early stage in order to anticipate the amount of labile blood

products needing to be ordered by the receiving trauma centre [8].

Although the capability for pre-hospital blood transfusion is being

implemented in some areas, it is not yet widely accepted as a standard

practice [9]. Effective pre-hospital management and triage of these

major trauma patients to dedicated trauma centres reduce their mor-

tality by 25% [10]. In 2018, a French trauma team developed the RED

FLAG prediction score for massive transfusion, which is applicable

from pre-hospital care [11]. The main objective of our study was to

evaluate the RED FLAG score in predicting early packed red blood cell

(PRBC) transfusion, defined as the initiation of blood transfusion

within the first hour of hospital arrival of major trauma patients in a

level-1 trauma centre, as well as comparing this score to other trans-

fusion scores currently in use in pre-hospital (ABC score and Shock

Index) and in-hospital (TASH score) care.

MATERIALS AND METHODS

Study type

We conducted a monocentric retrospective study in the Sainte Anne

Military Hospital of Toulon (Southeast of France), a level-1 trauma

centre with every necessary medical and surgical resources for the

treatment of any type of traumatic injury. It receives an average of

300 trauma patients per year. A registry of the hospital’s trauma

patients was started in 2013 to collect data prospectively in accor-

dance with the Utstein-style guidelines [12]. Raw data were collected

prospectively on paper by physicians and then entered into an elec-

tronic database. A clinical research assistant regularly verifies the

integrity and completeness of the data and collects patient outcomes

upon discharge. All patients in the registry from January 2013 to

December 2018 were included in the study so long as major trauma

was suspected in pre-hospital care. The calculation of prediction

scores for transfusion in each trauma patient (RED FLAG, ABC score,

Shock Index and TASH score) was performed retrospectively by a sin-

gle operating physician using the registry data. Both the Establishment

Ethics Committee and the Data Protection Committee have agreed to

the study (DR-2016-234, request for authorization no. 911461v2).

Scores included in the study

Pre-hospital scores

The RED FLAG score is calculated using five variables: Shock Index

≥1, mean arterial blood pressure ≤ 70 mmHg, capillary haemoglobin

≤13 g/dl, pre-hospital orotracheal intubation and unstable pelvic frac-

ture upon clinical examination. Each variable counts as 1 point. A RED

FLAG score ≥ 2 is considered positive.

The ABC score (pre-hospital gold standard) is calculated using four

variables: heart rate ≥ 120 bpm, systolic blood pressure ≤ 90 mmHg,

the penetrating effect of the trauma and presence of free intraperito-

neal fluid (e.g., by Focused Assessment with Sonography for Trauma

[FAST]). Each variable counts as 1 point. An ABC score ≥ 2 is consid-

ered positive.

The Shock Index is calculated using two variables: maximum heart

rate and minimum systolic arterial blood pressure. A Shock Index ≥1 is

considered positive.

In-hospital score

The TASH score (in-hospital gold standard) is calculated using eight

variables (Table 1): patient gender, haemoglobin level, base excess,

systolic blood pressure, heart rate, presence of free intraperitoneal

fluid (e.g., by FAST), unstable pelvic fracture and open femur fracture.

A simplified point score can be directly correlated to the probability of

massive transfusion.

Epidemiological analysis

Data collected during pre-hospital care include age, gender, type of

trauma, mechanism of trauma, Glasgow Coma Scale (GCS), heart rate,

systolic and diastolic blood pressure, respiratory rate, pulse oximetry,

pre-hospital resuscitation (orotracheal intubation, catecholamines and

fluids administered), capillary haemoglobin and FAST ultrasound

results. These variables were used to calculate the Shock Index and

RED FLAG and ABC scores. In-hospital data included clinical examina-

tion (GCS, heart rate, systolic and diastolic blood pressure, respiratory

rate, pulse oximetry), biological analysis (standard blood, coagulation

and arterial blood gas tests) and medical imaging (chest and pelvis x-

rays, FAST ultrasound and whole-body scan). The primary endpoint

was early transfusion, defined as the transfusion of PRBCs within the

first hour after the trauma patient’s arrival at the hospital.

Statistical analysis

We first performed a descriptive analysis of our study population.

Descriptive statistics included frequencies and percentages for cate-

gorical variables and mean values (standard deviation [SD]) for contin-

uous variables. We then compared early transfused patients with

non-transfused patients. The Mann–Whitney U-test was used to com-

pare quantitative variables, while the chi-squared test was used for

qualitative variables. Comparison of each score’s diagnostic perfor-

mance to predict early in-hospital PRBC transfusion was evaluated via

analysis of the receiver operating characteristic curve (ROC curve)

using the same method as DeLong et al. [13]. Sensitivity, specificity,
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positive predictive values and negative predictive values were calcu-

lated with their standard thresholds in order to examine each score’s

predictive capability regarding early PRBC transfusion (RED FLAG

score ≥ 2, ABC score ≥ 2, Shock Index ≥1, TASH score ≥ 16).

The statistical software XLSTAT pro v.22.1.3 was used for data

acquisition and analysis, as well as for the comparison of ROC curves.

Statistical significance was set at p < 0.05.

RESULTS

Population

Of the 1843 trauma patients included in the registry during the study

period, 1767 patients (96%) were included in the analysis. A

study population flowchart and reasons for exclusion can be seen in

Figure 1. Study population characteristics are reported in Table 2.

Aims

After admission to the level-1 trauma centre, 151 patients were trans-

fused within the first hour. Table 3 presents the clinical, paraclinical

and severity differences between trauma patients who received early

PRBC transfusion and those who did not. The early transfused popu-

lation was more often in critical condition than the non-transfused

population. The ROC curves and AUC differences for each score stud-

ied are included in Figure 2 and Table 4. The in-hospital TASH score

was better than all pre-hospital scores studied (p < 0.05), while the

RED FLAG score was the best performing pre-hospital score

(p < 0.05). Table 5 presents the predictive performance of each

score with their standard thresholds, with the RED FLAG score dem-

onstrating the best predictive performance for early PRBC transfu-

sion. However, the TASH score’s predictive performance improved

(sensitivity [Se] = 87%, specificity [Sp] = 86%, positive predictive

value [PPV] = 37%, negative predictive value [NPV] = 99%, Youden

index = 0.73) after the positivity threshold was lowered (TASH ≥9).

DISCUSSION

Our study aimed to evaluate and compare prediction scores for

massive transfusion, especifically, in the case of early PRBC trans-

fusion defined as the initiation of transfusion within the first hour

of arrival at our level-1 trauma centre. The RED FLAG score

appeared to be the highest performing pre-hospital scores studied

in predicting the need for early PRBC transfusion with

AUC = 0.88, 95% CI [0.85–0.91].

The RED FLAG score was recently developed by a French trauma

team and includes the Shock Index and additional clinical variables

that denote a patient’s severity of trauma [11]. As such, it can be con-

sidered as a slightly more adapted score than the Shock Index in the

early detection of trauma-induced haemorrhage. To our knowledge, it

has never been compared to other in-hospital and pre-hospital scores

that predict the need for massive transfusion. Our study is also origi-

nal in introducing a notion of temporality with the concept of early

transfusion in the comparison of these scores. Although we were

unable to verify whether patients who received an early PRBC

T AB L E 1 Trauma associated severe hemorrhage (TASH) score and probability of massive transfusion (MT)

Variables Values Points TASH score Probability of MT

Haemoglobin (g/dl) <7 8 1–8 <5%

<9 6 9 6%

<10 4 10 8%

<11 3 11 11%

<12 2 12 14%

Base excess (mEq/L) <�10 4 13 18%

<�6 3 14 23%

<�2 1 15 29%

Systolic blood pressure (mmHg) <100 4 16 35%

<120 1 17 43%

Heart rate (bpm) >120 2 18 50%

Free intraperitoneal fluid (via FAST) 3 19 57%

Clinically unstable pelvic fracture 6 20 65%

Open or displaced femur fracture 3 21 71%

Male sex 1 22 77%

Total points = TASH score 23 82%

24+ >85%

Abbreviation: FAST, focused assessment with sonography for trauma.
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transfusion required a massive transfusion thereafter, the results of

our study suggest an interest in the RED FLAG score as it seemed to

perform better than both the ABC score and the Shock Index in

predicting the need for early PRBC transfusion.

The ABC score is the standard reference in pre-hospital care [5].

In the hospital, it has demonstrated greater diagnostic performance

than the TASH score in predicting the need for transfusion in trauma

patients [14]. In our study, the ABC score appeared to perform less

well than the TASH score in predicting early PRBC transfusion. This

could be explained by the use of pre-hospital variables in its calcula-

tion versus in-hospital variables for the TASH score. It also appeared

to be less effective than the RED FLAG score and comparable to the

Shock Index. In addition to systolic blood pressure and heart rate (also

Shock Index components), the ABC score considers free intraperito-

neal fluid via FAST and penetrating trauma as well. These last two var-

iables did not prove to be significant in predicting transfusion in a

recent study [15], which may explain the comparability of the two

scores.

The Shock Index is the oldest score included in our study. It was

first used as an indicator of shock severity [16], then, as a prediction

score for trauma mortality [17] and, finally, as a predictive test for

massive transfusion [6]. The Shock Index has been demonstrated to

be an early indicator of hypovolaemic shock and blood transfusion

upon hospital arrival [18]. It is a measure of the severity of hypo-

volaemia, particularly, in patients in the compensatory stage of shock

who have a heart rate and/or systolic blood pressure within the toler-

ance limits, despite significant blood loss [19]. By selecting the thresh-

old of SI ≥1, its calculation can be simplified for pre-hospital care [20].

The Shock Index has also been relevant in geriatric and paediatric

populations [21, 22].

In the hospital, the TASH score is the gold standard to predict

transfusion needs [23], which acts as a simplified scoring system

where increasing points can be directly correlated to an increasing

probability of massive transfusion without having a clear positivity

threshold. We used the threshold ≥16 in our study as it has been com-

monly used in the literature [24], though different thresholds for the

TASH score have been suggested [25, 26], and a threshold of ≥8.5

was found to have greater predictive performance (Se = 84.4% and

Sp = 78.4%) [27]. In our study, by decreasing the positivity threshold

to ≤9, the predictive performance of the score was increased regard-

ing early PRBC transfusion. However, having to wait for pathological

and/or imaging results at the hospital may delay both calculating the

score and starting transfusion. The relevance of the RED FLAG score

in initiating early in-hospital PRBC transfusion is interesting but

should be the subject of a study specifically dedicated to this

objective.

In the majority of studies comparing massive transfusion predic-

tion scores, the TASH score appears to perform the best [24, 26, 28].

However, there are limitations to using the TASH score in pre-hospital

care, such as the large number of variables required for its calculation

(eight variables) and the absence of a real threshold for initiating

transfusion. The Shock Index (two variables), the ABC score (four vari-

ables) and the RED FLAG score (five variables) with their fixed thresh-

olds (≥1, ≥2 and ≥2, respectively) are more appropriate in pre-hospital

emergency care for starting PRBC transfusion on scene and/or to

alert the trauma centre.

F I GU R E 1 Study population flowchart. ABC, assessment of blood consumption; TASH, trauma associated severe hemorrhage
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Many of the existing scores that attempt to predict massive trans-

fusion are not derived from pre-hospital variables [4]. Our study was

based solely on pre-hospital variables used in the design of the RED

FLAG score, ABC score and Shock Index. Only the TASH score was

designed using in-hospital variables. As Hamada et al. suggest, the

RED FLAG score has the advantages of simplicity and pragmatism due

to its use of variables corresponding to criteria that are directly

accessible to the pre-hospital care team. It permits the rapid identifi-

cation of trauma patients who require the mobilization of significant

human and material resources to control bleeding.

It is important to use the appropriate algorithms and standard

procedures in pre-hospital care in order to anticipate the transfu-

sion requirements of major trauma patients and to alert the

trauma centre. Without advance warning from pre-hospital teams,

trauma leaders are often restricted to awaiting the patient’s arrival

at the hospital to activate a massive transfusion protocol. In this

context, the scores are of less interest as patients are already in

the hospital, leading to a loss of preparedness for ordering labile

blood products. Thus, advance warning of early PRBC transfusion

by pre-hospital teams is necessary for increasing preparedness by

anticipating the orders of labile blood products in the hospital and

readying operating rooms before the arrival of the major trauma

patient.

Our study has several limitations. Although the data collected

were prospective and mostly complete, the study design was ret-

rospective, monocentric and observational. Scores were calculated

retrospectively, and it was impossible to determine whether their

use during pre-hospital care would have affected in-hospital care.

The retrospective nature also prevented us from analysing the

temporal component of score use, a fundamental element of all

pre-hospital care. It was not possible for us to confirm whether

patients who had received an early PRBC transfusion received a

massive transfusion afterward, as our study focussed on early

PRBC transfusion upon arrival in hospital. Neither can we confirm

whether patients who were not transfused in the first hour did not

later require a blood transfusion. RED FLAG had been developed

primarily in a blunt trauma population and reflects distinct local

procedures (medicalization of pre-hospital emergency care), such

as orotracheal intubation in the field or measuring haemoglobin

levels by capillary test. Consequently, RED FLAG might not be

applicable when either pre-hospital haemoglobin assessment is

unavailable or pre-hospital intubation is not commonly performed,

or in the context of penetrating trauma, particularly concerning

military combat where high-energy penetrating trauma is more fre-

quent. Penetrating trauma accounted for only 8.5% of our cohort,

and no subgroup analysis was performed. Therefore, we cannot

determine the relevance of the scores evaluated in this population.

A multicentric prospective study is necessary to both validate our

results and allow us to standardize our pre-hospital care protocols

accordingly.

In summary, it remains difficult to detect active bleeding and

anticipate the need for transfusion in major trauma patients. The RED

FLAG score appears to outperform both the ABC score and the Shock

Index in predicting the necessity of early PRBC transfusion in major

trauma patients during pre-hospital care. Its use in current practice

could provide two significant advantages: (i) providing advance warn-

ing to receiving trauma centres of the need to initiate an early transfu-

sion and (ii) beginning blood transfusion during pre-hospital care for

teams equipped with labile blood products in their mobile emergency

units (EMS and/or HEMS).

T AB L E 2 Study population characteristics (n = 1767 patients)

Characteristics Value

Sex: Male, n (%) 1359 (77)

Age, mean (SD) 42.8 (�19.2)

Mechanism of injury, n (%)

• Blunt 1616 (91.5)

• Penetrating 151 (8.5)

Type of trauma, n (%)

• Motorcycle 709 (40)

• Car crash 397 (22.5)

• Fall 322 (18.4)

• Pedestrian 107 (6)

• Gunshot 82 (4.6)

• Stab wound 62 (3.5)

• Other 88 (5)

Transport to hospital, n (%)

• EMS 1079 (61)

• HEMS 622 (35)

• Private transportation 66 (4)

Severity scores

MGAP score, n (%)

• 3–17a 196 (11.1)

• 18–22b 311 (17.6)

• 23–29 c 1260 (71.3)

Injury severity score, mean (SD) 15 (�14)

Prediction scores for MT, n (%)

• TASH score ≥ 16 82 (4.6)

• ABC score ≥ 2 149 (8.4)

• Shock Index ≥1 310 (18)

• RED FLAG ≥2 527 (30)

In-hospital evolution

• Blood transfusion within the first hour, n (%) 151 (8.5)

• Length of stay, day, mean (SD) 11 (�16)

• Mortality, n (%) 129 (7.3)

Abbreviations: ABC, assessment of blood consumption; EMS, emergency

medical service; HEMS, helicopter emergency medical service; MGAP

score, mechanism, glasgow coma scale, age, systolic blood pressure; MT,

massive transfusion; TASH, trauma associated severe hemorrhage.
aHigh risk of mortality.
bIntermediate risk of mortality.
cLow risk of mortality.
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T AB L E 3 Comparison of patient transfused or not within first hour in hospital

Blood transfusion within first hour

YES NO

Characteristics n = 151 n = 1616 p-value

Sex male, n (%) 105 (70) 1254 (78) 0.025

Age, mean (SD) 46 (�21) 43 (�19) 0.099

Prehospital physiological variables, mean (SD)

• GCS 9 (�5) 13 (�4) <0.001

• Heart rate (bpm) 103 (�31) 89 (�21) <0.001

• Systolic blood pressure (mmHg) 94 (�37) 123 (�24) <0.001

• Diastolic blood pressure (mmHg) 53 (�28) 72 (�18) <0.001

• Mean blood pressure (mmHg) 66 (�31) 88 (�19) <0.001

• Peripheral oxygen saturation (%) 89 (�18) 97 (�6) <0.001

• Respiratory rate (cpm) 20 (�7) 19 (�5) 0.082

• Capillary haemoglobin (g/dl) 11 (�3) 13 (�2) <0.001

Prehospital resuscitation

• Mechanical ventilation, n (%) 88 (58) 245 (15) <0.001

• Catecholamine administration, n (%) 90 (60) 103 (6) <0.001

• Tranexamic acid administration, n (%) 102 (68) 240 (15) <0.001

• Osmotherapy, n (%) 18 (12) 56 (4) <0.001

• Fluid administration, ml, mean (SD) 944 (�786) 378 (�399) <0.001

In-hospital physiological variables, mean (SD)

• GCS 8 (�6) 12 (�5) <0.001

• Heart rate (bpm) 102 (�34) 87 (�21) <0.001

• Systolic blood pressure (mmHg) 86 (�34) 122 (�24) <0.001

• Diastolic blood pressure (mmHg) 46 (�24) 72 (�17) <0.001

• Mean blood pressure (mmHg) 58 (�27) 88 (�18) <0.001

• Peripheral oxygen saturation (%) 91 (�17) 99 (�23) <0.001

• Respiratory rate (cpm) 19 (�6) 19 (�5) 0.99

Biological parameters, mean (SD)

• Haemoglobin (g/dl) 9.9 (�2.4) 13.6 (�4.3) <0.001

• Blood platelets (G/L) 185 (�76) 229 (�66) <0.001

• Prothrombin 50 (�20) 83 (�15) <0.001

• Fibrinogen 1.6 (�1) 2.7 (�1) <0.001

Blood gas parameters, mean (SD)

• pH 7.18 (�0.18) 7.37 (�0.19) <0.001

• PO2 206 (�128) 169 (�104) 0.002

• PCO2 46 (�17) 39 (�10) <0.001

• HCO3
� 16.7 (�4.6) 22.3 (�3.3) <0.001

• Base excess �10.6 (�6.4) �2.6 (�3.7) <0.001

• Lactate 6.1 (�4.8) 2 (�1.5) <0.001

Medical imagery, n (%)

• Pneumothorax 17 (11) 57 (3.5) <0.001

• Haemothorax 37 (25) 41 (2.5) <0.001

• Unstable pelvic fracture 38 (25) 99 (6.1) <0.001

• Free intraperitoneal fluid (via FAST) 40 (26) 81 (5) <0.001

(Continues)
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T AB L E 3 (Continued)

Blood transfusion within first hour

YES NO

Characteristics n = 151 n = 1616 p-value

Severity, n (%)

• Emergency haemostatic surgery 51 (34) 52 (3.2) <0.001

• ISS > 15 132 (87) 622 (39) <0.001

• In-hospital death 55 (36) 74 (4.6) <0.001

Abbreviations: FAST, focused assessment with sonography for trauma; GCS, glasgow coma scale; ISS, injury severity score.

F I GU R E 2 Receiving operating curves of four scores (Shock Index and RED FLAG, ABC and TASH scores) for early packed red blood cell
transfusion. ABC, assessment of blood consumption; TASH, trauma associated severe hemorrhage

T AB L E 4 Comparison of the predictive performance of the Shock Index and TASH, RED FLAG and ABC scores in the cohort (n = 1767
patients)

Scores AUC difference 95% CI p-value

RED FLAG versus Shock Index 0.086 0.08–0.10 <0.001

RED FLAG versus ABC score 0.083 0.07–0.09 <0.001

ABC score versus Shock Index 0.003 �0.01–0.10 0.539

TASH score versus RED FLAG 0.044 0.04–0.05 <0.001

TASH score versus ABC score 0.127 0.12–0.14 <0.001

TASH score versus Shock Index 0.130 0.12–0.14 <0.001

Abbreviations: ABC, assessment of blood consumption; AUC, area under the curve; TASH, trauma associated severe hemorrhage.

T AB L E 5 Diagnostic properties of each score (Shock Index and TASH, RED FLAG and ABC scores) with standard thresholds

Scores Thresholds Sensitivity Specificity PPV NPV Youden index

RED FLAG ≥2 87% 76% 25% 99% 0.63

Shock Index ≥1 62% 87% 30% 96% 0.48

ABC score ≥2 44% 95% 45% 95% 0.39

TASH score ≥16 36% 98% 67% 94% 0.35

Abbreviations: ABC, assessment of blood consumption; NPV, negative predictive value; PPV, positive predictive value; TASH, trauma associated severe

hemorrhage.
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Abstract

Background and Objectives: The first wave of coronavirus disease-2019 (COVID-19)

dramatically affected the Transfusion Medicine Unit of the Azienda Unità Sanitari

Locale - Istituto di Ricovero e Cura a Carattere Scientifico (AUSL-IRCCS) di Reggio Emi-

lia, which faced a total rearrangement of the procedures for donors and patients. This

study aims to assess the major implications of COVID-19 on our department, focusing

on the blood transfusion chain and therapies, in order to support transfusion specialists

in seeking efficient ways to face similar future emergencies.

Materials and Methods: This retrospective study compares our Transfusion Medicine

Unit data collected between February and May 2020 with the same period in 2017–

2019. Data on red blood cells and platelets donations, transfusions and clinical proce-

dures were collected as aggregates from our internal electronic database.

Results: During the lockdown, donor centres were re-organized to reduce the risk

of contagion and avoid unnecessary blood collection. Blood donations were re-scheduled

to meet the decrease in elective surgery; consequently, plateletapheresis was

implemented to supply the reduction of buffycoat-derived platelets. Transfusions

significantly decreased together with orthopaedic and vascular surgery, while they

were only marginally diminished for both cancer and onco-haematological patients.

Reduced procedures for inpatients and outpatients were matched by remote medi-

cine, addressing the need of a constant healthcare support for patients with chronic

diseases.

Conclusions: The described measures were adopted to avoid excessive blood collec-

tion and expiration, guarantee the safety of our ward (for both patients and staff)

and supply the necessary transfusion therapies. These measures may support the

development of appropriate risk management plans and safety procedures for other

hospitals and transfusion services that have to face similar events.

K E YWORD S

blood collection, donor recruitment, platelet transfusion, transfusion medicine (in general),
transfusion therapy
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INTRODUCTION

The first wave of coronavirus disease-2019 (COVID-19) significantly

impacted Northern Italy, where hospitals faced a rapid and profound

re-organization of the healthcare services supply [1, 2]. The Italian

Government declared a lockdown period that, for the Reggio Emilia

province, started on 9 March 2020, with a gradual loosening from

3 May 2020 [3]. During this period, all the wards of the AUSL-IRCCS

of Reggio Emilia rearranged their routine procedures to meet the

requirements imposed by the COVID-19 outbreak.

Reggio Emilia hospital is located in Emilia Romagna (Northern

Italy) and experienced thousands of COVID-19 cases, with different

grades of severity during the lockdown period [4]. The impact of the

pandemic on the healthcare system negatively affected a large num-

ber of patients with different pathologies [5–9]. Emilia Romagna Local

Governance listed the healthcare services that could not be post-

poned during the lockdown, as well as those that could be delayed or

developed through remote medicine (i.e., telemedicine, electronic pre-

scriptions, phone consultations), in order to limit the access to hospi-

tals and avoid overcrowding [10].

Despite not being involved in first-line treatment of COVID-19

patients, even our Transfusion Medicine Unit faced many changes in

its routine clinical practice, due to the close connection with the other

hospital departments [11]. To ensure high standards of blood donation

and blood safety during the emergency, the Italian National Blood

Centre (Centro Nazionale Sangue, CNS), in compliance with the Minis-

try of Health and the COVID-19 Technical Scientific Committee (CTS),

issued a series of measures that our ward promptly adopted [12, 13].

In the present study, we investigate the effects of the COVID-19

pandemic and lockdown-related restrictions on the activity of our

Transfusion Medicine Unit, providing a description of the adopted

measures and of their effectiveness on blood collection, blood transfu-

sions, transfusion medicine and immune-haematology clinical practice.

Our aim is to point out, through an evidence-based analysis, the

practices that may help transfusion specialists worldwide to deal with

similar emergencies in the future.

MATERIALS AND METHODS

Reggio Emilia is one of the nine provinces located in the Emilia-Romagna

region, accounting for about 532,000 inhabitants. The Emilia-Romagna

region coordinates blood availability and distribution between the prov-

inces via the Regional Blood Centre (Centro Regionale Sangue [CRS]).

Reggio Emilia province harbours five hospitals. Nevertheless, there is

only a Transfusion Medicine Unit that centralizes the necessity for trans-

fusions, therapies andmedical consultations.

Study design

The study was carried out at the Transfusion Medicine Unit of the

Azienda USL-IRCCS di Reggio Emilia. This is a retrospective study

comparing data from February to May 2020 with the same period of

the previous triennium (2017–2019).

Since one-way analysis of variance (ANOVA) analysis did not reveal

significant difference (p > 0.05) in the mean transfusions among the

tested groups (2017–2019), total red blood cells (RBCs) transfusions per-

formed during the 2020 lockdown were compared with the mean trans-

fusions performed during the same period of the previous triennium.

PLTs transfusions’ comparison, instead, was performed on 2020

versus 2019. In our OECI Clinical Cancer Centre, between 65% and

90% of PLTs usage is generally destined to haematological and

onco-haematological patients. The number of these patients increased

since July 2017, when our hospital established the Cancer and

Haematology Centre (CORE). This pavilion became fully functional by

the end of 2018 and now centralizes all the onco-haematological

patients of the Reggio Emilia province.

No ethical approval was necessary for collecting the aggregated,

anonymous data presented herein.

Transfusion Medicine Unit procedures and
organization

Our Transfusion Medicine Unit accounts for 24 collection points (donor

centres) covering the whole Reggio Emilia province. The management is

equally distributed between the hospital and the volunteer associations

(Associazione Volontari Italiani del Sangue, AVIS). Blood processing and

distribution are exclusively managed by the Transfusion Medicine Unit.

Our procedures involve therapies and consultations for patients

coming from other wards, for inpatients temporarily hospitalized

within our ward and for outpatients. Medical offices that compose

our Transfusion Medicine Unit are dedicated to patient blood man-

agement, bloodlettings/phlebotomies, transfusions, apheresis and

sideropaenic anaemia treatment.

Data management and statistical analysis

Data concerning hospitalizations and COVID-19 patients were col-

lected as aggregates from our hospital discharge database. Data con-

cerning the Transfusion Medicine Unit procedures were collected as

aggregates using our internal database interface (Eliot, Engineering

Ingegneria Informatica S.p.A., Italy) and downloaded as Excel spread-

sheets. Subsequent data analysis was performed on Excel (Microsoft

Office 2010, Microsoft Corp., Redmond, WA), Python (3.8) and

GraphPad Prism 7.02 (GraphPad Software, San Diego, CA). Data were

expressed as number of patients or blood/platelets (PLTs) units and,

when possible, as a mean of three different years (2017, 2018 and

2019) with its maximum–minimum range. Statistical significance was

assessed using a t-test when comparing the same time lapse of two

different years, while one-way ANOVA was used to determine statis-

tical significance of the same time lapse in the last 3 years (from 2017

to 2019) either including 2020 or not within the comparison. The sig-

nificance was set at *p ≤ 0.05, **p ≤ 0.001 and ***p ≤ 0.0001.
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RESULTS

Management of the donor centres

During the national lockdown period, Reggio Emilia donor centres were

re-organized to:

1. Lower the risk of contagion.

2. Avoid unnecessary blood collection.

To lower the risk of contagion, two small donor centres were

temporarily closed and converted into COVID clinics. In the remaining

operating centres, some of the personnel were appointed to check

the temperature and health status of all donors immediately before

their access. Social distancing measures were adopted to avoid over-

crowding, and, after each donation, rooms and seats were sanitized.

Donations were suspended for students and first donors; when not

necessary, eligibility and control exams were halted.

Blood collection

Blood, PLTs and plasma donations are routinely planned with the

donors by SMS alert or phone call and scheduled in order to ade-

quately manage the blood bank. During the 2020 lockdown, the

schedule was deeply modified to meet the hospital requirements.

According to the Italian Government instructions [3], our hospital

re-scheduled a large majority of surgical procedures. When possible,

non-urgent orthopaedics, cardiovascular and cancer surgeries were

postponed or moved to non-COVID hospitals. This had an impact on

the total number of surgical interventions, especially during the most

critical lockdown phase (i.e., March and April 2020, data not shown).

As a consequence, the Transfusion Medicine Unit faced a decrease in

blood components’ requests, and blood donation schedules were all

re-considered in order to avoid excessive stored blood units.

Figure 1(a) shows that the number of red blood cells (RBCs) units

prepared from whole blood donations between February and May

2020 decreased, particularly between March and April. Consequently,

the available buffycoat-derived PLTs units also diminished.

Plateletapheresis was, thus, increased to allow a constant PLTs supply

to our blood bank (Figure 1(b)).

Whole blood donations dedicated to group 0 negative (0�)

(Supplementary Figure S1) and rare phenotypes reserved for specific

cohorts of patients (i.e., thalassaemics and myelodysplastics) were pre-

served. Rare group donors were scheduled by direct phone call, while

all the other appointments were cancelled by SMS.

Since plateletapheresis is a complex and invasive procedure, PLTs

donors are generally fewer than blood donors. The collection of a suf-

ficient amount of plateletapheresis-derived units, therefore, represen-

ted a challenge for our recruiting personnel. To overcome this

problem, our Transfusion Medicine Unit established a bank of frozen

PLTs, which can be stored for up to 2 years. Between August and

October 2020, our personnel collected and stored over 50 frozen

PLTs units, according to Italian standards [14].

Furthermore, the CRS coordinated blood availability and distribu-

tion between the provinces according to the epidemic diffusion. In

order to determine how this internal and local re-organization of

blood supply and transfusions affected the coordination with the

other transfusion centres of our region, we also analysed the influx/

efflux of blood units. Results are reported in Figure S2 of the

Supplementary information.

Finally, since plasma can be stored frozen for several months, its

collection was not interrupted. The donor centres extended the open-

ing time, while appointments for plasma donations were re-scheduled

to avoid overcrowding and to allow the necessary sanitization (data

not shown).

Blood transfusion—RBCs and PLTs

To understand how the pandemic affected the transfusion therapies,

we compared the percentages of hospitalized patients transfused

between February and May 2020 with those of 2017–2019 (Table 1).

Taking into account the number of non-COVID patients, the 2020

RBCs transfusion rate increased from 18.5% to 22.5%, while only a

small number of COVID-19 patients underwent a transfusion

(161 over 1720, 9.4%). These data are in agreement with the hospital-

izations that, during the lockdown period, dropped from a 15,771

F I GU R E 1 (a) Whole blood–derived RBCs, weekly donations
between February and May 2020, and (b) platelets apheresis
donations collected in the same period. LD, lockdown; RBCs, red
blood cells; PLTs, platelets

T AB L E 1 Patients transfused and total patients hospitalized by
the AUSL-IRCCS di Reggio Emilia between February and May 2020
(absolute number), compared to the same period of 2017–
2019 (mean)

February–May
Transfused
patients

Hospitalized
patients

% Transf./
Hosp.

2017–2019
(mean value)

2920 15,771 18.5

2020 COVID

negative

2373 10,520 22.5

2020 COVID

positive

161 1720 9.4
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mean in 2017–2019 to 10,520 in 2020 (that becomes 12,240 if we

include COVID-19 patients, Table SI).

Following the suspension of elective and non-urgent surgical

interventions, RBCs transfusions significantly decreased when

compared to the previous triennium, both in terms of patients

and total units transfused (Figure 2(a)). Starting from this evi-

dence, we further dissected the RBCs transfusions according to

the applicant ward. Our data revealed that the most significant

decrease of RBCs transfusions was observed for orthopaedic

patients and, to a lesser extent, for cardiovascular surgery

(Figure 2(b),(c), respectively). Interestingly, the decrease of RBCs

usage in the orthopaedic interventions’ accounts for about 35%

F I GU R E 2 RBCs transfusions in 2020 (black lines), compared
with the same period of the previous triennium. (a) Patients

transfused with RBCs (left panel) and RBCs units transfused (right
panel); (b) patients and units transfused for orthopaedics surgery;
(c) patients and units transfused for cardiovascular surgery and
(d) patients and units transfused for cancer other than haematological.
*p ≤ 0.05, **p ≤ 0.001 and ***p ≤ 0.0001. RBCs, red blood cells

F I G U R E 3 (a) Patients transfused with PLTs (left panel) and PLTs
units transfused in 2020, compared to the same period of 2019 and
(b) buffycoat-derived (pool) and apheresis-derived (PLT apheresis)
PLTs units transfused between February and May 2020. *p ≤ 0.05,
**p ≤ 0.001 and ***p ≤ 0.0001. LD, lockdown; PLT, platelet

F I G U R E 4 Patients and units transfused for onco-haematological
diseases: (a) RBCs and (b) PLTs. *p ≤ 0.05, **p ≤ 0.001. LD, lockdown;
PLTs, platelets; RBCs, red blood cells
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of the total reduction and started around 15 days before the

national lockdown. Conversely, there was no significant decrease

in RBCs transfusion of cancer patients during the lockdown

period and was only a slight decrease of the transfused units in

the post-lockdown period (Figure 2(d)).

In parallel, we investigated PLTs transfusions, we observed a

slight decrease in patients and units transfused during the lockdown

(Figure 3(a)), although only these last data are significant (p < 0.01).

PLTs transfusions started decreasing 3 weeks after the beginning of

lockdown and came back to the 2019 level within 1 month. The larg-

est amount of PLTs units transfused during the second month of lock-

down (i.e., April 2020) came from plateletapheresis, as a consequence

of the reduction of buffycoat-derived pools following the decrease of

whole blood donations (Figure 3(b)).

Blood transfusion—RBCs and PLTs in onco-
haematological patients

As mentioned earlier, the establishment of the CORE pavilion implied an

increase of hospitalized onco-haematological patients between 2017 and

2019. Therefore, the effects of the lockdown on transfusion therapies for

this sub-group of patients are described in comparison with 2019 only.

In our hospital, onco-haematological patients transfused with

RBCs account for about 20% of the total, and their caregiving was

preserved as much as possible during the first wave of the pandemic.

Nevertheless, during the lockdown, we also observed a slight

decrease of RBCs transfusions for these patients (Figure 4(a)).

Although these data were not highly significant, it is supported by a

similar observation on PLTs transfusions (Figure 4(b)).

Transfusion medicine and immune-haematology
clinical practice

Following the official resolution of the Emilia-Romagna region [14],

our Transfusion Medicine Unit totally re-organized its services to:

• Limit the access of patients to emergencies and unavoidable

therapies;

• Guarantee transfusions and other therapies to patients coming

from other wards;

F I GU R E 5 Transfusion medicine and immune-haematology clinical practice procedures performed for: (a) inpatients coming from other
wards; (b) outpatients and (c) medical consultations for outpatients. Black line indicates 2020 procedures, while grey line indicates 2019
procedures. LD, lockdown; LDL, low density lipoprotein; PLS, plasma

COVID-19 IMPACT IN AN ITALIAN TRANSFUSION MEDICINE UNIT 5



• Extend the opening times of medical offices to ensure an adequate

number of procedures and, at the same time, allow the necessary

room sanitization after each procedure;

• Encourage medical phone consultations to guarantee therapeutic

continuity for non-urgent and chronic patients.

These measures affected all the inpatients’ and outpatients’

rooms that compose our Transfusion Medicine Unit: patient blood

management; bloodlettings/phlebotomy; transfusion; apheresis and

sideropaenic anaemia.

Figure 5 resumes the main procedures, procedures and medical consul-

tations performed between February and May 2020, compared with the

same period of 2019. The large majority of our procedures decreased dur-

ing the lockdown. A significant decrease was observed in particular for

medical consultations and plasma -exchange procedures required for inpa-

tients coming from other hospital wards, as a consequence of the

decreased hospitalizations. Despite Reggio Emilia province trying to pre-

serve the healthcare services provided to oncological patients, the number

of hospitalized cancer patients decreased, especially during the first weeks

of lockdown. Moreover, no autologous or allogeneic stem cell collection for

bone marrow transplantation was performed in March 2020 (Figure 5(a)).

Procedures on outpatients decreased as well, particularly iron

infusions on anaemic pre-operative patients (Figure 5(b)). Between

April and May, our physicians started implementing medical phone

consultations for the outpatients (Figure 5(c)). The Patient Blood Man-

agement medical office, which routinely performs medical consulta-

tions to pre-operative patients, temporarily closed due to the lack of

elective surgeries imposed by the lockdown.

The treatment of chronically ill patients (thalassaemic, polycy-

thaemic, familial hypercholesterolaemia patients among all) was pre-

served as much as possible, albeit the patients’ appointments were

spread over a longer range of time (from 8 AM–12 noon to 8 AM–6 PM).

All patients were only allowed to stay for the exact time of the

hospital procedure. Visitors were not allowed, except when accompa-

nying minors or fragile patients. When possible, on-site appointments

were substituted by remote consultations. Although not shown in this

study, medical assistance by phone was implemented during the

whole summer in order to be prepared for a second pandemic wave.

DISCUSSION

Between March and May 2020, the Italian Government declared a

national lockdown, accompanied by further regional indications on

the management of healthcare services that significantly changed the

routine and emergency procedures all over the country [3, 10, 15].

The COVID-19 outbreak also severely affected the procedures of the

AUSL-IRCCS di Reggio Emilia: the number of non-COVID patients

accessing the hospital between February and May 2020 was only

10,520, which is over 33% less than the same period of the previous

triennium (15,771).

In accordance with what was previously reported, in our hospital,

only a few hospitalized COVID-19 patients might have received a

blood transfusion as a consequence of the pathology (161 over 1720,

9.4%) [16].

However, the temporary suspension of elective surgeries, along-

side the need to keep unaltered the clinical routine in some other

departments (in particular, oncology and haematology), drastically

impacted on our Unit activity. If we consider the non-COVID patients

hospitalized between February and May 2020 (Table 1), the RBCs

transfusion rate rose from 18.5% to 22.5%. This evidence suggests

that, in a scenario where the hospitalization of non-serious patients

was postponed or even diminished, it was chosen to prioritize the

emergencies and the most severe cases that often require blood

transfusions.

In terms of organization, the main changes for our Transfusion

Medicine Unit involved blood donations, which were significantly

reduced and re-scheduled to meet the decrease need of blood com-

ponents, as similarly described in other blood centres [17–19]. To

avoid a surplus of RBCs, with the risk of discarding a large amount of

expired units, all blood donations were temporarily reduced, except

for those of rare groups. Adopting this strategy, our Transfusion Med-

icine Unit avoided RBCs units expiration for almost the whole lock-

down. Moreover, the regional blood supply-chain system, set up by

CRS, buffered the distribution of RBCs units through the Emilia-

Romagna provinces from the least affected to the most affected by

the pandemic (Figure S2 panels B and C). Reggio Emilia, for instance,

received blood units from the CRS in April, after having faced the

peak of COVID-19 diffusion in the previous month.

After the initial reduction of the routine procedures, the

healthcare supply for cancer and onco-haematological patients was

gradually restored following the national and regional indications

[10, 15, 20]. Accordingly, a decrease in blood transfusions for the

onco-haematological patients was mainly concentrated in the most

critical weeks (between the 20th of March and the 5th of April,

Figure 4), while PLTs transfusion (mainly administered to prevent or

treat bleeding episodes of onco-haematological patients) remained

constant for the whole lockdown duration.

To compensate for the decrease in buffycoat-derived PLTs units,

we increased the number of PLTs donations (Figure 2(c)). The latter

are not easily collected in an adequate quantity to satisfy the request,

and we thus adopted a procedure to store frozen PLTs [21]. PLTs

cryopreservation is an alternative to the conventional storage temper-

ature (25�C) that allows the product shelf-life to increase from 5 days

to up to 2 years.

Following the decrease of inpatients hospitalized by other wards,

our physicians faced a significant decrease of medical consultations

(Figure 5(a)) and plasma-exchange procedures.

In summary, the COVID-19 pandemic deeply impacted the

healthcare systems at all levels, with important implications also for

blood donation and transfusion [12, 22]. The mechanisms and proce-

dures adopted to face this serious emergency were necessary to meet

the safety requirements for donors, patients and staff. Our experience

has, actually, many points in common with other Transfusion

Medicine Units in Italy and other parts of the world [11, 12, 23, 24].

Among the strategies developed to meet this health emergency, we
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believe that, alongside the consolidated practices such as sanitizing

procedures, re-modulation of access and the use of personal protec-

tive equipment [25], a provision of frozen blood components that can

be stored for several months could be helpful during emergency

periods and should be promptly planned. Moreover, remote appoint-

ments were revealed as effective, especially for chronically ill patients,

and it has been implemented after the lockdown.

Although our data are in agreement with recent literature about

transfusion in COVID-19 patients, [16] we must point out that they

come from our internal database, which is not directly connected to clini-

cal records and other hospital databases. Therefore, it is plausible that

some data are underestimated, especially those relating to cancer

patients (other than onco-haematological). The latter can be hospitalized

by several wards in our hospital, depending on tumour localization, and

this implies higher tracing complexity; furthermore, when a physician

prescribes a blood component, the diagnosis can sometimes not be well

specified, thus generating missing data in our internal database. Never-

theless, our electronic system blocks blood component requirements in

case of missing diagnosis, and we are confident that, despite a slight

underestimation, the data presented herein are close to reality.

Finally, between February and May 2020, a ‘COVID-19 diagnosis’
was not present in our database. Therefore, we cannot discriminate

between RBCs and PLTs units transfused for COVID-19 or for medi-

cal/surgical reasons. Nevertheless, we traced the requests

for transfusions coming from the wards that hosted COVID-19

patients, and we did not find any significant variation (data not shown).

In conclusion, during the first wave of the pandemic, our Transfu-

sion Medicine Unit both avoided unnecessary blood collection and

excessive stored blood units, preserving donor and staff safety. This

result was reached by coordinating with the internal (hospital wards

and donor centres) and external (i.e, CRS) stakeholders. However,

these measures come from an emergency phase, and, despite their

effectiveness, they should be implemented with other strategies

(such as prioritizing blood use for hospitalized patients during blood

shortage events) and integrated in appropriate risk management

plans and safety procedures. At the time of writing, the spread of

COVID-19 is still beyond control in many countries worldwide; the

knowledge acquired during the emergency should not be dispersed,

but exploited, in order to define a more efficient healthcare

management.
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Abstract

Background and Objectives: Patients who undergo total knee arthroplasty (TKA)

have a risk of postoperative anaemia. This observational study evaluated whether

single-dose intravenous ferric carboxymaltose (FCM) administered immediately after

TKA facilitates the correction of anaemia.

Materials and Methods: We retrospectively analysed 722 patients who underwent

primary TKA. The FCM group receiving 1000 mg intravenous FCM within one post-

operative hour was compared with the non-FCM group that did not receive the

medication. A propensity score matching with multiple logistic regression analysis

was used to minimize intergroup differences in the baseline characteristics and

postoperative blood loss. The rate and severity of postoperative anaemia were

compared between the groups, along with haemoglobin (Hb) value, transfusion rate

and complications.

Results: After propensity score matching, 231 patients were included in each group.

In the FCM group, the rate of anaemia at postoperative day (POD) 7 (p = 0.021)

and postoperative week (POW) 5 (p < 0.001) and the transfusion rate were signifi-

cantly lower (p = 0.008). The rate of moderate to severe anaemia at POW-5 was

also significantly lower in the FCM group (p < 0.001). In patients without preopera-

tive anaemia (n = 322), the transfusion rate and rate and severity of anaemia at

POD-7 and POW-5 were significantly lower in the FCM group than in the

non-FCM group.

Conclusion: Postoperative intravenous FCM administration facilitated recovery of

surgery-related anaemia by improving Hb and may reduce the need for transfusion in

TKA patients. Preoperative non-anaemic patients could also benefit from accelerated

recovery by intravenous iron treatment.
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total knee arthroplasty
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INTRODUCTION

Postoperative anaemia is common after total knee arthroplasty (TKA),

due to considerable postoperative blood loss of >500 ml [1, 2]. Anae-

mia is associated with increased cardiovascular risk as well as

increased morbidity and mortality after non-cardiac surgery and

among elderly patients [3–5]. Allogeneic blood transfusion is among

the methods used for rapidly correcting anaemia, but it can be associ-

ated with adverse outcomes, such as surgical site infection (2.88%)

[6], transfusion-related acute lung injury (0.08%–15%), and circulatory

overload (1%–11%) [7].

To correct preoperative anaemia, iron preparations with or with-

out erythropoiesis-stimulating agents (ESAs) are recommended for

patients who have iron deficiency with preoperative haemoglobin

(Hb) less than 13.0 g/dl [8]. This process should be worked up and ini-

tiated 4–6 weeks before surgery. Multiple publications have reported

on the impact of preoperative iron treatment in the context of elec-

tive surgery [9–12].

Many patients who have undergone major surgery are at risk of

being discharged with moderate to severe anaemia. The presence

of moderate or severe anaemia in elderly patients who have multiple

comorbidities is known to negatively affect clinical and functional out-

comes [13]. As part of the Patient Blood Management (PBM) [8] for

managing individualized care for each patient, iron replacement can

be used to improve Hb levels and may reduce the need for allogeneic

blood transfusion. However, few studies have focused on the efficacy

of postoperative intravenous (IV) iron therapy to improve postopera-

tive anaemia in patients who undergo elective surgery [14–19].

We retrospectively evaluated whether immediate postoperative

single high-dose IV iron treatment could facilitate recovery of postop-

erative anaemia, mitigate the severity of postoperative anaemia and

decrease transfusion rate among patients who have undergone

unilateral TKA.

METHODS

This retrospective observational study was approved by the institu-

tional review board of the study centre (2019-0223). Data of patients

who underwent elective primary unilateral TKA between January

2016 and December 2018 at a single tertiary teaching hospital were

collected. The requirement for informed consent was waived.

Study population

Among 1195 identified patients, the following were excluded:

(1) patients who underwent bilateral staggered TKA (the two

arthroplasty are performed on different days, within 7 days after the

first procedure) [20], (2) patients with haematological and renal disor-

ders (serum creatinine level > 1.5 mg/dl), (3) patients who received

iron preparations or transfusion preoperatively, (4) patients with no

Hb results from postoperative week (POW) 5, (5) patients with 48 h

postoperative blood loss exceeding 1000 ml and (6) patients with

popliteal artery injury during surgery. This study compared patients

who received IV ferric carboxymaltose (FCM; Ferinject®, Vifor Int.,

St. Gallen, Switzerland) (the FCM group) with a non-FCM group, who

did not receive this treatment.

Data collection

We reviewed the electronic medical records and collected data on

age, sex, height, weight, body mass index, hypertension, diabetes,

underlying disease, and American Society of Anaesthesiologists (ASA)

physical status. Preoperative medication included the use of anticoag-

ulants or non-vitamin K–antagonist oral anticoagulants.

Intraoperative variables included the use of tranexamic acid, type

of anaesthesia (general or regional anaesthesia), duration of operation

and tourniquet use. Postoperative data included the rate and volume

of perioperative allogenic red blood cell transfusion, oral iron adminis-

tration (200 mg iron acetyl transferrin or 256 mg dried ferrous sul-

phate), postoperative blood loss (the amount of postoperative drains

during 48 h), postoperative clinical complications, readmission rate

until 3 months after discharge, 1-year mortality and overall mortality.

The length of hospital stay was calculated from the day of surgery

until hospital discharge. We collected serious adverse events associ-

ated with FCM infusion [21].

Postoperative Hb and anaemia were evaluated at three desig-

nated time-points: PODs 1 and 7 and POW-5. For some patients

(if they did not have Hb results from POD-7), Hb results from PODs

4 to 6 were considered in POD-7s results. The POW-5 Hb results

included Hb results from between PODs 29 and 45.

Perioperative patient blood management and iron
preparation administration strategy

Intraoperatively, a tourniquet was applied to all patients, and it was

removed at the end of surgery after the application of the surgical

wound dressing. Since the end of 2016, a bolus dose of tranexamic

acid (TXA) (10 mg/kg) has been administered intraoperatively to

patients at our institution. However, TXA was not used in patients

allergic to TXA and in case of other contraindications, such as a past

medical history of cerebral ischaemia or infarction, ischaemic heart

disease, deep vein thrombosis and other thromboembolic conditions.

Patients in the FCM group received 1000 mg IV FCM for 30–

60 min on the operation day 1 h after surgery. The patients were

closely monitored and evaluated during and after FCM injection for

any discomfort or possible side effects. If the severity of reaction was

severe/life-threatening, it was recorded as a serious adverse event

[21]. We calculated the estimated mean iron requirement according

to the adopted Ganzoni formula, with a target Hb of 13.0 g/dl [22].

Surgeons and the attending anaesthesiologists were encouraged

to follow the restrictive transfusion triggers of Hb <8.0 g/dl through-

out the entire perioperative period. If patients presented with
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symptoms of significant hemodynamic instability despite adequate

fluid administration and the use of vasopressor was essential, alloge-

neic transfusion of packed red blood cells was permitted even for Hb

≥8.0 g/dl. Every patient received postoperative oral iron during the

hospital stay unless they could not tolerate it.

Outcome variables

The primary outcomes included the difference in Hb and rate of

anaemia at each time-point. The secondary outcome of the study

was the difference in transfusion rate between two groups. Anae-

mia was defined as an Hb concentration < 12.0 g/dl in women

and < 13.0 g/dl in men. Anaemia was further categorized into mild

(women: Hb 11.0–11.9 g/dl; men: Hb 11.0–12.9 g/dl), moderate

(Hb 8.0–10.9 g/dl for women and men) and severe (Hb < 8.0 g/dl

for women and men) according to World Health Organization

(WHO) guidelines [23]. We also performed the analysis of postop-

erative Hb, perioperative transfusion and rate of postoperative

anaemia in preoperatively non-anaemic patients between both

study groups.

Statistical analysis

Continuous variables are reported as mean with standard deviation or

median with interquartile range (IQR), as appropriate. Student’s t-test

or Mann–Whitney test was used to compare continuous variables.

Categorical variables are expressed as frequencies and percentages

and were analysed using the chi-square test or Fisher’s exact test, as

appropriate.

To reduce the effect of potentially confounding factors, we used

propensity score (PS) matched analysis to modify intergroup differ-

ences between patients with and without FCM administration. PS

was calculated through multiple logistic regression, including the base-

line characteristics shown in Table 1 and anaesthetic method as

covariates. To minimize the effect of surgery-associated blood loss,

postoperative blood loss—whether above 500 ml or not—was also

included as a covariate. There were no missing values in the baseline

characteristics. Model discrimination was assessed with a c-statistic of

0.732, and model calibration was assessed with Hosmer–Lemeshow

statistics (chi-square = 4.017, degrees of freedom = 8, p = 0.856).

We subsequently used the derived PS to create PS-matched pairs at a

ratio of 1:1 using greedy matching with a calliper width of 0.1 without

T AB L E 1 Baseline characteristics of the entire cohort

Total set After PS matching

Non-FCM group FCM group

p-Value Stdiff

Non-FCM group FCM group

p-Value StdiffN = 386 N = 336 N = 231 N = 231

Age (y) 70.1 � 6.11 70.0 � 6.40 0.786 0.020 70.2 � 5.96 70.1 � 6.68 0.848 0.018

Female 333 (86.3) 309 (92.0) 0.021 0.184 213 (92.2) 211 (91.3) 0.866 0.032

Height (cm) 153.8 � 7.00 153.4 � 6.37 0.514 153.1 � 6.72 153.6 � 6.46 0.323

Weight (kg) 66.5 � 14.66 64.5 � 14.52 0.073 64.7 � 13.69 65.4 � 16.28 0.654

Body mass index (kg/m2) 28.1 � 5.62 27.3 � 5.64 0.090 0.127 27.6 � 5.19 27.6 � 6.41 0.939 0.007

Diabetes 106 (27.5) 78 (23.2) 0.222 0.099 55 (23.8) 54 (23.4) 1.000 0.010

Hypertension 260 (67.4) 211 (62.8) 0.228 0.096 145 (62.8) 152 (65.8) 0.560 0.063

Underlying disease 85 (22.0) 94 (28.0) 0.078 0.138 61 (26.4) 48 (20.8) 0.189 0.133

Ischaemic heart disease 35 (9.1) 35 (10.4) 0.628 24 (10.4) 18 (7.8) 0.418

Cerebrovascular disease 33 (8.55) 32 (9.5) 0.744 26 (11.3) 18 (7.8) 0.267

Pulmonary disease 11 (2.85) 21 (6.2) 0.042 8 (3.5) 9 (3.9) 1.000

Nephrotic disease 16 (4.15) 19 (5.7) 0.442 11 (4.8) 18 (7.8) 0.418

ASA 0.056 0.154 1.000 <0.001

1 or 2 344 (89.1) 314 (93.5) 216 (93.5) 216 (93.5)

3 42 (10.9) 22 (6.5) 15 (6.5) 15 (6.5)

Anticoagulants/NOACs 126 (32.6) 100 (29.8) 0.452 0.062 72 (31.2) 66 (28.6) 0.611 0.057

Preoperative Hb (g/dl) 12.7 � 1.27 12.6 � 1.16 0.212 0.093 12.5 � 1.21 12.6 � 1.15 0.419 0.075

Postoperative blood lossa <0.001 0.325 0.626 0.054

≤500 ml 200 (51.8) 227 (67.6) 155 (66.2) 149 (63.7)

>500 ml 186 (48.2) 109 (32.4) 78 (33.8) 84 (36.4)

Note: Data are expressed as number of patients (%), mean � standard deviation or median [interquartile range].

Abbreviations: ASA, American Society of Anesthesiologists physical status; FCM, ferric carboxymaltose; NOACs, non-vitamin K-antagonist oral

anticoagulants; PS, propensity score; Stdiff, standardized difference.
a48 h postoperative drainage amount.
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F I GU R E 1 Flowchart of the study

T AB L E 2 Intraoperative and postoperative variables and outcomes after propensity score matching

Total set After PS matching

Non-FCM group FCM group

p-Value

Non-FCM group FCM group

p-Value StdiffN = 386 N = 336 N = 231 N = 231

Intraoperative variables

Tranexamic acid use 235 (60.9) 231 (68.8) 0.033 152 (65.8) 167 (72.3) 0.159 0.141

General anaesthesia 304 (78.8) 154 (45.8) <0.001 152 (65.8) 145 (62.8) 0.56 0.063

Operation time (min) 106.2 � 18.9 124.8 � 14.1 <0.001 105.8 � 19.3 124.8 � 13.4 <0.001 1.137

Tourniquet time (min) 105.1 � 20.2 118.5 � 18.4 <0.001 105.0 � 19.4 118.7 � 19.1 <0.001 0.713

Postoperative variables

Transfusion 46 (11.9) 20 (6.0) 0.008 31 (13.4) 12 (5.2) 0.008 0.286

Red blood cell (units) 0.26 � 0.77 0.09 � 0.46 0.001 0.28 � 0.75 0.07 � 0.32 <0.001 0.360

Postoperative blood lossa (ml) 496.3 � 285.7 402.1 � 245.3 <0.001 423.4 � 279.7 418.5 � 244.2 0.842 0.019

Postoperative oral ironb 365 (94.6) 322 (95.9) 0.534 214 (92.6) 225 (97.4) 0.032 0.220

Length of stay (days)c 8.4 � 2.9 7.9 � 2.2 0.003 8.2 � 2.9 7.6 � 1.4 0.004 0.220

Readmission rates 4 (1.0) 4 (1.2) 1.000 0 2 (0.9) 0.479 0.132

1-Year mortality 0 0 1.000 0 0 1.000 <0.001

Overall mortality 2 (0.5) 2 (0.6) 1.000 2 (0.8) 1 (0.4) 1.000 0.054

Complication 83 (21.5) 67 (19.9) 0.671 51 (22.1) 45 (19.5) 0.566 0.064

Nephrotic 13 (3.4) 18 (5.4) 0.276 8 (3.5) 13 (5.6) 0.834

Cerebrovascular 20 (5.2) 19 (5.7) 0.946 10 (4.3) 13 (5.6) 0.834

Pulmonary 14 (3.6) 7 (2.1) 0.297 10(4.3) 6 (2.6) 0.786

Vascular 12 (3.1) 0 0.010 8 (3.5) 0 0.013

Psychiatric 12 (3.1) 15 (4.5) 0.471 8 (3.5) 11 (4.7) 0.323

Neurologic 16 (4.2) 9 (2.7) 0.364 11(4.8) 5 (2.2) 0.574

Infection 8 (2.1) 9 (2.7) 0.796 5 (2.2) 7 (3.0) 0.770

Urologic 12 (3.1) 0 0.010 8 (3.5) 0 0.013

Note: Data are expressed as number of patients (%), mean � standard deviation or median [interquartile range].

Abbreviations: FCM, ferric carboxymaltose; PS, propensity score; Stdiff, standardized difference.
a48 h postoperative drainage amount.
bOral iron administration from postoperative day 1.
cLength of hospital stay after surgery.
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replacement. After all PS matches were completed, we assessed the

balance of baseline covariates between PS-matched pairs using paired

t-tests or McNemar’s tests for continuous and categorical variables, as

appropriate. p-Values < 0.05 were considered statistically significant.

Statistical analyses were performed using R software version 3.5.0

(R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

The data of 722 patients who underwent primary unilateral TKA

were analysed in this study (Figure 1). The baseline characteristics

included in the PS matching are shown in Table 1. The calculated

mean estimated iron requirement was 847.7 � 219.8 mg and

899.2 � 192.5 mg at POD-1 in the FCM and non-FCM groups

(p = 0.63), respectively.

Intraoperative and postoperative outcome variables are pres-

ented in Table 2. The non-FCM group had a significantly higher rate

of transfusion in both the crude (11.9% and 6.0%, p = 0.008) and PS-

matched set (13.4% and 5.2%, p = 0.008). The duration of hospital

stay was significantly shorter in the FCM group than in the non-FCM

group (p = 0.004). Readmission within 3 months after discharge and

mortality did not differ significantly.

The changes in Hb at each time-point are shown in Figure 2. At

each time-point in the postoperative period, the Hb level was signifi-

cantly higher in the FCM group (10.4 � 1.3 vs. 10.7 � 1.25,

9.4 � 1.17 vs. 10.1 � 1.36 and 11.7 � 1.05 vs. 12.6 � 1.12,

p = 0.008, <0.001 and <0.001), respectively for POD-1, POD-7 and

POW-5 (Figure 2).

The overall rate and the severity of postoperative anaemia are

summarized in Table 3. The rate of anaemia was significantly lower in

the FCM group at POD-7 (97.4% vs. 92.2%, p = 0.021) and POW-5

(60.6% vs. 32.5%, p < 0.001). In addition, the FCM group showed sig-

nificantly lower moderate to severe anaemia at POD-7 (85.3%

vs. 70.1%, p < 0.001) and POW-5 (23.4% vs. 8.2%, p < 0.001). Among

preoperative non-anaemic patients in the matched set (Table 4), the

rate of anaemia and its severity were significantly lower in the FCM

F I GU R E 2 Haemoglobin alteration after unilateral total knee
arthroplasty. *p < 0.05 [Colour figure can be viewed at
wileyonlinelibrary.com]

T AB L E 3 The rate of postoperative anaemia and its severity after
propensity scored matching

Non-FCM group FCM group

p-ValueN = 231 N = 231

Overall anaemia

POD-1 207 (89.6) 197 (85.3) 0.206

POD-7 225 (97.4) 213 (92.2) 0.021

POW-5 140 (60.6) 75 (32.5) <0.001

Moderate to severe anaemia

POD-1 180 (77.9) 161 (69.7) 0.057

POD-7 197 (85.3) 162 (70.1) <0.001

POW-5 54 (23.4) 19 (8.2) <0.001

Note: Data are expressed as number of patients (%). Anaemia grade

according to WHO guidelines: mild 11.0–11.9 g/dl for women and 11.0–
12.9 g/dl for men, moderate 8.0–10.9 g/dl and severe <8.0 g/dl.

Abbreviations: FCM, ferric carboxymaltose; POD, postoperative day;

POW, postoperative week.

T AB L E 4 Comparison of variables among preoperative non-
anaemic patients after propensity score matching

Non-FCM

group FCM group

p-ValueN = 161 N = 161

Preoperative Hb (g/dl) 13.1 � 0.83 13.2 � 0.79 0.438

Postoperative Hb (g/dl)

POD-1 10.8 � 1.12 11.2 � 1.07 0.001

POD-7 9.7 � 1.16 10.5 � 1.31 <0.001

POW-5 12.1 � 0.90 12.9 � 1.01 <0.001

Transfusion 11 (6.8) 2 (1.2) 0.024

Red blood cells (units) 0.12 � 0.47 0.01 � 0.11 0.010

Postoperative anaemia

POD-1 137 (85.1) 127 (78.9) 0.192

POD-7 155 (96.3) 143 (88.8) 0.020

POW-5 74 (46.0) 30 (18.6) <0.001

Ratio moderate to severe anaemia

POD-1 112 (69.6) 96 (59.6) 0.080

POD-7 132 (82.0) 98 (60.9) <0.001

POW-5 19 (11.8) 4 (2.5) 0.002

Length of stay daysa 8.1 � 2.4 7.7 � 1.3 0.107

Postoperative blood

lossb (ml)

442.5 � 279.9 437.6 � 255.1 0.870

Note: Data are expressed as number of patients (%), mean � standard

deviation or median [interquartile range].

Abbreviations: FCM, ferric carboxymaltose; POD, postoperative day;

POW, postoperative week.
aLength of hospital stay after surgery.
b48 h postoperative drainage amount.
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group. No serious adverse events associated with IV FCM administra-

tion were noted in the electronic medical records.

DISCUSSION

This study evaluated the effect of immediate postoperative 1000 mg

IV iron supplementation on the recovery of anaemia after unilateral

TKA. Iron supplementation was associated with a lower rate of anae-

mia due to increase in Hb. The rate of moderate to severe anaemia at

POD-7 and POW-5 was significantly lower in the FCM group. Fur-

thermore, postoperative IV iron therapy was associated with a

reduced requirement for perioperative transfusion.

Even patients without preoperative anaemia will frequently

develop anaemia following major surgery due to blood loss. In addi-

tion, non-anaemic patients may have undetected iron deficiency [2].

Surgery-associated inflammation also hinders normal erythropoiesis in

patients. Inflammation increases the synthesis of hepcidin, which

inhibits the mobilization of iron from macrophages and enterocytes

into the systemic circulation [24]. Therefore, despite an adequate iron

store, it cannot be used effectively for erythropoiesis; this is known as

iron sequestration, which delays anaemia recovery even in patients

without pre-existing anaemia or iron deficiency.

Iron replacement following surgery has been studied for the man-

agement of postoperative anaemia and iron deficiency. Postoperative

oral iron administration has been reported to be ineffective for

treating functional iron deficiency or iron sequestration [25]. In con-

trast, parenteral iron administration bypasses hepcidine-mediated

pathways. Thus, IV iron therapy is recommended to increase Hb levels

in patients with functional iron deficiency [26]. Published studies [14–

16, 18, 27, 28] and a systematic review and meta-analysis [29]

reported that postoperative IV iron treatment can improve Hb levels,

particularly at 2–4 weeks after surgery. Our results are consistent

with those of previous studies. For this reason, the international con-

sensus statement [26] recommends the early use of postoperative IV

iron for patients with iron deficiency anaemia and functional iron

deficiency.

The impact of iron replacement alone, particularly administered

within 7 days before or after surgery, on reducing the requirement for

transfusion is unclear [16, 18, 19, 27, 29]. Although IV iron therapy

can rapidly replenish body iron stores, it still requires a sufficient dura-

tion of treatment before surgery [30]. In addition, protocols and

guidelines often call for restrictive transfusion thresholds based on

evidence regarding the risks associated with transfusion [31]. These

factors may have contributed to the lack of difference in transfusion

rates. According to the systematic review and meta-analysis in 2018,

postoperative IV iron alone did not significantly decrease transfusion

requirement (relative risk, 0.75; 95% confidence interval [CI]: 0.53–

1.07) [29]. In our previous randomized controlled trial (RCT), IV iron

therapy alone showed no difference in transfusion rate among

patients who underwent TKA and total hip arthroplasty (THA) [32].

However, in other prospective RCT, IV iron combined with ESAs on

the day before cardiac surgery was effective in decreasing the

transfusion rate [28]. This combination method has recently been rec-

ommended at a PBM conference for major orthopaedic surgeries with

preoperative Hb less than 13 g/dl [8].

The mortality and readmission rate in this study were not differ-

ent, but we did not present other clinical outcomes such as anaemia-

associated morbidity/mortality and quality of life (QoL)/functional

outcomes. The effect of postoperative iron therapy on

QoL/functioning has been assessed in several previous studies; how-

ever, the result was inconclusive for improving these patient-centred

outcomes [14, 16, 19, 33]. For anaemia correction, postoperative IV

iron administration increased the mean Hb level only by 0.34 g/dl

(95% CI: 0.118–0.562) [29], which is a small increase and is not likely

to have much clinical meaning. Moreover, the number and quality of

studies investigating the effects of postoperative anaemia treatment

on patient-centred outcomes are inadequate, as they were relatively

small-sized studies and the timing of evaluation was different. Further

studies are necessary to evaluate recovery from anaemia and its

related outcomes following postoperative IV iron treatment.

The mean estimated iron requirement was 847.7 � 219.8 mg and

899.2 � 192.5 for the FCM and non-FCM groups at POD-1, respec-

tively. Thus, if low-dose iron was administered (e.g., 200 mg of iron

sucrose), patients would require repeated doses to replenish body

iron stores. Study findings that did not support postoperative iron

therapy for correcting anaemia after surgery [17, 34] may be attrib-

uted to relative low doses (100–600 mg) of iron. Patients who

received high dose (≒1000 mg) IV iron have yielded favourable results

of improved postoperative anaemia [19, 27]. This suggests that a suf-

ficient dose of iron is required to facilitate recovery from anaemia

after major surgery. Therefore, a single high dose (up to 1000 mg) of

IV FCM is appropriate in the postoperative setting.

This study had several limitations. First, this was a retrospective

observational study, and patients were given IV iron without pre-

assessing iron metabolism test. This test reflects the cause of anaemia,

which can be an important covariate with regards to the outcome of

postoperative IV iron treatment [26]. The PBM recommendations

include evaluating iron metabolism preceding surgery. If there are no

preoperative tests, testing is recommended within 24 h after surgery

when ferritin has not yet been elevated in response to inflammation

[26]. Second, ESAs can be useful in iron sequestration and functional

iron deficiency, particularly in the context of surgery-associated anae-

mia. Although IV iron with short-acting ESAs has been recommended

for major orthopaedic surgery only [8], ESA use in these patients is

not yet licenced in some country. Furthermore, the possible side

effects and associated costs should be considered. Lastly, we used an

anaemia criteria <12.0 g/dl for women, a lower cut-off than <13.0 g/

dl for men. Some studies have questioned this definition and shown

that mildly low and even low-normal Hb have been adversely associ-

ated with mobility function in elderly women [35]. We agree on the

necessity for re-evaluating this criteria; however so far, the WHO

guideline for anaemia has been used in most studies, even studies

with older participants. Despite these limitations, our data demon-

strated some benefit of single high-dose iron replacement given

immediately postoperatively, without serious adverse reactions
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associated with iron administration. Furthermore, this study used a

relatively homogeneous study sample consisting of only TKA patients

and minimized the potential effects of confounding factors through

PS matching.

In conclusion, the administration of high-dose IV iron immediately

after primary unilateral TKA in patients was associated with improved

Hb recovery and reduced the severity of postoperative anaemia.

Transfusion requirement was also reduced in the iron therapy group.

This finding was also observed in patients without preoperative anae-

mia, suggesting the possible expansion of the clinical application of IV

iron therapy to this group of patients.
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Abstract

Background and Objectives: The coronavirus disease 2019 (COVID-19) pandemic

raised concerns about the vulnerability of platelet supply and the uncertain impact of

the resumption of elective surgery on utilization. We report the impact of COVID-19

on platelet supply and utilization across a large, integrated healthcare system in the

Canadian province of British Columbia (BC).

Materials and Methods: Historical platelet use in BC by indication was compiled for

fiscal year 2010/2011–2019/2020. Platelet collections, initial daily inventory and

disposition data were assessed pre-COVID-19 (1 April 2018–15 March 2020) and

for two COVID-19 time periods in BC: a shutdown phase with elective surgeries hal-

ted (16 March–17 May, 2020) and a renewal phase when elective surgeries resumed

(18 May–27 September 2020); comparisons were made provincially and for individ-

ual health authorities.

Results: Historically, elective surgeries accounted for 10% of platelets transfused in

BC. Initial daily supplier inventory increased from baseline during both COVID-19

periods (93/90 units vs. 75 units pre-COVID-19). During the shutdown phase, plate-

let utilization decreased 10.4% (41 units/week; p < 0.0001), and remained signifi-

cantly decreased during the ensuing renewal period. Decreased platelet utilization

was attributed to fewer transfusions during the shutdown phase followed by a

decreased discard/expiry rate during the renewal phase compared to pre-COVID-19

(15.2% vs. 18.9% pre-COVID-19; p < 0.0001). Differences in COVID-19 platelet utili-

zation patterns were noted between health authorities.

Conclusion: Decreased platelet utilization was observed in BC compared to pre-

COVID-19, likely due to a transient reduction in elective surgery as well as practice

and policy changes triggered by pandemic concerns.
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INTRODUCTION

Blood products rely on a complex infrastructure of donors, distribu-

tion networks and hospital transfusion services to meet clinical

demand. Platelets, with a relatively short shelf-life of 5–7 days, are

particularly vulnerable to perturbations to the supply–demand equilib-

rium. Concerns over potential platelet shortages are not new, for

example, related to ageing donor and recipient populations [1]; how-

ever, the COVID-19 pandemic had the potential to exacerbate these

vulnerabilities in ways not previously experienced by healthcare sys-

tems. Potential problems included the disruption of donor networks

and blood collection, production and logistics networks (reduced sup-

ply) and/or by increasing platelet use through large numbers of criti-

cally ill COVID-19 patients (increased demand). On the other hand,

decreases in non-COVID-19-related healthcare visits due to both

behavioural changes and policies like halting elective surgeries [2, 3],

or policies to extend platelet shelf life, for example, through cold stor-

age [4], could counter-balance these stressors by reducing demand.

Understanding the multifaceted influence of COVID-19 on platelet

supply and demand is crucial for ongoing resource management and

future planning. Data are emerging on the effects of the pandemic on

platelet utilization [5]. Studies from diverse geographical regions have

suggested that although COVID-19 infection is associated with

thrombocytopaenia [6], significant bleeding is uncommon, and hospital-

ized patients have relatively low platelet transfusion requirements, with

some centres reporting decreased overall platelet utilization during the

first wave of the pandemic [7–10]. In one study from a tertiary care cen-

tre in India, a diminished inventory caused by decreased donations was

offset by a lower demand for platelets during the early phase of the pan-

demic [11]. Additional data from large health systems over longer time

periods are useful to further understand the manifold impacts of COVID-

19 on platelet supply and utilization.

The Canadian province of British Columbia (BC) maintains a cen-

tralized transfusion database for six health authorities (HAs) that ser-

vice a population of roughly 5 million residents. Here, we report on

BC’s baseline platelet use patterns and experience with platelet supply

and utilization during the initial 6 months of the COVID-19 pandemic.

This time period encompasses an initial response phase when all elec-

tive surgeries were suspended in the province and, subsequently,

when elective surgeries were resumed. To our knowledge, this study

represents the largest analysis to-date of system-wide platelet use

during the COVID-19 pandemic.

MATERIALS AND METHODS

Platelet supply in BC

BC receives blood components from Canadian Blood Services (CBS),

which operates the national blood system outside the province of

Quebec. While the majority of platelets issued to hospitals in BC are

collected in the province, some are imported from other provinces.

Platelets are produced from both whole blood and apheresis

collections. Buffy coat platelet units, each manufactured from four

whole blood units, comprise �70% of platelet production in the prov-

ince. Pre-hospital bacterial testing by CBS allows for an extended

7-day platelet shelf life. CBS’s BC inventory fluctuates during the day

as hospital orders are filled and donor collections from previous days

become available for release to hospitals. At the start of each day, ini-

tial daily CBS inventory is communicated to hospitals.

Data sources

The BC Provincial Blood Coordinating Office Central Transfusion Reg-

istry (CTR) is a comprehensive database of all transfusions that have

occurred in the province of BC since 1999. We performed a retro-

spective analysis of BC platelet utilization for pre- and COVID-19 time

periods. Historical data on platelet use, by indication, were analysed

for fiscal years 2010/2011–2019/2020 (FY: 1 April–31 March). Plate-

let transfusions were linked to surgical procedures via the provincial

Surgical Patient Registry and considered related to the surgical event

when a patient received platelets from 1 day prior to surgery to

30 days after the surgery. Surgeries were further differentiated

between elective and urgent/emergency procedures. All other platelet

transfusions were considered to be non-surgical. Surveillance data on

provincial COVID-19 cases and hospitalizations were obtained from

the publicly available COVID-19 Tracker Canada [12]. Total hospital

admission, intensive care unit (ICU) admissions and surgical volumes

in BC from March to June 2020 with year-over-year comparisons to

2019 were available from the Canadian Institute for Health Informa-

tion [13]. Total population and age data for BC and its HAs were

obtained from publicly available government data [14]. Median ages

were estimated from population data capped at age 90 years

(i.e., individuals aged ≥90 were binned together as 90+).

Data related to blood donations and the number of platelet units

supplied to hospitals within BC were obtained from CBS for the

period from 1 December 2019 to 27 November 2020. Initial daily

supplier platelet availability within BC (CBS BC inventory at midnight)

was obtained for the period from 1 April 2018 to 27 September 2020

(last available data point at the time of writing). Platelet disposition is

reported as transfused units and expired/discarded units. The total

number of units is the sum of transfused and expired/discarded units.

Daily platelet disposition data were obtained from CTR for 1 April

2018 to 27 September 2020. Three time periods are considered

throughout the study: pre-COVID-19 baseline (until 15 March 2020);

COVID-19 shutdown period, when elective surgeries in BC were hal-

ted (16 March 2020 to 17 May 2020), and COVID-19 renewal phase,

when elective surgeries resumed in BC (18 May 2020 to

27 September 2020).

Statistical analysis

The mean of total weekly platelet use in BC was calculated for the

three time periods noted above (pre-COVID-19, shutdown, renewal),
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and statistical testing was performed by analysis of variance with a

post-hoc Tukey test for pairwise comparisons. Linear regression was

used to assess trend over time for historical annual platelet usage. Ini-

tial daily platelet inventory and platelet usage are reported as 7-day

rolling average to remove the periodicity of daily counts related to dif-

ferent transfusion practices on weekend versus weekdays. Statistical

values are all reported as mean with 95% confidence intervals (CIs)

unless otherwise indicated. Weekly mean with 95% CI was also calcu-

lated for each of the three largest HAs within the province and for the

sub-categories of weekly transfused and expired platelet units (formal

statistical testing not carried out for these sub-categories). Province-

wide and HA-specific discard rates were calculated as expired/

discarded units divided by total units for the three time periods. For

the total provincial data, these rates were statistically compared by

chi-squared test for both overall trend and pairwise comparisons with

Bonferroni correction. p-values <0.05 were considered to be statisti-

cally significant for all comparisons.

RESULTS

Historical platelet use in BC

Over the 10-year period beginning with FY 2010/2011, an average of

15,642 platelet units per year were transfused in BC, with

17,120 units transfused over the last complete fiscal year with avail-

able data (2019/2020; Figure 1a). Over the past 10 years, non-

surgical indications have accounted for 67.0% of platelet transfusions

(yearly range = 63.4%–72.5%; Figure 1b). The remaining third of

platelet units were associated with surgical procedures, of which

23.2% of the provincial total were transfused for emergency proce-

dures (range = 19.4%–27.2%) and 9.8% for elective procedures

(range = 7.4%–12.6%). Eighty percent of platelets transfused during

the peri-operative period occur within 5 days of surgery (Figure S1).

Two surgical specialties – general surgery (which includes trauma) and

cardiac surgery – were historically the greatest platelet users by a

large margin, each accounting for approximately 33% of surgical plate-

let usage. We found there was a significant increase in platelet trans-

fusions over time from FY 2010/2011 to 2019/2020 (+248 units/

year; p = 0.001), but we did not detect a significant trend when cor-

recting for population growth (p = 0.7) nor in the proportion of plate-

lets transfused for surgical events (p = 0.4) over this time period.

Effect of COVID-19 on provincial platelet supply
and demand

At the outset of the COVID-19 pandemic, several precautionary mea-

sures were put into place in BC, including the suspension of elective

surgeries between 16 March 2020 and 17 May 2020, which led to a

large decrease in planned surgeries in the province from March to

June 2020 compared to the previous year (Figure S2A). In March

2020, day surgeries decreased by 35% in BC compared to the previ-

ous year (although BC-specific data were not available for the months

leading up to the shutdown, national surgical volumes had been stable

through the end of February 2020) [13]. Surgical volume reached a

nadir during the middle of the shutdown phase in April, when day sur-

geries, planned inpatient surgeries and total surgeries had decreased

by 81%, 59% and 70%, respectively, compared to April 2019. Of note,

in addition to the expected decrease in planned surgeries, April also

saw a 27% decrease in unplanned surgeries. During this initial shut-

down period, BC experienced its first wave of COVID-19, reaching a

peak of 149 hospitalized COVID-19 patients during the first week of

April (including a peak of 72 patients in critical care; Figure S3).

Concurrently, overall inpatient occupancy and ICU occupancy were

down by 33% and 20%, year over year, respectively (Figure S2B).

Elective surgeries were resumed on 18 May 2020, and continued

unabated throughout the second wave of COVID-19 in BC (renewal

phase), with surgeries beginning to approach baseline levels by June

(Figure S2A). In late August, COVID-19 hospitalizations again rose

F I GU R E 1 Platelets transfused by indication in BC from fiscal year 2010/2011–2019/2020. (a) Annual transfused platelet units in BC by
indication. (b) Cumulative percentage of transfused platelets by indication over the 10-year time period. BC, British Columbia [Colour figure can
be viewed at wileyonlinelibrary.com]
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from a minimum of <10 to 69 by the end of September with 19 in crit-

ical care (Figure S3).

The trends in whole blood donations (a proxy for buffy coat–

derived platelets) and apheresis platelet donations for baseline and

COVID-19 time periods, both nationally and specifically for BC, are

shown in Figure 2. There was a decrease in CBS national whole blood

donations from late March to early June, only partly compensated for

by an increase in apheresis platelet donations (Figure 2a). Towards the

end of May 2020, there was a steep increase in whole blood dona-

tions (similar to pre-COVID-19 levels) that was sustained until the end

F I GU R E 2 Weekly platelet donations for (a) all of Canada (excluding Quebec) and (b) British Columbia, before and after the onset of the
coronavirus disease 2019 (COVID-19) pandemic. Whole blood donations are used as a proxy for buffy coat-derived platelets [Colour figure can
be viewed at wileyonlinelibrary.com]

F I GU R E 3 Initial daily CBS platelet inventory (solid) compared to daily usage (dashed). Both curves represent 7-day rolling averages. The
average initial daily supplier inventory for different time periods are 75.1 units (pre-COVID-19), 92.8 units (shutdown) and 90.1 units (renewal). The
average daily platelet usages (transfused + expired/discarded) for the same time periods are 56.4 units (pre-COVID-19), 50.5 units (shutdown) and
51.1 units (renewal), respectively. Note that for calculation of averages, a longer pre-COVID-19 period was used than what is shown on the graph
(April 2018–March 2020) CBS, Canadian Blood Services; COVID, coronavirus disease 2019 [Colour figure can be viewed at wileyonlinelibrary.com]
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of 2020, whereas apheresis donations decreased towards baseline. In

BC specifically, donations remained comparatively stable during the

initial shutdown phase and showed similar trends of increasing whole

blood and decreasing apheresis donations from June onwards

(Figure 2b). Overall, the number of platelets issued to BC by CBS

decreased during both the shutdown and renewal phases compared

to the preceding months (Figure S4).

Initial CBS daily inventory and daily usage for the year leading up

to COVID-19, the initial shutdown period and the renewal period are

shown in Figure 3. Initial daily CBS platelet inventory for BC was con-

siderably more variable than daily platelet use, with large oscillations

between �25 and 150 units at baseline. The initial daily CBS inven-

tory increased from a pre-COVID-19 baseline average of 75.1 units to

92.8 units for the shutdown phase and remained elevated at 90.1 units

during the renewal phase. Overall, the platelet supply in BC was more

secure from the onset of COVID-19 with initial daily CBS inventory

minima remaining higher than pre-COVID-19, both in absolute terms

and relative to daily usage. Daily platelet usage decreased from a

baseline average of 56.4 units to 50.5 and 51.1 units during the

shutdown and renewal periods, respectively (Figure 3). Comparing

weekly platelet utilization to remove periodicity of variable weekday

and weekend practices, this decrease in platelet usage was found to

be statistically significant (Table 1 and Figure 4a,e). Weekly platelet

usage decreased from a pre-COVID-19 mean of 394.8 units/week

(95% CI, 391.2–398.5) to 353.7 units/week (95% CI, 337.2–370.1)

during the shutdown period (p < 0.0001) and did not significantly

change from this level during the renewal period (357.7 units/week

[95% CI, 346.5–368.9; p = 0.9]).

Effect of COVID-19 on platelet disposition provincially
and in separate health regions

To further understand the effects of the COVID-19 pandemic on

platelet disposition in BC, we broke down overall platelet use into

units transfused and units expired/discarded for the pre-COVID-19,

shutdown and renewal time periods (Table 1 and Figure 4). Figure 4a

shows that the decrease in platelet use throughout the pandemic was

T AB L E 1 Pairwise statistical comparisons between time periods for platelet use in British Columbia (BC)

Comparison Mean of total weekly units used Expired/discarded rate (chi-squared)

Pre-COVID-19 versus shutdown 395 versus 354 (p < 0.0001) 18.9% versus 19.8% (p = 0.6)

Pre-COVID-19 versus renewal 395 versus 358 (p < 0.0001) 18.9% versus 15.2% (p < 0.0001)

Shutdown versus renewal 354 versus 358 (p = 0.9) 19.8% versus 15.2% (p < 0.0001)

Abbreviation: COVID, coronavirus disease 2019.

F I GU R E 4 Platelet usage in BC and its three largest health authorities before and after COVID-19. (a–d) Total platelet use and transfused
platelets for the pre-COVID-19, shutdown and renewal periods (weekly mean � 95% CI). (e–h) Expired/discarded rate for the same three time
periods. For statistical comparisons: *** indicates p < 0.0001, ns indicates p ≥ 0.05. BC, British Columbia; CI, confidence interval; COVID,
coronavirus disease 2019 [Colour figure can be viewed at wileyonlinelibrary.com]
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due to a combination of fewer platelet transfusions and fewer expired

units; however, the timing of these influences has been different. The

decrease in transfused units reached a nadir during the shutdown

phase when elective surgeries were halted (11% decrease from base-

line), whereas a decrease in expired units was observed only during

the renewal phase (15.2% discard/expiry rate vs. 18.9% at baseline;

p < 0.0001).

Key features of the three HAs in BC that utilize the most platelets

(86% of total) are summarized in Table 2. These HAs vary by popula-

tion, geographical breadth and clinical services. Over the past

10 years, the three HAs had a similar proportion of platelet transfu-

sions related to elective surgeries (range 8.3%–10.1%), with more var-

iability for platelet use by emergency surgeries and non-surgical

indications (see Figure S5).

Although HA-1 encompasses only �20% of the population, it

includes two cardiovascular surgery centres and contains the prov-

ince’s major quaternary referral centre, which provides level-1 trauma

care and a bone marrow transplant (BMT) program. At baseline, HA-1

accounted for 53% of platelet use in the province. During the shut-

down phase, HA-1 experienced a mean decrease of 52.1 platelet units

used per week, which was greater than the province-wide decrease of

41.1 units per week (Figure 4b). This was primarily driven by a mean

decrease in transfused platelets in HA-1 of 45.8 units per week during

the shutdown phase (24% decrease from baseline). During the

renewal phase, platelet transfusions increased in HA-1 from the shut-

down nadir but still remained below baseline levels by 8%. The rate of

expired/discarded units in HA-1 decreased from a baseline of

10.4% to 2.1% during the renewal phase, compared to virtually no

change from baseline during the initial shutdown (Figure 4f).

HA-2 comprises �37% of the provincial population and contains

a level-1 trauma centre and a cardiovascular surgery service. HA-2

accounted for 20% of provincial platelet use at baseline. In contrast to

HA-1, HA-2 saw an increase in total platelet use (18% increase from

baseline) and transfused platelet units (22% increase from baseline)

during the initial shutdown but returned to baseline levels during the

renewal phase, while expired/discarded units remained largely

unchanged throughout both periods in HA-2 (Figure 4c,g).

HA-3 comprises �15% of the provincial population and includes a

regional hospital with a cardiovascular surgery service and other geo-

graphically dispersed hospital services with significant resupply logistics

challenges. HA-3 was responsible for 13% of provincial baseline platelet

use. Similar to HA-1, HA-3 experienced a decrease in total platelet use

starting with the shutdown (12% decrease from baseline) that was

sustained during the renewal (Figure 4d). However, in HA-3, this was

driven by decreased platelet transfusions during both periods, whereas

the expired/discarded platelet rate in HA-3 increased relative to baseline

during both the shutdown and renewal phases (Figure 4d,h).

DISCUSSION

The COVID-19 pandemic has placed an incredible strain on healthcare

systems around the world, including sustaining a stable inventory of

platelets and other blood products. Initial studies have noted reduced

platelet demands for critically ill COVID-19 patients compared to

other ICU patients [8], and several tertiary care centres in New York

[9], Washington [10] and India [11] reported decreased platelet trans-

fusions during the first 1–2 months of the pandemic, possibly due to a

combination of low platelet requirements for COVID-19 patients and

policies that decreased healthcare utilization (e.g., halting elective sur-

geries). In our healthcare jurisdictions, we found similar findings that

platelet transfusions decreased concurrently with decreased surgeries

and hospital admissions. We also found that platelet use remained

decreased even when elective surgeries resumed, largely driven by

decreased expired/discarded units. Our comprehensive study of

system-wide platelet use during the COVID-19 pandemic also demon-

strates differential effects on platelet use by health region, potentially

related to their different demographics and characteristics.

The overall balance of blood product supply and demand depends

on many interacting factors: donors, collection services, distribution

networks, hospitals and patients requiring transfusions. All of these

are potentially impacted directly and indirectly by COVID-19 and

related policies. The Canadian province of BC, with a large integrated

healthcare system and transfusion database, provides a unique oppor-

tunity to examine these various factors. We found that platelet use

significantly decreased compared to baseline during the initial shut-

down phase of BC’s response and remained decreased during the

T AB L E 2 Description of the three health authorities in British
Columbia (BC) with the highest platelet demand

Health authority
(baseline
platelet use) Populationa Major services

HA-1 (53%) • Predominantly urban

• Pop. 1,193,977

• Median age:

41 years

• Level-1 trauma

centre

• Quaternary

referral centre

• Two

cardiovascular

surgery centres

• Bone marrow

transplantation

(BMT) service

• Solid organ

transplant service

HA-2 (20%) • Mixed urban/rural

• Pop. 1,906,933

• Median age:

39 years

• Level-1 trauma

centre

• Cardiovascular

surgery

• No BMT service

HA-3 (13%) • Dispersed with

mixture of rural and

small urban centres

• Significant resupply

logistics challenges

• Pop. 827,314

• Median age:

47 years

• Cardiovascular

surgery

• No level-1

trauma or BMT

service

aPopulation data from 2019[14].
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subsequent renewal phase when elective surgeries were resumed. On

the other hand, platelet supply declined during the first 2 months of

the pandemic but subsequently rebounded to levels at or slightly

above the pre-COVID-19 baseline. The initial decrease in supply was

driven by fewer whole blood collections and reduced capacity to pro-

cess blood, related to cancellations of mobile clinics along with

decreased capacity at donation and manufacturing sites due to public

health orders. Apheresis donations were less impacted by these fac-

tors because they largely occur at fixed sites and could be increased

during the shutdown phase to partially compensate for the decrease

in buffy coat platelets. Possible explanatory factors for the subse-

quent increase in whole blood collections during the renewal phase

include greater donor awareness of the need for blood and the safety

of donor collection sites, operational changes by CBS such as

increased clinic hours/staffing and comfort with efficient donor turn-

around time in the new, physically distanced environment. Impor-

tantly, by this time point, efficient COVID-19 safety procedures were

in place at manufacturing sites, allowing production capacity to be

safely increased. As a result, at no point during the first 6 months of

COVID-19 emerging in BC, did the province observe a platelet short-

age; if anything, there was a greater average platelet reserve in the

province compared to the year prior to the pandemic.

The decreased platelet utilization in BC during COVID-19 was

driven by different factors during the distinct periods of the province’s

response to the pandemic. During the initial shutdown phase, when

elective surgeries were halted and overall healthcare utilization was

dramatically decreased from baseline, reduced platelet utilization

was mostly due to fewer platelet transfusions. Based on provincial

historical data, halting elective surgeries was expected to decrease

platelet transfusions by �10% – close to the observed provincial

decrease of 11%. However, the considerable differences seen

between HAs, which have similar baseline proportions of platelet utili-

zation from elective surgeries, suggest that additional factors also

played a role. In BC, HA-1 saw a considerably larger decrease in plate-

let transfusions during the shutdown compared to the provincial aver-

age. This difference might be explained by decreased utilization of

non-surgical services with high platelet requirements, only offered in

HA-1, such as a BMT/dedicated haematology–oncology service. On

the other hand, HA-2 saw an increase in platelet transfusions during

the shutdown phase. Given the retrospective nature of our study and

our inability to account for a multitude of complex confounders

including clinician practice patterns and other contingency plans,

which may have affected platelet usage, we are unable to determine

the exact reasons why HAs were differentially affected during the

pandemic.

In addition to shutting down surgeries, various provincial efforts

were made across different HAs to preserve blood products. Led pri-

marily by HA-1 physicians, these initiatives included clinical advisories

and education to encourage appropriate blood utilization, screening

platelet orders for appropriateness and improving inventory manage-

ment to reduce wastage [15]. Of note, platelet utilization remained

significantly less in BC during the renewal phase, when elective sur-

geries resumed. While platelet transfusions remained slightly less

compared to baseline during the renewal phase, possibly related to

persistent decreases in healthcare utilization, the main driver of

decreased platelet utilization after the shutdown ended was a signifi-

cant decrease in the platelet expiration/discard rate. This was mainly

driven by one HA (HA-1) that also implemented specific policies

including a shared platelet inventory among different hospitals and

prospective isoagglutinin titres of all group O platelets to facilitate

their transfusion into non-group O patients [15]. The degree to which

the significant decrease in platelet expiration/discard rate observed is

explained by these policy changes warrants further study.

Strengths of this study include the availability of historical platelet

transfusion data as well as the availability of platelet disposition data

across a large population/geographical region throughout distinct

phases of the COVID-19 pandemic. An important limitation of this

study is that the indications for platelet transfusions (i.e., surgical

vs. non-surgical) were only available for the pre-COVID-19 period. In

addition, data related to healthcare utilization during the pandemic

were only available until the end of June 2020. Given these limitations

and the inherent confounding factors in a retrospective observational

study, we cannot definitively ascribe changes to platelet demand to

specific causes or factors. Another limitation is that our findings may

not be generalizable to other regions that had different strains on

their healthcare system due to COVID-19 or with different patient

demographics or resources/organizational structures with regards to

blood product distribution.

In conclusion, to our knowledge, this is the largest analysis to-

date of platelet supply and utilization during the COVID-19 pan-

demic. We found that the platelet supply in BC remained stable dur-

ing the first 6 months of COVID-19, even with an initial decrease in

blood donations. Platelet utilization was significantly decreased in

BC during the first 6 months of the pandemic compared to baseline:

this appears to have been due to province-wide policies that led to

decreased healthcare utilization and platelet transfusions during the

initial phase of the pandemic, followed by local practice changes that

may have contributed to fewer wasted platelet units. The relatively

modest contribution of elective surgery cancellations to decreased

platelet utilization is noteworthy while other clinical and laboratory

practice changes also likely contributed to significant reductions in

platelet utilization in the HA with the highest baseline utilization. In

particular, laboratory practice changes implemented in response to

the threat of shortages appear to have contributed to a sustained

reduction in utilization, extending for at least a 4-month period fol-

lowing the resumption of elective surgery and BMT activity. These

findings may assist others in determining suitable practices for secur-

ing platelet supply throughout the ongoing pandemic and in other

challenging scenarios.
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Abstract

Background and Objectives: Belgian health authorities launched a national platform

in 2011 to improve the quality of transfusion practices and blood use in Belgian hos-

pitals. No data were available about the quality of hospital transfusion practice at the

national level.

Materials and Methods: Three consecutive national surveys (2012, 2014 and 2016)

were performed in all 111 Belgian hospitals to assess the degree of implementation

of standards in four process domains related to red blood cell (RBC) transfusion: gen-

eral quality aspects, ordering of RBC, electronic traceability and reporting of adverse

events. The surveys were part of a methodology based on informing, feedback and

benchmarking. Responses to questions were analysed semi-quantitatively, and hospi-

tals could score 10 points on each of the domains.

Results: The proportion of hospitals scoring below 5 per domain decreased from

16%, 70%, 14% and 11% (2012) to 2%, 17%, 1% and 1% (2016), respectively. Simi-

larly, scores above 7.5 increased from 25%, 1%, 23% and 36% (2012) to 64%, 30%,
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68% and 81% (2016), respectively. In 2016, overall quality of transfusion practices,

including the four pre-specified domains, improved continuously with an average

total score (max = 40) increasing from 24.2 to 30.5 (p = 0.0005). In addition, there

was a decrease in the number of distributed and transfused RBC per 1000 popula-

tion between 2011 and 2019 from 47.0 to 36.5 and 43.5 to 36.1, respectively.

Conclusion: These data show that the applied methodology was a powerful tool to

improve quality of transfusion practices and to optimize utilization of RBC at the

national level.

K E YWORD S

benchmark, national survey, red blood cell utilization, transfusion practice

INTRODUCTION

Transfusion of red blood cells (RBCs) is a frequent medical interven-

tion in many fields of medicine. In a typical European context, more

than 50% of RBC are administered to patients older than 70 years

and around 25%–30% to patients older than 80 years. Major indica-

tions for RBC transfusion are haemato-oncology and cancer

followed by traumatology-orthopaedics, gastrointestinal–liver dis-

eases and cardiovascular disorders [1–3]. According to a national

survey performed in England and North Wales in 2014, 67.4% of

RBC transfusions were for medical indications including 20% for

haematological and 10% for non-haematological cancers [3]. Taken

into account the ageing of the Western population and a higher inci-

dence of cancer in the elderly, it might be expected that there will be

a growing gap between supply and demand of RBC. On the other

hand, the overall improvement in the quality of transfusion practice,

the implementation of more restrictive transfusion strategies and

the gradual introduction of patient blood management (PBM)

programmes have led to a decrease in RBC transfusions over the

past decade [4]. However, there is substantial heterogeneity, ranging

between 27 and 55, in the number of RBC transfused per 1000

population in developed countries suggesting that the degree of

implementation of these measures at the national level is highly

variable [5]. In several countries, national surveys have been con-

ducted to assess the quality of transfusion practice processes [6–9].

These surveys used variable quality indicators and showed incom-

plete participation rate among hospitals, whereas the impact on

nation-wide RBC utilization rate was not studied. Some nation- or

community-wide studies could show that the implementation of

transfusion guidelines [10] or PBM measures [11, 12] had a positive

impact on RBC utilization. In Belgium, the RBC utilization rate in

2011 was 47.0 per 1000 population, and there were no data on the

quality of hospital transfusion practice at the national level. BeQuinT

stands for Belgian Quality in Transfusion and is an initiative of the

Federal Public Service (Ministry) of Public Health, Food Chain Safety

and Environment since 2011. Its mission is to support the transfu-

sion and haemovigilance policy and to optimize the utilization of

blood components.

The primary aims of this study were to measure and improve the

quality of the transfusion practices in Belgian hospitals in a period of

6 years with a 2-year interval. The secondary aim was to examine

whether the measured quality had an impact on national transfusion

rates of RBC.

MATERIALS AND METHODS

General aspects

BeQuinT includes a central steering committee and several working

parties with the participation of experts and stakeholders in transfu-

sion. The methodology used was based on repetitive national sur-

veys in combination with feedback and information sessions and

benchmarking as depicted in Figure 1. The surveys were sent to the

chairs of the transfusion committees of all 111 Belgian acute hospi-

tals, including university hospitals. The chairs of the transfusion com-

mittees received a link and an individual code to complete the

survey online in a period of 3 months with a deadline at the end of

September 2012, 2014 and 2016, respectively. The Red Cross of

Flanders (Dutch speaking part) and the Red Cross of Belgium

(French speaking part) were trusted third parties and used the coding

system to ensure an anonymous data analysis. Participation in the

survey was mandatory and promoted by a Royal Decree, a govern-

ment decision, which twice a year allocates a budget to hospitals to

establish and maintain a quality system relating to transfusion. The

results of the benchmarking were sent to all chairs of the transfusion

committees, individually, in a closed envelope by the trusted third

parties. The overall results of each survey were disseminated

through a report published on the website of BeQuinT and pres-

ented during a yearly information session organized by BeQuinT.

The information sessions were combined with a scientific sympo-

sium and interactive workshops. Based on the overall results, a num-

ber of general recommendations related to the most frequently

observed deficiencies were included in the report, whereas the

benchmarking allowed hospitals to prioritize on areas of deficiencies

at the local level.
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Survey content

Legal requirements, guidelines, expertise and consensus were used

by the steering committee of BeQuinT to identify structural and pro-

cess measures associated with best practices (‘standards’) in transfu-

sion. Several issues of transfusion practices were grouped into four

process domains, and for each domain, standards were defined

(the complete survey is available in the Supplementary Appendix in

the online version of the manuscript). The domain ‘Transfusion

general’ relates to the organizational structure of the transfusion

practice including the number of meetings of the transfusion com-

mittee, the appointment of a transfusion practitioner and/or a multi-

disciplinary transfusion team. In addition, training of physicians and

nurses in transfusion practice, the availability of transfusion proce-

dures and the availability of data on the number of transfused and

invoiced blood components were included into this domain. Stan-

dards in the domain ‘Ordering’ related to the availability of proce-

dures regarding blood sampling for pre-transfusion testing, the use

F I GU R E 1 Summary of methodology based on national surveys

F I GU R E 2 Benchmarking report: example of a report as sent to each hospital individually. Results are shown for hospital X of which scores
are represented by the vertical red bar. Other vertical bars represent the scores of all hospitals participating to the survey. The median scores for
each process domain are indicated by the horizontal bars
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T AB L E 1 Reported frequencies (%) for (a) ‘transfusion general’ and ‘ordering’ and (b) ‘traceability’ and ‘reporting’

(a) ‘Transfusion general’ and ‘ordering’

2012 2014 2016
(n = 111) (n = 111) (n = 107)

Transfusion general

Meeting transfusion committee >2 times/year 89.2 95.5 98.1

Multidisciplinary transfusion team appointed a 67.6 82.2

Transfusion practitioner appointed 82.8 80.2 92.5

Digital transfusion handbook with procedures

available

86.5 96.4 96.2

Educational programme physicians (min 1�/year) 13.5 26.1 32.7

Transfusion history available in patient record 33.3 50.5 57.0

Ordering

Electronic order implemented 6.3 7.2 15.0

Electronic order in development 12.6 28.8 39.3

Ordering always by Medical Doctor 29.7 29.7 43.0

Blood samples identified with barcode 34.2 52.2 59.8

Procedure pre-transfusion testing available 87.4 94.6 97.2

Procedure urgent transfusion available

(hospital wide)

56.8 77.5 79.4

Procedure urgent transfusion available (some units) 14.4 8.1 11.2

Indication for transfusion systematically mentioned

in order (hospital wide)

a a 42.1

Systematic analysis prescriptive behaviour

(hospital wide)

a 11.7 13.1

Systematic analysis prescriptive behaviour

(some units)

a 27.9 32.7

(b) ‘Traceability’ and ‘reporting’

2012 2014 2016
(n = 111) (n = 111) (n = 107)

Traceability

Emergency stock of RBC in separate refrigerator

with T� monitoring, data storage and alarm in

hospital care unit(s)

66.1b 61.2b 60.8b

24 h/24 h intervention in case of alarm for stored

RBC in remote refrigerator in hospital care unit(s)

53.6b 71.4b 86.3

Person responsible for follow-up emergency stock in

hospital care unit(s)

69.6b 83.6b 82.4b

Identification with wristband upon admission 92.8 98.2 99.1

Partial electronic blood tracking system 53.1 35.1 41.1

Complete electronic blood tracking system 9.9 18.9 25.2

Scanning identification wristband before transfusion 15.3 22.5 32.7

Responsible medical doctor for transfusion

identifiable in patient record in >90% of cases

58.6 69.4 78.5

Administrator blood component identifiable in file in

>90% of cases

55.9 67.6 86.0

Procedure for transport and storage of blood

components

57.6 85.6 95.3

Reporting

Procedure administration blood components

available

91.0 95.5 98.2

(Continues)
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of an electronic method to prescribe blood components, the evalua-

tion of the prescription behaviour and adherence to transfusion

guidelines and the use of O-negative RBC. In addition, the legal

requirements regarding the ordering of RBC are questioned such as

mentioning of the indication for transfusion on the order and adher-

ence to the exclusive restriction of the act of ordering to physicians.

In the domain ‘Traceability’ patient identification, the implementa-

tion of pre-transfusion identity checks, the availability of an elec-

tronic blood tracking system, the storage of RBC in the hospital

blood bank and care units and the number of wasted RBC are

assessed. Finally, the availability of a procedure about the adminis-

tration of blood components and the patient monitoring post

transfusion, the registration of vital signs during transfusion and

transfusion reactions in the patient record and the notification and

analysis of transfusion reactions and incidents are grouped in the

domain ‘Reporting’. On several occasions throughout the survey,

the implementation of internal auditing procedures is assessed. The

survey was repeated twice with an interval of 2 years in 2012, 2014

T AB L E 1 (Continued)

(b) ‘Traceability’ and ‘reporting’

2012 2014 2016
(n = 111) (n = 111) (n = 107)

Procedure patient follow-up 24 h after transfusion

available

27.9 36.9 47.7

Procedure patient long-term follow-up available 14.4 19.8 23.3

Registration vital signs in patient record in >90% of

cases

55.0 70.3 84.1

Registration serious transfusion reactions in patient

record in >90% of cases

71.2 81.1 90.7

Reporting of serious transfusion reactions to staff

member responsible for notification to the

national haemovigilance office

81.1 94.6 94.4

Reporting of serious transfusion incidents to staff

member responsible for notification to the

national haemovigilance office

81.1 93.7 92.5

Serious transfusion reactions and incidents discussed

by transfusion committees at least once a year

91.9 99.1 99.1

Methodology for analysis of serious adverse events 37.8 70.3 85.0

Abbreviations: FAMHP, Federal Agency for Medicines and Health Products; RBC, red blood cell.
aNot questioned in the first survey.
bOnly applicable in 56 (in 2012), 49 (in 2014) and 51 (in 2016) hospitals, respectively.

T AB L E 2 Reported frequencies (%) of hospitals performing internal audits to check the implementation of some important transfusion-
related procedures at least once a yeara

2012 2014 2016
(n = 111) (n = 111) (n = 107)

Audit of procedure on blood sampling for pre-transfusion

testing (e.g., patient identification and labelling

of blood samples)

20.2 (18/89) 45.5 (46/101) 64.1 (66/103)

Audit of procedure on pre-transfusion testing

(type of analyses)

32.0 (31/97) 34.3 (36/105) 56.0 (56/100)

Audit of procedure on patient identification upon

admission

46.6 (48/103) 67.0 (73/109) 90.6 (96/106)

Audit of procedure on transport and storage blood

components from delivery by the blood establishment

to the patient

29.3 (22/75) 44.2 (42/95) 53.9 (55/102)

Audit of procedure on patient identification before

starting the transfusion

18.9 (21/111) 50.5 (56/111) 74.8 (80/107)

aNot all hospitals responded to the questions, and, therefore, absolute numbers are mentioned below the %.
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and 2016. Consecutive survey contents were identical although

some terms were clarified in the questions and answer categories in

the second and third survey by means of an explanatory glossary.

Scoring and data analysis

For each hospital, scores were attributed to several answer categories

and converted to a score out of 10 for each of the four domains and a

total score on 40 for the entire survey, being the sum of the four scores

for each domain. Scoring could be 2, 1 or 0 depending on whether or

not a standard was implemented or, for example, a written procedure

was available hospital-wide (2 points), in some departments (1 point) or

not (0 points), respectively. These scores provided information on the

degree of implementation of standards per domain and enabled to ana-

lyse trends over time and to perform benchmarking of the hospitals on

a national scale. The results of the anonymous benchmarking of the

scores for the four domains for all of the hospitals for each survey were

sent individually to all the chairs of the transfusion committees. An

example of such reporting per hospital is illustrated in Figure 2. For the

scores on each domain, the frequencies of hospitals scoring low (below

5), intermediate (5–7.5) or high (above 7.5) were calculated. As for the

total score, average, median and percentiles were calculated, and

differences between the first (2012) and last survey (2016) were

analysed with the paired samples t-test using SPSS Statistics.

Utilization of red blood cells

The data on the total national RBC distribution by the transfusion

establishments as well as the total number of RBC transfused in

Belgian hospitals are provided in an official yearly report by the

Federal Agency for Medicines and Health Products. Data on Belgian

population are obtained at the Belgian be.STAT official website. The

distribution and transfusion rates per 1000 capita are calculated by

the ratio of total number of transfused RBC during a particular year

divided by the total population (�1/1000) as reported in January of

the next year.

RESULTS

Characteristics of the hospitals

All the Belgian hospitals represented by 111 transfusion committees

participated in the first two surveys. Due to three fusions of hospitals,

F I GU R E 3 Percentage of hospitals scoring low (<5), average (5–7.5) or high (>7.5) for the four transfusion process domains with comparison
of scores between the three surveys
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there were 107 responders to the third survey. In 2016, 25.2% of the

hospitals had less than 250 acute beds, 44.1% between 250 and

500 beds and 33.6% more than 500 beds; seven hospitals were aca-

demic hospitals. In terms of activities with higher RBC transfusion

needs, 23.4% had a clinical haematology department with transplanta-

tion, 9.3% performed solid organ transplantation, 29.0% had cardiac

surgery and 20.6% had neonatal intensive care.

Survey data analysis

For each of the surveys, the degree of implementation of the most

important standards per domain is shown in Table 1. Major and con-

tinuous progress could be noticed between 2012 and 2016, for

instance an increase in: the existence of multidisciplinary transfusion

teams (only measured since 2014) (67.6% ⇨ 82.2%), a readily avail-

able documented patient transfusion history (33.3% ⇨ 57.0%); the

development of an electronic ordering system (12.6% ⇨ 39.3%),

identification of blood samples with barcode (34.2% ⇨ 59.8%), the

availability of a hospital-wide procedure for urgent transfusion

(56.8% ⇨ 79.4%); the availability of a complete electronic tracking

system (9.9% ⇨ 25.2%), procedures for transport and storage of

blood components (28.8% ⇨ 54.2%); the implementation of a sys-

tematic methodology to analyse serious adverse events in the trans-

fusion chain (37.8% ⇨ 85%). Also, an increase in the number of

hospitals performing internal audits related to several aspects of the

transfusion chain was observed (Table 2). The frequency of scores

per process domain was calculated for each survey (Figure 3). In

2016, except for the domain ‘Ordering’, less than 3% of hospitals

had scores below 5 and 64%, 30%, 68% and 81% instead of 25%,

1%, 23% and 36% had high (>7.5) scores on each of the domains,

respectively. The average scores per domain were significantly

better for ‘Transfusion general’, ‘Ordering’, ‘Traceability’ and

‘Reporting’ (Table 3) and the average total scores were significantly

better, increasing from 24.2 in 2012 to 30.5 in 2016 (p = 0.0005)

(Table 4).

F I GU R E 4 Utilization of red blood cells (RBC) in Belgian hospitals (expressed as units per 1000 population) and indicator for wastage of RBC

T AB L E 4 Total scores (max 40) (first, second and third survey)

2012 2014 2016

(n = 111) (n = 111) (n = 107)a

Average (SD) 24.2 (4.1) 28.1 (4.4) 30.5 (3.7)b

Median 24.4 28.4 30.6

Range 14.5–36.5 13.8–36.5 14.1–38.1

P25 20.8 25.5 28.5

P75 27.2 31.4 32.8

Abbreviation: SD, standard deviation.
aFour hospitals less because of fusion.
bp = 0.0005.

T AB L E 3 Average scores (max 10) (SD) per domain (first and third
survey)

2012 2016
Process domain (n = 111) (n = 107)a p-Value

Transfusion in general 6.3 (2.1) 8.1 (1.5) 0.001

Ordering 4.4 (1.3) 6.7 (1.5) 0.397

Traceability 6.4 (1.4) 8.2 (1.1) 0.003

Reporting 7.0 (1.6) 8.4 (1.1) 0.001

Abbreviation: SD, standard deviation.
aFour hospitals less due to fusion.
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Utilization of red blood cells

Figure 4 shows that from 2011 (the year before the launch of

BeQuinT) to 2017 (the year after the last survey was performed), the

number of distributed and transfused RBC per 1000 population

decreased from 47.0 to 36.6 and from 43.5 to 36.1, respectively. This

decrease was sustained but did not further improve in 2018 and

2019. In addition, the difference between distributed and transfused

RBC decreased from 7.4% in 2011 to 1.4% in 2017 and further down

to 1.2% in 2019.

DISCUSSION

BeQuinT conducted three consecutive national surveys to study the

quality of transfusion practices in Belgian hospitals by measuring

the degree of implementation of numerous standards related to the

major processes involved in RBC transfusion: the functioning of the

transfusion committees, the presence or not of dedicated personnel

involved in transfusion, the processes of ordering, transport, storage

and tracing of blood components and the management of transfusion-

related adverse events and reactions. The surveys were part of a

methodology based on providing information through yearly informa-

tion sessions, individualized feedback to the hospitals and anonymized

benchmarking (Figure 1). This methodology was very successful to

increase awareness and involvement of transfusion committees and

hospital managements leading to numerous structural measures at the

local level to improve transfusion policy. The result of this approach

was that the quality of transfusion practice in Belgian hospitals

increased significantly and continuously with an average score increas-

ing from 24.2 (2014) to 30.5 (2016). Also, the maximum scores

increased overtime, whereas the minimum scores remained the same,

indicating that some hospitals at the bottom of the range had difficul-

ties in improving their transfusion processes. A major strength was the

100% participation rate of the Belgian hospitals, so that the results of

the surveys generate a complete set of data on national transfusion

practices over a 6-years’ period. The endorsement by national health

authorities, the possibility to complete the survey online and the finan-

cial support to the individual hospitals were factors contributing to the

success. In 2016, the majority of hospitals had high scores for the

implementation of general transfusion measures, traceability

and reporting of adverse events and reactions. Although markedly

improved, only 30% of the hospitals had high scores on the process of

ordering of RBC (Figure 3). BeQuinT is currently facilitating the imple-

mentation of a computerized physician order entry (CPOE) system in

Belgian hospitals. A CPOE should include immediate access to key

medical information related to the indication for transfusion, incorpo-

rate a clinical decision support system and facilitate data collection to

document compliance with evidence-based transfusion guidelines.

Clinical decision support systems have been shown to reduce transfu-

sions and lead to substantial cost savings in clinical practice [13].

A major limitation of our methodology is that the surveys were not

based on existing electronic sources but through web-based self-

reporting. Hence, the data were not verified by external audits, and this

is mainly due to the practical problems to perform such audits in more

than 100 hospital sites. In addition, the impact of the surveys on the

number of transfusion errors or near misses in Belgian hospitals was not

examined, although this can be considered as an important measure of

transfusion quality. Data of Federal Agency for Medicines and Health

Products showed that in the period 2012–2016, 19 hospitals did not

report any adverse event to the national haemovigilance system, and in

2016, 45 hospitals did not report any adverse event, introducing a bias

for the reliability of this indicator. More action is needed to encourage

hospitals to report serious errors and near misses.

An albeit indirect but objective evidence of improved transfusion

practices in Belgium is the RBC distribution and transfusion rate,

which decreased significantly from 2011 to 2017 (Figure 4). Most of

the decrease occurred from 2013 to 2017, concurrently with the

BeQuinT surveys. We showed that a substantial part of decreased

RBC utilization is related to a marked reduction in RBC wastage since

the difference between distributed and transfused RBC decreased

from 7.4% (38,097 units) in 2011 to 1.2% (4858 units) in 2019. In

addition to less wastage, we hypothesized that our survey-based

methodology and associated increased awareness also led to a more

rational transfusion policy and associated reduction in RBC transfu-

sion. The introduction of PBM has reduced RBC utilization in some

areas of clinical practice over the past decade in several countries.

This was particularly the case in cardiovascular and orthopaedic sur-

gery. However and based on data (2016) provided by the Data and

Strategic Analysis, Directorate-General for Health Care and Federal

Public Service of Public Health, RBC transfusion in surgical areas only

accounted for 30% of the total. Even a 50% reduction of RBC transfu-

sion in surgical areas would have accounted for much less than the

reduction of the total utilization rate as was observed between 2011

and 2017. We, therefore, concluded that the BeQuinT survey-based

methodology has significantly contributed to less wastage of RBC and

a more rational transfusion policy introduced in a broad field of medi-

cal and surgical disciplines. Data from 2017 to 2019 showed no fur-

ther decrease but stabilization, suggesting that the impact of

improved transfusion practices on RBC utilization is durable but level-

ling off and that other measures are needed for further optimization.

This should be possible since in many European countries lower than

35 per 1000 population utilization rates were noted [5, 14]. Further

improvement will require a more direct impact on clinical-oriented

as opposed to process-oriented transfusion practices. PBM is an

evolving multidisciplinary concept shifting from a ‘product-centred’
towards a ‘patient-centred’ evidence-based approach to minimize

unnecessary exposure of patients to blood components. Recently,

PBM recommendations have been published including diagnosing

and medical treatment of pre-operative anaemia, minimizing peri-

operative blood loss and using restrictive triggers to transfuse in

most clinical situations [15, 16]. A survey in some European univer-

sity hospitals showed that the degree of implementation of PBM

was highly variable [17]. The implementation of PBM in clinical

practice has a significant effect on RBC utilization. The combination

of measuring, auditing and providing feedback resulted in a marked
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decrease RBC utilization in intraoperative RBC usage in a cardiac

surgery setting [18]. Although some PBM elements were

questioned, the BeQuinT surveys were not designed to assess the

degree of PBM implementation in the hospitals. Based on the suc-

cess of the methodology used, BeQuinT has launched a national

PBM survey in all Belgian hospitals in 2020 with the aim of further

improving transfusion practices and optimizing RBC utilization.

We concluded that this nation-wide survey–based

benchmarking initiative combining information, data collection and

individualized feedback has contributed to a measurable and durable

improvement of the quality of transfusion practices in Belgian hospi-

tals. We also demonstrated that improving transfusion quality is

associated with a marked and structural decrease in RBC

utilization rate.
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Abstract

Background and Objectives: The advent of intrauterine transfusion (IUT) has

improved the survival of severe foetal anaemia. The aim of this study was to compare

the perinatal outcomes of red blood cell (RBC)–alloimmunized pregnancies with anti-

RhD in combination and anti-RhD alone in China.

Materials and Methods: A retrospective study was conducted involving RBC–

alloimmunized pregnancies with anti-RhD in combination and anti-RhD alone admit-

ted to The First Affiliated Hospital, Sun Yat-sen University, between January 2007

and December 2019. Obstetric data and neonatal outcomes were compared.

Results: A total of 165 alloimmunized pregnancies were identified, with 32 pregnan-

cies in the anti-RhD-in-combination group (25 pregnancies with anti-RhD + anti-

RhC and 7 pregnancies with anti-RhD + anti-RhE) and 133 pregnancies in the

anti-RhD-alone group. The anti-RhD-in-combination group had significantly higher

frequency of IUTs than the anti-RhD-alone group (59.4% [19/32] vs. 30.1%

[40/133]; p < 0.01). The postnatal frequency of top-up transfusions was significantly

higher in the anti-RhD in combination group than the anti-RhD-alone group (90.6%

[29/32] vs. 70.7% [94/133]; p = 0.02). There was no significant difference in the

frequency of exchange transfusions (ETs) between the two groups (15.6% [5/32]

vs. 17.3% [23/133]; p = 0.82).

Conclusions: Compared to alloimmunized pregnancies with anti-RhD alone, pregnan-

cies with anti-RhD in combination with anti-RhC or anti-RhE have an increased

requirement for antenatal IUTs and postnatal top-up transfusions but do not have an

increased need for ETs.

K E YWORD S

alloimmunization, anti-RhD alone, anti-RhD in combination, pregnancy, red blood cell antibodies

INTRODUCTION

Rh red blood cell (RBC)-alloimmunized pregnancies are associated

with foetal or newborn haemolysis due to incompatibility of the Rh

RBC antigen. The Rh antigens are highly immunogenic. RhD-negative

individuals will produce anti-RhD if they encounter the D antigen.

Anti-RhD is the most common antibody implicated in foetal or new-

born haemolysis [1, 2]. Antibodies to other Rh antigens, such as C, c, E

and e, also contribute to the haemolytic effect [3, 4].

Studies [5–7] from the United States and Europe have shown that

pregnancies with anti-RhD combined with other RBC antibody speci-

ficities are likely to develop more aggressive immune responses than
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pregnancies with anti-RhD alone. The ethnicities of the pregnant

women were mainly Native Americans, Caucasians and blacks. The

frequency of Rh antigens and phenotypes varies across ethnicities

throughout the world [1]. No published studies have compared Rh

RBC alloimmunization perinatal outcomes caused by anti-RhD in com-

bination with anti-RhD alone among Asians.

In mainland China, anti-RhD immunoglobulin is not available

because of import restrictions. The prevalence of RhD-negative

women varies widely around the globe, and it is only approximately

0.5% in China. Nevertheless, maternal RhD alloimmunization occurs

frequently, given the high number of births and the very high likeli-

hood that the father is RhD-positive. In addition, the implementation

of the ‘more than one child’ policy is expected to increase the occur-

rence of Rh disease because the response to Rh incompatibility

increases in severity with subsequent pregnancies [8]. The advent of

intrauterine transfusion (IUT) has improved the perinatal outcomes

and survival of severe foetal anaemia [9]. IUT is carried out to treat

foetal anaemia due to maternal alloimmunization in our hospital

[10–12]; as a result, the healthcare team at our hospital

manages most patients with RBC alloimmunization in pregnancy

throughout China.

The aim of this study was to compare perinatal outcomes of

RBC-alloimmunized pregnancies that received routine antenatal and

neonatal management caused by anti-RhD in combination with anti-

RhD alone in China.

MATERIALS AND METHODS

Study population

This retrospective single-centre study was conducted at The First

Affiliated Hospital, Sun Yat-sen University, Guangzhou, China. Follow-

ing approval of the Institutional Review Board, the medical records

were searched to identify pregnant patients diagnosed with Rh RBC

alloimmunization and their infants who received routine antenatal and

neonatal management in The First Affiliated Hospital, Sun Yat-sen

University, between January 2007 and December 2019.

The derivation of the included pregnancies and the reasons for

exclusion are shown in Figure 1. Of the 181 potentially eligible preg-

nancies with Rh RBC alloimmunization, five pregnancies with non-

anti-RhD (two pregnancies with anti-RhE alone, one pregnancy with

anti-RhC + anti-RhE, one pregnancy with anti-RhE + anti-RhC

+ anti-Jkb and one twin gestation with anti-RhC + anti-RhE) were

excluded. There were 35 pregnancies with anti-RhD in combination.

Two pregnancies with anti-RhD + non-anti-Rh (one pregnancy with

anti-RhD + anti-M and one pregnancy with anti-RhD + anti-A) were

excluded. One pregnancy with anti-RhD in combination with anti-RhC

was excluded because an emergency caesarean section was per-

formed for foetal distress 8 days after an IUT. We also excluded three

pregnancies with twins, one pregnancy with an incompetent cervix,

one pregnancy requiring emergency delivery (due to foetal distress

2 days after an IUT), one pregnancy with rupture of membranes

(occurred 4 days after an IUT that resulted in a preterm delivery) and

two pregnancies with severe neonatal complications (congenital

cytomegalovirus infection and intestinal perforation complicated with

peritonitis, respectively) among 141 pregnancies with anti-RhD alone.

In summary, twin gestations, pregnancies with other RBC antibodies

(except for anti-RhC and anti-RhE) in combination with anti-RhD and

pregnancies requiring emergency delivery for foetal distress during

antenatal management were excluded, as well as pregnancies with

severe neonatal complications. Altogether, 32 pregnancies with anti-

RhD in combination (anti-RhD + anti-RhC [n = 25] or anti-RhD

+ anti-RhE [n = 7]) and 133 pregnancies with anti-RhD alone were

eligible to enrol our study.

Obstetric data collection

Obstetric data were recorded on the following: maternal age, number

of pregnancies, maternal indirect anti-globulin tests (IATs), maximum

antibody titre, major obstetric complications, past obstetric history,

gestational age at the first IUT, foetal haemoglobin (Hb) concentration

and haematocrit (Hct) levels at the first IUT, number of IUTs, foetal

direct agglutination test (DAT) and elution analysis and foetal RBC

antigen type.

F I GU R E 1 Diagram of inclusion of pregnancies for anti-RhD-in-combination versus anti-RhD-alone study
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The alloimmunized pregnant women had routine antibody screen-

ing at the first antenatal visit. The Rh phenotypes of the pregnant

women were available. They were RhD-negative and were shown not

to be D variants by IATs with a monoclonal human IgM + IgG blend.

The Rh phenotypes of the husbands were also available. Repeat anti-

RhD, anti-RhC and anti-RhE titres were performed each month until

24–28 weeks’ gestation and every 2 weeks thereafter. For pregnan-

cies that had reached 16–20 weeks’ gestation, the middle cerebral

artery peak systolic velocity (MCA-PSV), as measured by ultrasound

Doppler interrogation, was used to detect foetal anaemia. Measure-

ments of the MCA-PSV were repeated every 1–2 weeks and were

performed more frequently in pregnancies with higher multiples of

the mean (MoM) levels. Cordocentesis was performed to determine

the foetal Hct when the MCA-PSV value was ≥1.5 MoM. An IUT was

indicated if the foetal Hct was ≤30%. With the exception of two preg-

nancies, gravidas presenting at >34 weeks’ gestation were typically

offered delivery. The two gravidas (one in the anti-RhD-in-

combination group and one in the anti-RhD-alone group) who had

undergone seven or six IUTs, respectively, were delivered at

<33 weeks’ gestation because the risk of continued monitoring and

IUT was balanced.

Neonatal data collection

Neonatal data were recorded on the following: gender, gestational age at

birth, Apgar score at 1 and 5 min, birth weight, Hb concentration, Hct, bil-

irubin levels at birth, blood DAT and elution analysis, RBC antigen status,

maximum bilirubin level during hospitalization, duration of phototherapy,

number of exchange transfusions (ETs) required and number of top-up

transfusions received during the first 3 months of life.

After delivery, the newborns were transferred to the Neonatal

Unit and received neonatal intensive care. Phototherapy was initiated

and intravenous immunoglobulin (IVIG) was administered to the new-

borns at the time of admission to the Neonatal Unit. Top-up RBC

transfusions were performed when Hb levels were < 8.0 g/dl or at

higher levels if clinical symptoms of anaemia (lethargy, feeding prob-

lems or failure to thrive) were present. Data on the number of top-up

transfusions during the 3 months of life were collected. The indication

for ET was based on the consensus from the Society of Pediatrics,

Chinese Medical Association [13, 14].

Statistical analysis

Data are presented as mean � standard deviation (SD), median (inter-

quartile range [IQR]) or numbers and percentage as appropriate. For

comparisons, the t-test was used if the values were normally distrib-

uted, otherwise the Mann–Whitney U test was applied. The chi-

square test or Fisher’s exact test were used for distribution-based

comparison. A p-value <0.05 was considered statistically significant.

All statistical analyses were performed using SPSS (version 20; IBM

Corp., Armonk, NY).

RESULTS

Altogether 165 alloimmunized pregnant women and their infants

were included in the study. Anti-RhD with anti-RhC or anti-RhD with

anti-RhE antibodies were identified in pregnant women in the anti-

RhD-in-combination group, and only anti-RhD antibodies were identi-

fied in pregnant women in the anti-RhD-alone group.

T AB L E 1 Maternal characteristics of the anti-RhD-in-combination and anti-RhD-alone groups

Anti-RhD in combination (n = 32) Anti-RhD alone (n = 133) p-value

Maternal age (years)a 31.1 � 4.3 31.1 � 4.0 0.92

Median number of pregnanciesb 4 (3.8–5) 3 (2–4) <0.01

Maximum anti-RhD titre – n (%)

4-1024 26 (81.3) 121 (91.0) 0.20

≥2048 6 (18.7) 12 (9.0)

Gestational diabetes – n (%) 4 (12.5) 18 (13.5) 1.00

Pregnancy-induced hypertension – n (%) 1 (3.1) 0 (0) 0.19

Placental abruption – n (%) 0 (0) 2 (1.5) 1.00

Intrauterine growth restriction – n (%) 1 (3.1) 1 (0.8) 0.35

Caesarean section – n (%) 24 (75.0) 99 (74.4) 0.95

History of IUT – n (%) 1 (3.1) 3 (2.3) 0.58

History of IUFD – n (%) 14 (43.8) 17 (12.8) <0.01

History of neonatal death – n (%) 12 (37.5) 22 (16.5) <0.01

Abbreviations: IUFD, intrauterine foetal death; IUT, intrauterine transfusion.
aValue given as mean � SD.
bValue given as median (IQR).
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Maternal and foetal data

The maternal characteristics of the anti-RhD-in-combination and anti-

RhD-alone groups are depicted in Table 1. The anti-RhD-in-

combination and anti-RhD-alone groups were comparable with

respect to maternal age, distribution of maximum anti-RhD titre, fre-

quencies of major obstetric complications and caesarean section rate.

The median number of pregnancies was higher in the anti-RhD-in-

combination group than the anti-RhD-alone group (4 [IQR 3.8–5,

range 2–9] vs. 3 [IQR 2–4, range 1–7]; p < 0.01). All pregnancies in

the anti-RhD-in-combination group were subsequent pregnancies,

and 2 of the 32 gravidas had histories of RBC transfusions. Two

pregnancies in the anti-RhD-alone group were the first pregnancy;

the two gravidas had histories of RBC transfusions. The other

131 pregnancies in the anti-RhD-alone group were subsequent preg-

nancies, and 9 of the 131 gravidas had histories of RBC transfusions.

No significant difference was demonstrated in the history of IUT fre-

quency between the two groups. The frequencies of intrauterine foe-

tal death (IUFD) and neonatal death histories were significantly higher

in the anti-RhD-in-combination group than the anti-RhD-alone group

(43.8% [14/32] vs. 12.8% [17/133]; p < 0.01 and 37.5% [12/32]

vs. 16.5% [22/133]; p < 0.01).

The IUT characteristics are presented in Table 2. The anti-RhD-

in-combination group had significantly higher frequency of IUTs

T AB L E 2 IUT characteristics of the anti-RhD-in-combination and anti-RhD-alone groups

Anti-RhD in combination (n = 32) Anti-RhD alone (n = 133) p-value

IUT required – n (%) 19 (59.4) 40 (30.1) <0.01

Median number of IUTsa 1.5 (0–5) 0 (0–1) <0.01

Median number of IUTs in subgroup requiring IUTa,b 4 (2–6) 3 (1–5) 0.05

Gestational age at first IUT (weeks)b,c 26.1 � 4.8 29.2 � 4.0 0.01

Foetal Hb level at first IUT (g/dl)b,c 6.6 � 2.5 7.4 � 2.1 0.22

Foetal Hct level at first IUT (%)b,c 20.9 � 7.2 22.5 � 6.0 0.36

Abbreviations: Hb, haemoglobin; Hct, haematocrit; IUT, intrauterine transfusion.
aValue given as median (IQR).
bAssessed in pregnancies requiring IUT.
cValue given as mean � SD.

T AB L E 3 Neonatal outcomes and management of the anti-RhD-in-combination and anti-RhD-alone groups

Anti-RhD in combination (n = 32) Anti-RhD alone (n = 133) p-value

Male – n (%) 17 (53.1) 69 (51.9) 0.90

Gestational age at birth (weeks)a 36.0 � 1.7 36.6 � 1.4 0.04

Birth weight (g)a 2672 � 480 2804 � 361 0.08

Apgar score < 7 at 1 min – n (%) 2 (6.3) 6 (4.5) 1.00

Apgar score < 7 at 5 min – n (%) 1 (3.1) 0 (0) 0.19

RDS – n (%) 4 (12.5) 6 (4.5) 0.20

Hypoglycaemia – n (%) 1 (3.1) 2 (1.5) 0.48

Hb level at birth (g/dl)a 11.8 � 2.4 13.1 � 2.5 <0.01

Hct level at birth (%)a 34.7 � 6.9 38.9 � 6.8 <0.01

Bilirubin level at birth (μmol/L)a 99.0 � 32.8 84.2 � 33.8 0.03

Maximum bilirubin level (μmol/L)a 203.3 � 62.2 207.1 � 67.8 0.78

Duration of phototherapy (days)a 5 (4–6) 5 (4–7) 0.88

Top-up transfusion required – n (%) 29 (90.6) 94 (70.7) 0.02

Median number of top-up transfusionsb 2 (1–3) 1 (0–2) 0.02

ET required – n (%) 5 (15.6) 23 (17.3) 0.82

Median number of ETsb 1 (0–0) 0 (0–0) 0.87

Median number of ETs in subgroup requiring ETb,c 1 (1–2) 1 (1–2) 0.81

Abbreviations: ET, exchange transfusion; Hb, haemoglobin; Hct, haematocrit; RDS, respiratory distress syndrome.
aValue given as mean � SD.
bValue given as median (IQR).
cAssessed in newborns requiring ET.
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during pregnancy than the anti-RhD-alone group (59.4% [19/32]

vs. 30.1% [40/133]; p < 0.01). The anti-RhD-in-combination group

also had significantly higher median number of IUTs during pregnancy

than the anti-RhD-alone group (1.5 [IQR 0–5, range 0–8] vs. 0 [IQR

0–1, range 0–7]; p < 0.01). In the subgroup analysis of pregnancies

requiring IUT, the median number of IUTs tended to be higher in the

anti-RhD-in-combination group than the anti-RhD-alone group

(4 [IQR 2–6, range 1–8] vs. 3 [IQR 1–5, range 1–7]; p = 0.05). The

gestational age at the first IUT was significantly lower in the anti-

RhD-in-combination group compared to the anti-RhD-alone group

(26.1 weeks vs. 29.2 weeks; p = 0.01). No significant differences were

demonstrated in foetal mean Hb concentration and Hct at the first

IUT between the anti-RhD-in-combination and anti-RhD-alone group.

Neonatal outcomes and management

Table 3 shows the neonatal outcomes and management of the anti-

RhD-in-combination and anti-RhD-alone groups. The neonatal gender

and frequencies of Apgar score < 7 at 1 min, Apgar score < 7 at 5 min,

respiratory distress syndrome (RDS) and hypoglycaemia were not sig-

nificantly different between the two groups. A lower gestational age

at birth existed in the anti-RhD-in-combination group compared to

the anti-RhD-alone group (36.6 weeks vs. 36.0 weeks; p = 0.04). The

birth weight was not significantly different between the anti-RhD-in-

combination group and the anti-RhD-alone group, but a trend was

noted (2672 g vs. 2804 g; p = 0.08).

The Hb concentration and Hct at birth were significantly lower in

the anti-RhD-in-combination group than the anti-RhD-alone group

(11.8 g/dl vs. 13.1 g/dl; p < 0.01 and 34.7% vs. 38.9%; p < 0.01). The

bilirubin levels at birth were significantly higher in the anti-RhD-in-

combination group than the anti-RhD-alone group (99.0 μmol/L

vs. 84.2 μmol/L; p = 0.03).

The anti-RhD-in-combination group had significantly higher fre-

quency of top-up transfusions than the anti-RhD-alone group (90.6%

[29/32] vs. 70.7% [94/133]; p = 0.02). The median number of top-up

transfusions per infant was also higher in the anti-RhD-in-combination

group compared to the anti-RhD-alone group (2 [IQR 1–3, range 0–5]

vs. 1 [IQR 0–2, range 0–8]; p = 0.02). There were no significant differ-

ences in the mean maximum bilirubin level, median duration of photo-

therapy, frequency of ETs and median number of ETs between the

two groups. In the subgroup analysis of newborns requiring ET, no sig-

nificant difference in the median number of ETs between the two

groups was found.

DISCUSSION

This study showed that compared to alloimmunized pregnancies with

anti-RhD alone, alloimmunized pregnancies with anti-RhD-in-combi-

nation with anti-RhC or anti-RhE increased the need for antenatal

IUTs and postnatal top-up transfusions. The need for ETs was similar

in both groups.

There were alloimmunized pregnancies with anti-RhD plus anti-

RhC or anti-RhE, while there were no pregnancies with anti-RhD plus

two other Rh antibody specificities in our study. Other authors have

reported alloimmunized pregnancies by anti-RhD plus anti-RhC plus

anti-RhE [6, 7, 15, 16]. This is due to the low occurrence of the RhD-

negative ccee phenotype in Asians. Anti-RhD plus anti-RhC plus anti-

RhE could be produced through pregnancy with the RhD-negative

ccee phenotype. The frequency of the RhD-negative ccee phenotype

in Caucasians and blacks is 15.1% and 6.8%, respectively. Neverthe-

less, the frequency of the RhD-negative ccee phenotype in Asians is

only 0.1% [17].

In our study, alloimmunized pregnancies with anti-RhD in com-

bination with one Rh antibody specificity were more likely to have

foetal and neonatal anaemia compared with pregnancies with anti-

RhD alone. As a result, there was an increased requirement for IUTs

and postnatal top-up transfusions. These findings could account for

anti-RhD in combination with anti-RhC or anti-RhE enhancing the

immune response. IUT appears to increase and prolong the risk of

anaemia, probably by reducing erythropoiesis [2, 18]. These find-

ings are in accordance with the results of previous studies [5–7]. In

the study conducted by Markham et al. [5], alloimmunized pregnan-

cies with anti-RhD alone versus alloimmunized pregnancies with

anti-RhD plus one or more additional RBC antibodies were com-

pared. In the study of Nordvall et al. [6], alloimmunized pregnancies

with anti-RhD alone versus alloimmunized pregnancies with anti-

RhD plus one other RBC antibody were compared. In Spong et al.’s

study [7], alloimmunized pregnancies with anti-RhD alone versus

alloimmunized pregnancies with two to four RBC antibodies were

compared.

Phung et al. [15] and Walsh et al. [16] focussed on those pregnan-

cies requiring IUT. Phung et al. [15] showed that in pregnancies

requiring IUT, the daily decrease in Hb between the first and second

IUT did not detect a significant difference between alloimmunized

pregnancies with anti-RhD alone and anti-RhD plus one other RBC

antibody while the daily decrease in Hb were significantly lower in

alloimmunized pregnancies with anti-RhD alone compared with anti-

RhD plus two RBC antibodies. Walsh et al. [16] reported that there

were no differences in the number of IUTs per affected alloimmunized

pregnancy when comparing anti-RhD alone with anti-RhD plus one

other RBC antibody.

There was a lack of data on postnatal ETs in the studies of

Markham et al. [5] and Sponges et al. [7]. The Nordvall et al.’s study

[6] showed that alloimmunized pregnancies with anti-RhD in combi-

nation required more postnatal ETs compared with anti-RhD alone.

Indeed, we detected no difference in the postnatal maximum bilirubin

level, duration of phototherapy, frequency of ETs and median number

of ETs in both groups. In our department, phototherapy was initiated,

and IVIG was administered when the newborn was admitted to the

Neonatal Unit because Rh alloimmunization is a risk factor for

unfavourable neonatal outcomes. The American Academy of Pediat-

rics suggests that intensive phototherapy and IVIG administration

may reduce the need for ETs in infants with Rh haemolytic disease

[19]. Studies of infants with Rh incompatibility supported a reduction
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in the use of ET with IVIG treatment [20]. Intensive phototherapy for

neonatal hyperbilirubinaemia has resulted in a worldwide decrease in

the need for ETs during the last two to three decades [21–23].

In addition, replacement of foetal RBCs by antigen-negative donor

RBCs during the IUT could result in less active postnatal neonatal

alloimmune haemolysis [18]. Therefore, although alloimmunized preg-

nancies with anti-RhD in combination compared to alloimmunized

pregnancies with anti-RhD alone had more severe foetal haemolysis

and an increased need for antenatal IUTs, an increased need for post-

natal ETs was not required. Currently, most foetal therapy centres opt

for postnatal top-up transfusions rather than postnatal ETs [9, 24].

Theoretically, more bilirubin is produced after birth because of more

severe haemolysis in alloimmunized pregnancies with anti-RhD in

combination [25]. However, we did not demonstrate a difference

in the postnatal maximum bilirubin level and duration of phototherapy

between the two groups. This finding could be explained that the

severe haemolysis in pregnancies underwent antenatal IUTs and neo-

nates in both groups received aggressive phototherapy. Previous

studies did not show the neonatal bilirubin level and phototherapy

data [5–7].

Although alloimmunized pregnancies with anti-RhD in combina-

tion increased the need for antenatal IUTs and postnatal top-up trans-

fusions, there were no differences in type of delivery and major

obstetric and neonatal complications in both groups. RDS is associ-

ated with pre-term delivery [26]. Gestational age at birth was lower in

the anti-RhD-in-combination group than the anti-RhD alone group

in our study; however, the mean gestational age at birth in both

groups was >36 weeks. RDS is more common in neonates born at a

gestational age < 35 weeks when compared to a gestational

age > 35 weeks [27]. Therefore, the risk of RDS decreased in the anti-

RhD-in-combination and anti-RhD-alone groups. A fetus with immune

haemolysis destined to become hydropic after 32–34 weeks’ gesta-

tion might survive after early delivery and prompt ET, before the

development of hydrops [28]. Currently, the therapeutic options for

pregnancies with RBC alloimmunization consist of controlled early

delivery and IUT. Pregnancies with a foetus at significant risk for foe-

tal anaemia are delivered at 37–38 weeks’ gestation unless indications

develop prior to this time [29]. The last foetal transfusion is given at

approximately 35 weeks with delivery at 37–38 weeks’ gestation in

preference to early delivery and ET because the foetus tolerates larger

transfusion volumes than the neonate due to the large capacity of the

placenta [30].

There are several limitations to this study. First, these data

were limited to alloimmunized pregnancies with anti-RhD alone

and anti-RhD plus one other anti-Rh antibody specificity. The num-

ber of pregnancies with anti-RhD plus non-anti-Rh or with multiple

RBC antibodies was less, thus these pregnancies were not included

in our study. We collected data after the introduction of MCA-PSV

in our hospital, which could cause a limited number of pregnancies

with multiple RBC antibodies. Additionally, we did not compare the

use of erythropoietin (EPO) in both groups. Small case series

reported the use of EPO to prevent late anaemia in neonates with

Rh haemolytic disease [2, 31]. EPO administration to some of the

infants with anaemia in both groups were performed in our study;

however, the initial infant’s age at the time of EPO administration,

duration and dosages of EPO varied, and a number of infants were

treated by EPO after discharge. We did not collect completed

information regarding the use of EPO in both groups. Finally, our

study was retrospective and was limited to obstetric and neonatal

outcomes. There was also a lack of data about long-term growth

development of the infants.

In conclusion, alloimmunized pregnancies with anti-RhD in combi-

nation with anti-RhC or anti-RhE need more perinatal treatment than

alloimmunized pregnancies with anti-RhD alone, including IUTs and

top-up transfusions. More severe haemolysis in pregnancies with anti-

RhD in combination with anti-RhC or anti-RhE resulting in foetal

anaemia leads to an increased need for IUTs, and pregnancies with

anti-RhD in combination with anti-RhC or anti-RhE require more post-

natal transfusions for neonatal anaemia. Pregnancies with anti-RhD in

combination with anti-RhC or anti-RhE, however, do not have an

increased need for ETs.

ACKNOWLEDGEMENTS

We would like to thank Dr. Yanli Ji from Guangzhou Blood Center for

her advice on datainterpretation.

M.Y. contributed to study design, data collection, statistical analy-

sis, manuscript writing/revising and final approval. T.T. contributed to

study design, data collection, statistical analysis and manuscript writ-

ing. R.Z., M.S. and J.F. contributed to data collection and manuscript

writing.

CONFLICT OF INTEREST

The authors declare no conflict of interests.

FUNDING INFORMATION

None.

ORCID

Muxue Yu https://orcid.org/0000-0002-1122-3918

REFERENCES

1. Dean L. Blood groups and red cell antigens [internet]. Bethesda, MD:

National Center for Biotechnology Information (US); 2005.

2. Rath ME, Smits-Wintjens VE, Walther FJ, Lopriore E. Hematolog-

ical morbidity and management in neonates with hemolytic dis-

ease due to red cell alloimmunization. Early Hum Dev. 2011;87:

583–8.
3. Moise KJ. Fetal anemia due to non-Rhesus-D red-cell

alloimmunization. Semin Fetal Neonatal Med. 2008;13:207–14.
4. Moise KJ, Argoti PS. Management and prevention of red cell

alloimmunization in pregnancy: a systematic review. Obstet Gynecol.

2012;120:1132–9.
5. Markham KB, Rossi KQ, Nagaraja HN, O’Shaughnessy RW. Hemo-

lytic disease of the fetus and newborn due to multiple maternal anti-

bodies. Am J Obstet Gynecol. 2015;213:61–8.
6. Nordvall M, Dziegiel M, Hegaard HK, Bidstrup M, Jonsbo F,

Christensen B, et al. Red blood cell antibodies in pregnancy and their

clinical consequences: synergistic effects of multiple specificities.

Transfusion. 2009;49:2070–5.

6 YU ET AL.

https://orcid.org/0000-0002-1122-3918
https://orcid.org/0000-0002-1122-3918


7. Spong CY, Porter AE, Queenan JT. Management of isoimmunization

in the presence of multiple maternal antibodies. Am J Obstet

Gynecol. 2001;185:481–4.
8. Visser G, Di Renzo GC, Spitalnik SL. The continuing burden of Rh dis-

ease 50 years after the introduction of anti-Rh(D) immunoglobin pro-

phylaxis: call to action. Am J Obstet Gynecol. 2019;221:221–7.
9. Zwiers C, van Kamp I, Oepkes D, Lopriore E. Intrauterine transfusion

and non-invasive treatment options for hemolytic disease of the

fetus and newborn - review on current management and outcome.

Expert Rev Hematol. 2017;10:337–44.
10. Li L, Huang L, Luo G, Luo Y, Fang Q. Prenatal treatment of severe fetal

hemolytic disease due to anti-M alloimmunization by serial intrauterine

transfusions. Taiwan J Obstet Gynecol. 2017;56:379–81.
11. Wu J, Huang LH, Luo YM, Fang Q. Discordant intrauterine transfu-

sion in dichorionic twin pregnancy with Rh isoimmunization. Trans-

fus Apher Sci. 2017;56:883–5.
12. Li S, Mo C, Huang L, Shi X, Luo G, Ji Y, et al. Hemolytic disease of

the fetus and newborn due to alloanti-M: three Chinese case reports

and a review of the literature. Transfusion. 2019;59:385–95.
13. Subspecialty Group of Neonatology, The Society of Pediatrics,

Chinese Medical Association. The experts consensus on the manage-

ment of neonatal hyperbilirubinemia. Chin J Pediatr. 2014;52:745–8.
14. Subspecialty Group of Neonatology, The Society of Pediatrics, Chi-

nese Medical Association. The management of neonatal of

neonatal jaundice. Chin J Pediatr. 2001;39:185–7.
15. Phung TV, Houfflin-Debarge V, Ramdane N, Ghesquière L,

Delsalle A, Coulon C, et al. Maternal red blood cell alloimmunization

requiring intrauterine transfusion: a comparative study on manage-

ment and outcome depending on the type of antibody. Transfusion.

2018;58:1199–205.
16. Walsh CA, Russell N, McAuliffe FM, Higgins S, Mahony R, Carroll S,

et al. Relationship between maternal antibody type and antenatal

course following intrauterine transfusion for red cell alloimmunisation.

Eur J Obstet Gynecol Reprod Biol. 2013;171:235–9.
17. Reid ME, Lomas-Francis C, Olsson ML. RH - RH blood group system.

In: Reid ME, Lomas-Francis C, Olsson ML, editors. The blood group

antigen FactsBook. 3rd ed. Boston, MA: Academic Press; 2012.

p. 147–262.
18. De Boer IP, Zeestraten EC, Lopriore E, van Kamp IL, Kanhai HH,

Walther FJ. Pediatric outcome in rhesus hemolytic disease treated

with and without intrauterine transfusion. Am J Obstet Gynecol.

2008;198:51–4.
19. American Academy of Pediatrics Subcommittee on Hyper-

bilirubinemia. Management of hyperbilirubinemia in the newborn

infant 35 or more weeks of gestation. Pediatrics. 2004;114:

297–316.

20. Zwiers C, Scheffer-Rath ME, Lopriore E, de Haas M, Liley HG. Immu-

noglobulin for alloimmune hemolytic disease in neonates. Cochrane

Database Syst Rev. 2018;3:D3313.

21. Steiner LA, Bizzarro MJ, Ehrenkranz RA, Gallagher PG. A decline in the

frequency of neonatal exchange transfusions and its effect on

exchange-related morbidity and mortality. Pediatrics. 2007;120:27–32.
22. Murki S, Kumar P. Blood exchange transfusion for infants with severe

neonatal hyperbilirubinemia. Semin Perinatol. 2011;35:175–84.
23. Siddappa AM, Prekker FL, Slusher TM. Improving effectiveness of

phototherapy in an academic center: a quality improvement project.

Glob Pediatr Health. 2020;7:2333794X20969275X.

24. Lindenburg IT, van Kamp IL, Oepkes D. Intrauterine blood transfu-

sion: current indications and associated risks. Fetal Diagn Ther.

2014;36:263–71.
25. Volpe JJ, Inder TE, Darras BT, de Vries LS, du Plessis AJ, Neil J, et al.

Volpe’s neurology of the newborn. 6th ed. Philadelphia, PA: Elsevier;

2018.

26. Sweet DG, Carnielli V, Greisen G, Hallman M, Ozek E, te Pas A, et al.

European consensus guidelines on the Management of Respiratory

Distress Syndrome - 2019 update. Neonatology. 2019;115:432–50.
27. Imkesorn R, Hluangdansakul W, Prommas S, Chotedelok A,

Luangwilai T. Comparison respiratory distress syndrome (RDS) rate

in late pre-term infants between gestational age 34 weeks and

35-36 weeks. Thai J Obstetr Gynaecol. 2015;23:8–14.
28. Bowman J. The management of hemolytic disease in the fetus and

newborn. Semin Perinatol. 1997;21:39–44.
29. Mari G, Norton ME, Stone J, Berghella V, Sciscione AC, Tate D, et al.

Society for Maternal-Fetal Medicine (SMFM) clinical guideline #8:

the fetus at risk for anemia–diagnosis and management. Am J Obstet

Gynecol. 2015;212:697–710.
30. Urbaniak SJ, Greiss MA. RhD haemolytic disease of the fetus and the

newborn. Blood Rev. 2000;14:44–61.
31. Alaqeel AA. Hyporegenerative anemia and other complications of

rhesus hemolytic disease: to treat or not to treat is the question. Pan

Afr Med J. 2019;32:120.

How to cite this article: Yu M, Tang T, Zheng R, Situ M,

Feng J. A comparative study on perinatal outcomes of red

blood cell–alloimmunized pregnancies with anti-RhD in

combination and anti-RhD alone in China. Vox Sang.

2021;1–7.

Anti-RhD IN COMBINATION VERSUS anti-RhD ALONE 7



OR I G I N A L A R T I C L E

A first WHO reference reagent for the detection of
anti-human platelet antigen-15b

Giles Sharp1 | Anthony Poles2 | Lucy Studholme1

1Biotherapeutics Division, National Institute

for Biological Standards and Control (NIBSC),

Potters Bar, UK

2Histocompatibility and Immunogenetics,

NHSBT, Filton, UK

Correspondence

Lucy Studholme, Biotherapeutics Division,

National Institute for Biological Standards and

Control (NIBSC), Potters Bar, Herts, EN6 3QG,

UK.

Email: lucy.studholme@nibsc.org

Funding information

None.

Abstract

Background and Objectives: Alloantibodies to human platelet antigen-15b (anti-

HPA-15b) have been detected in mothers with foetal–neonatal alloimmune thrombo-

cytopenia and in multiply transfused patients. Assays used to detect this antibody,

which aids in disease diagnosis, can be unreliable and vary in sensitivity. The objec-

tive was to generate a stable, lyophilized anti-HPA-15b preparation and evaluate its

suitability as a World Health Organization (WHO) reference reagent for use in the

quality control of platelet alloantibody detection assays. Results from an international

collaborative study to evaluate the preparation were used to assign a minimum

potency at which laboratories can be expected to detect the antibody.

Materials and Methods: Recalcified plasma containing anti-HPA-15b was aliquotted,

lyophilized and coded 18/220. Twenty-five laboratories in 16 countries tested dou-

bling dilutions of the reconstituted material in glycoprotein-specific assays such as

the monoclonal antibody–specific immobilization of platelet antigen assay and

reported the last positive (or endpoint) dilution.

Results: Twenty-four laboratories (96%) detected antibodies with HPA-15b specific-

ity in preparation 18/220. Reported endpoint dilutions were normally distributed

with a modal dilution of 1 in 16 and ranged from 1 in 2 to 1 in 128. Only two labora-

tories (8%) failed to detect anti-HPA-15b at 1 in 8 dilution.

Conclusions: When diluted 1 in 8, most laboratories detected anti-HPA-15b in prep-

aration 18/220 using HPA-15bb platelets but not with HPA-15aa platelets. The par-

ticipants agreed this to be an appropriate dilution for assignment as the minimum

potency. In October 2020, the WHO Expert Committee on Biological Standardiza-

tion approved 18/220 as an International Reference Reagent.

K E YWORD S

CD109, HPA-15b, MAIPA, platelet alloantibody detection, reference reagent

INTRODUCTION

To date, a total of 41 platelet alloantigens have been defined serologi-

cally, of which 12 are grouped in six bi-allelic systems (human platelet

antigens; HPA -1, -2, -3, -4, -5, -15) [1, 2]. The molecular basis of the

41 antigens has been resolved, and in all but one (HPA-14b),

the difference between self and non-self is defined by a single

nucleotide polymorphism in the gene encoding the relevant membrane
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glycoprotein [2]. Alloantibodies against HPAs are involved in foetal–

neonatal alloimmune thrombocytopenia (FNAIT), a disease in which

foetal/neonatal platelets are destroyed by IgG alloantibodies from the

incompatible, HPA-sensitized mother. HPA antibodies are also involved

in platelet transfusion refractoriness (PTR), the repeated failure to

achieve the desired level of blood platelets following transfusion and in

post-transfusion purpura (PTP), the delayed reaction to a transfusion

caused by recipient antibodies to platelet antigens. Identification of the

HPA antibody specificity is essential to the diagnosis and treatment of

the patient. In severe cases of thrombocytopenia requiring treatment

with a platelet transfusion, it is important that the transfused platelets

are negative for the target alloantibody specificity [3–6].

A variety of techniques are in use across the world to detect HPA

antibodies. The monoclonal antibody–specific immobilization of plate-

let antigen (MAIPA) assay is considered the gold standard method for

the determination of platelet (IgG) alloantibody specificity. The

method involves using specific HPA-typed platelets to capture alloan-

tibodies in human serum/plasma. Mouse monoclonal antibodies spe-

cific for glycoproteins on which the platelet antigens of interest are

located are used to capture the platelet antigen—alloantibody com-

plexes after solubilization of the platelets. This design ensures the

accurate identification of alloantibody specificity and avoids false-

positives resulting from, for example, HLA antibodies. The MAIPA

does not distinguish between IgG alloantibody subclasses in patient

samples. To date, there are three World Health Organization (WHO)

reference reagents established (anti-HPA-5b, anti-HPA-3a and anti-

HPA-1a) [7–9], which are used for assay quality control. These

reagents are used to validate the minimum sensitivity of tests for the

respective HPA antibodies.

In addition to HPA-1a, -3a and -5b, HPA-15 is of clinical rele-

vance. Studies have shown this antigen to be as immunogenic as

HPA-5, and alloantibodies against HPA-15b can be detected in

patients receiving multiple transfusions and mothers with FNAIT

[10–12]. The platelet-based methods used for the detection of anti-

HPA-15 antibodies can be unreliable and vary in their sensitivity

because CD109, the glycoprotein on which HPA-15b is located, is

expressed in low numbers by platelets and is labile [13, 14]. An anti-

HPA-15b minimum potency reference reagent would allow clinical

laboratories to validate their methods. The need for this important

reference material was emphasized in the proficiency testing

scheme organized by National Institute for Biological Standards and

Control (NIBSC) in 2017 showing that anti-HPA-15b detection in

the samples distributed was generally poor. Furthermore, it was con-

cluded in a report by the Platelet Immunobiology Working Party of

the International Society of Blood Transfusion (ISBT) in 2018 [15]

that a more standardized approach to the CD109 MAIPA is required.

The purpose of this study was to produce and evaluate a candidate

WHO anti-HPA-15b reference reagent (minimum potency) for use

as a quality control reagent in glycoprotein-specific assays used to

detect/identify alloantibody specificity. The authors describe the

evaluation of an anti-HPA-15b lyophilized preparation coded

18/220 in an international collaborative study, the results of which

are used to assign a minimum potency to this preparation. Clinical

laboratories testing the established reference reagent at the

assigned minimum potency should expect a positive result if the

sensitivity of their method is acceptable.

MATERIALS AND METHODS

Candidate material

The material was provided to NIBSC by the National Blood Service,

Oxford, United Kingdom. All donations of recalcified plasma came

from just one consenting donor, and each was screened using the

MAIPA to identify the anti-HPA-15b titre. Those with the highest

titres were pooled to make a bulk (coded 18/220) prior to filling

0.5 ml/ampoule into 1896 glass ampoules (size 2.5 ml). Filled mate-

rial was freeze-dried under conditions established in house for the

routine lyophilization of WHO serum standards/reference reagents;

a summary of the product information is shown in Table 1. The indi-

vidual donations from which the candidate reference material was

prepared and the pooled bulk were found to be negative for HBsAg,

anti-HIV1 + 2 and anti-hepatitis C virus (HCV). HCV PCR testing of

the pooled bulk was also negative, and no microbial contaminants

were detected.

A trial-sized plasma pool containing the same proportions of

plasma donations as for the definitive bulk (18/220) and selected sin-

gle donations used to prepare 18/220 were evaluated by two inde-

pendent clinical laboratories; both laboratories were able to detect

anti-HPA-15b antibodies but could not detect antibodies with any

other HPA specificity. Both laboratories also confirmed the presence

of anti-HLA class 1 antibodies, and the following specificities were

detected: A2, A68, A69, C5, C8 and C15. Furthermore, constituent

T AB L E 1 Product summary

Code number 18/220

Presentation Heat sealed, 2.5-ml

glass ampoules

Number available 1830

Date filled 1 March 2019

Mean fill mass (n = 96) 0.52 g

Fill mass CV (n = 96) 0.65%

Residual moisture by coulometric Karl

Fischer titration (n = 6)

0.20%

Residual moisture CV (n = 6) 24.8%

Mean dry weight (n = 6) 0.04 g

Dry weight CV (n = 6) 0.44%

Mean oxygen in head space by lighthouse

FMS670 (n = 6)

0.20%

Oxygen in head space CV (n = 6) 44.69%

Storage conditions �20�C

Address of processing facility and

custodian

NIBSC, Potters Bar, UK

Abbreviation: CV, Coefficient of Variation.
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donations of the definitive pool have been evaluated in previous pro-

ficiency testing schemes organized by NIBSC; no other antibody spec-

ificities were reported other than anti-HPA-15b and anti-HLA.

Participants

The invitation was distributed to participants of the ISBT Platelet Immu-

nology Workshop and to participants of the HPA antibody detection

quality assessment scheme organized by the National External Quality

Assessment Site UK (NEQAS). In total, 27 clinical laboratories located

across the globe accepted the invitation to participate (see Table 2).

Study design

Four ampoules of the definitive freeze-dried material (coded 18/220)

were sent to each laboratory. Participants were asked to reconstitute the

material immediately before testing and to titrate at doubling dilutions in

one or more assay method(s) routinely used in clinical practice. Partici-

pants were required to use a CD109 glycoprotein–specific method such

as the MAIPA because the material contains anti-HLA antibodies, which

could otherwise cause false-positive results. Clinical laboratories would

normally be required to use such a method since patient samples can also

contain HLA antibodies. Two ampoules were to be tested, each on a dif-

ferent day, with HPA-15bb and HPA-15aa platelets or similar on both

days. Ideally, different platelet donors with the same HPA-15 type were

to be used over 2 days. Laboratories were asked to report their interpre-

tation of the results for each test by recording ‘positive’ or ‘negative’ for
each dilution tested. The endpoint dilution (antibody titre) for 18/220 in

each test was assigned as the largest (maximum) dilution, which the labo-

ratory reported to be ‘positive.’ Laboratories reporting results as ‘weak

positive’ or results that were defined as borderline in ‘grey zones’ of

defined optical density ranges were also deemed negative.

Stability studies

To predict loss in stability over time, accelerated thermal degradation

studies were performed at NIBSC using ampoules of lyophilized

18/220 stored at �70, �20, +4, +20, +37 and +45�C for 13 months.

Reconstituted material from two ampoules at each temperature was

tested in duplicate at a range of twofold serial dilutions in the MAIPA

assay with HPA-15bb platelets. Absorbance readings were used to

calculate the relative potencies of the accelerated thermal degradation

samples by parallel-line analysis using the �70 sample as the refer-

ence. Relative potency calculations were performed using the

European Directorate for the Quality of Medicines software Com-

biStats, version 6.0, using a sigmoid curve model and logit transforma-

tion of responses. The Arrhenius equation, relating degradation rate

to absolute temperature assuming first-order decay [16], was used to

predict the degradation rates for each storage temperature.

RESULTS

A total of 27 clinical laboratories accepted the invitation to partici-

pate in the study, however, only 25 laboratories returned results.

Each laboratory was assigned a code number, which does not

reflect the order of listing shown in Table 2. The methods used by

participants are summarized in Table 3. All 25 laboratories per-

formed glycoprotein-specific assays, all of which were a version of

T AB L E 2 List of participating laboratories

Institute City, Country

Australian Red Cross Blood Service,

Victoria

Melbourne, Australia

Australian Red Cross Blood Service,

Queensland

Brisbane, Australia

Hospital Sirio Libanês S~ao Paulo, Brazil

Canadian Blood Services Winnipeg, Canada

Institute of Blood Transfusion, Zhejiang

Blood Centre

Hangzhou, China

Institute of Blood Transfusion,

Guangzhou Blood Centre

Guangzhou, China

French Blood Establishment (EFS), HFNO Lille, France

French Blood Establishment (EFS),

Brittany

Rennes, France

French Blood Establishment (EFS), Aura Lyon, France

Centre Hospitalier Universitaire de

Nantes

Nantes, France

Institut National de la Transfusion

Sanguine

Paris, France

Red Cross Blood Transfusion Services,

NSTOB

Dessau, Germany

Zentrum für Transfusionsmedizin und

Zelltherapie

Berlin, Germany

Institute of Clinical Immunology and

Transfusion Medicine

Giessen, Germany

National Blood Centre Kuala Lumpur, Malaysia

Sanquin Diagnostic Services Amsterdam, Netherlands

University Hospital of North Norway Tromsø, Norway

Institute of Haematology and Transfusion

Medicine

Warsaw, Poland

Banc de Sang i Teixits Barcelona, Spain

Karolinska University Hospital Stockholm, Sweden

University Hospital Geneva Geneva, Switzerland

The Thai Red Cross Society Bangkok, Thailand

National Health Service Blood and

Transplant

Filton, UK

Welsh Blood Service Pontyclun, UK

National Institute for Biological Standards

and Control

Potters Bar, UK

Versiti Milwaukee, USA

Bloodworks Seattle, USA
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the MAIPA using a monoclonal antibody specific for CD109. Some

laboratories provided supplementary datasets from additional

platelet donors or from a second method. A full summary of the

results from each laboratory and details of their assay protocols are

shown in Appendix S1.

Reported endpoint dilutions against HPA-15bb
antigen

The majority of laboratories tested two ampoules of the material on

two separate occasions, using different donors of HPA-15bb plate-

lets, as described in the study protocol. Laboratory 20 reported

results from four different HPA-15bb donors using three of the

ampoules provided and laboratory 1 reported results using three dif-

ferent HPA-15bb donors from three ampoules provided. Out of

T AB L E 3 Laboratory method summary

Method Laboratory code
Number of
entries

Rapid MAIPA 3, 4a, 4aa,b, 5, 7, 7ac, 9, 11, 17, 17ad,

18, 21, 23

13

2-Day MAIPA 1, 10b, 14, 16 4

In-house MAIPA 2, 6, 12, 13, 15, 19, 20, 22 8

Other 8b,e, 18ae 2

Note: Labs providing supplementary datasets from a second method have

an ‘a’ suffix.
Abbreviation: MAIPA, monoclonal antibody–specific immobilization of

platelet antigen.
aFrozen platelets.
bCD109 antibody other than mAb TEA 2/16.
cK562 Recombinant cells used.
dLyophilized platelets.
eModified MAIPA method.

F I GU R E 1 Maximum (endpoint) dilutions of anti-HPA-15b reference reagent (18/220) giving a positive result, as reported by international
collaborative study participants for HPA-15bb platelets/cells in CD109-specific assays for the detection of anti-HPA antibodies. Laboratory codes
are shown in boxes; box colours refer to assay repetitions with different platelet donors except for 7 where the same donor for each repetition
was used and 7a where recombinant cells were used
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25 laboratories, 24 were indeed able to detect antibodies with HPA-

15b specificity in preparation 18/220 with all HPA-15bb platelet

donors/cells used and in all methods performed. The remaining one

laboratory reported a positive result for undiluted material using

both HPA-15aa and HPA-15bb platelets but failed to titrate the

material, and so endpoint dilutions could not be recorded. Another

laboratory which did detect antibodies with HPA-15b specificity

failed to titrate the material enough; consequently, an endpoint dilu-

tion could not be recorded for this laboratory either. Figure 1 shows

the endpoint dilutions reported by 23 laboratories for each method

and for each donor of HPA-15bb platelets/cells. The reported end-

point dilutions were normally distributed with a modal dilution of

1 in 16 and a range from 1 in 2 to 1 in 128 as shown in Figure 1. The

intra-laboratory variation in reported endpoint dilutions was

significant in this study. Several laboratories (13 methods in total)

reported different endpoint dilutions for 18/220 in each indepen-

dent assay using the same method but where different HPA-15bb

platelet donors were used. For example, three of the five laborato-

ries that reported poor endpoint dilutions (i.e., 1 in 2 or 1 in 4), only

did so for one of two donors, with endpoint dilutions for a second

donor of either 1 in 8 or 1 in 16. This difference could be attributed

to the levels of CD109 expression on the platelets [13, 14]. The

remaining two of the five laboratories reported 1 in 2 or 1 in 4 for

both donors used.

The majority of laboratories used CD109-specific, mouse mono-

clonal antibody TEA 2/16 from BD Pharmingen. There was no clear

trend in reported endpoint dilutions for 18/220 relating to the differ-

ent CD109-specific monoclonal antibodies used as shown in Figure 1.

F I GU R E 2 Maximum (endpoint) dilutions of anti-HPA-15b reference reagent (18/220) giving a positive result, as reported by international
collaborative study participants for HPA-15aa platelets/cells in CD109-specific assays for the detection of anti-HPA antibodies. Laboratory codes
are shown in boxes; box colours refer to assay repetitions with different platelet donors except for 4, 4a and 7 where the same donor for each
repetition was used and for 7a where recombinant cells were used
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As expected, most laboratories (22/23) used fresh HPA-15bb plate-

lets. Laboratory 4 used only frozen platelets characterized as having

high CD109 expression levels prior to freezing and achieved an end-

point dilution in a MAIPA of 1 in 8 for 18/220 using the anti-CD109

clone TEA 2/16 and an endpoint dilution of 1 in 16 using the anti-

CD109 clone HU17. Laboratory 17 compared lyophilized and fresh

platelets in the MAIPA, with comparable endpoint dilutions being

reported for both types (1 in 8 and 1 in 16 for two donors of

lyophilized platelets and 1 in 16 and 1 in 32 for two donors of fresh

platelets). Laboratory 7a used recombinant K562 cells with a reported

endpoint dilution of 1 in 16.

Participants were asked to provide technical information

on their protocols; this is summarized in Appendix S1. Indeed,

there was considerable variation among the MAIPA methods

performed, the most notable differences (further to those

described earlier) being the number of platelets and sample

volume used. Platelet numbers ranged from 0.4 � 106 to

300 � 106 per well and sample volumes ranged from 20 to 120 μl

per well.

Reported endpoint dilutions against HPA-15aa antigen

To confirm the specificity of the HPA-15 antibodies within the

candidate material, laboratories were also asked to test 18/220

with HPA-15aa platelets from two different donors where possi-

ble at doubling dilutions and to report the endpoint dilution; these

results are shown in Figure 2. There were only two laboratories

that reported results from just one HPA-15aa donor. In summary,

as expected, nearly all laboratories reported that for all HPA-15aa

platelet donors (or alike) used with each method performed; they

were unable to detect HPA-15a antibodies or reported a positive

result only for the undiluted (neat) material. However, three labs

did report endpoint dilutions of 1 in 2, 1 in 4 or 1 in 8 with one or

more donors. This could be explained by the presence of anti-HLA

antibodies at high serum concentrations and incomplete solubili-

zation of the platelet membrane during the MAIPA procedure.

Indeed, of both laboratories which reported endpoint dilutions of

1 in 4 or 1 in 8, each did so for different HPA-15aa platelet donors

suggesting that it is not a rare donor-specific phenomenon but

rather a procedural effect. One laboratory reported an endpoint

dilution of 1 in 32 (result not shown in Figure 2); this appears to

be anomalous in comparison with the results from all other labora-

tories. The anomaly could have arisen from the incorrect typing of

the alleged HPA-15aa platelets or may be attributed to the fact

that these platelets were 9 days old. Indeed, the same laboratory

reported ‘neat’ as the endpoint for a second donor of HPA-15aa

platelets which were only 6 days old. While some laboratories

have reported a positive result with HPA-15aa platelets at high

concentrations of 18/220, there still remains a clear distinction

between reported endpoint dilutions with HPA-15bb and HPA-

15aa types.

Stability

Estimates of the potency of 18/220 stored at elevated tempera-

tures for a period of 13 months relative to 18/220 stored at

�70�C for 13 months are summarized in Table 4. Tests for non-

parallelism and non-linearity in the parallel-line analysis to esti-

mate relative potencies were not statistically significant (p = 0.14

and 0.59, respectively). There was insufficient degradation at the

elevated temperatures, even after 13 months of storage, to fit the

Arrhenius model, with only a clear relative potency loss at +45�C.

This indicates that 18/220 will be stable for long-term storage at

�20�C and sufficiently stable to allow for shipment of ampoules at

ambient temperature.

DISCUSSION

The aim of the study was to prepare and evaluate a stable, reference

reagent for anti-HPA-15b detection that clinical laboratories can use to

assess and validate the sensitivity of their routine assays. The collabora-

tive study has shown that candidate preparation 18/220 contains anti-

HPA-15b antibody that could be detected at a dilution of 1 in 8 by

21 of 23 laboratories with at least one donor. Setting the minimum

potency at 1 in 8 dilution removes ambiguity resulting from positivity

with HPA-15aa platelets or alike at lower dilutions. The results of the

study in general show good consistency across most laboratories but

also indicate that some laboratories should consider further improving

the sensitivity of their assay method. Since the material contains an

anti-HLA component (as may any patient clinical sample), it should only

be used in techniques that are glycoprotein-specific (i.e., for CD109)

such as the ‘gold standard’ MAIPA which all laboratories used in this

study or where it can be ensured that the anti-HLA antibodies will not

cause a false-positive reaction (i.e., through chloroquine treatment of

platelets to remove HLA-class 1 epitopes).

A report of the 19th ISBT Platelet Immunology Workshop gave a

comprehensive summary of the variations in the MAIPA procedure

used by workshop participants and concluded that the MAIPA is far

from harmonized which may contribute to variations in results [15].

While our study also showed a lack of inter-laboratory harmonization of

the CD109 MAIPA procedure, we were also able to demonstrate

T AB L E 4 Accelerated degradation studies

Storage
temperature

(�C)

Relative
potency (�70�C
reference, n = 4)

95% lower
confidence

limit

95% upper

confidence limit

�20 1.00 0.92 1.09

+4 1.28 1.18 1.40

+20 1.13 1.04 1.23

+37 0.98 0.90 1.07

+45 0.72 0.66 0.79

Note: Ampoules stored for 13 months at each temperature.
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notable intra-assay variability in reported endpoint dilutions that are

likely due to the differential levels in CD109 expression by platelets

from different donors, as previously reported [14]. Therefore, the har-

monization of test methods using optimized assay conditions may well

improve the sensitivity of testing across clinical laboratories to some

degree but cannot overcome test variability as a result of donor–donor

differences. The use of the anti-HPA-15b reference reagent will at least

provide some guarantee as to the sensitivity of the platelets used.

All participants of the international collaborative study were invited

to comment on the final study report, and their approval for use of

18/220 as a reference reagent for human IgG antibodies against HPA-

15b with a minimum potency of 1 in 8 was sought. No objections were

received from the participants, and, in addition, this proposal was

endorsed by the ISBT Working Party on Platelet Immunology. In October

2020, all data were reviewed by the WHO Expert Committee on Biologi-

cal Standardization, and 18/220 was approved for use as a first WHO

anti-HPA-15b reference reagent. This material should be used at a dilu-

tion of 1 in 8 for assay validation (i.e., the minimum potency which should

test positive) and may be used to qualify ‘in-house’ controls. It is hoped
that wide use of this reference reagent will improve the sensitivity of test

methods giving more confidence to the results generated.
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Abstract

Background and Objectives: The expression of type 1 chain Lewis blood group anti-

gens is regulated by secretor-type α(1,2)fucosyltransferase, encoded by FUT2, and

Lewis α(1,3/1,4)fucosyltransferase, encoded by FUT3. Accumulating evidence has

linked Lewis phenotypes or genotypes to various clinical conditions. Thus, in addition

to FUT2, large-scale FUT3 genotyping is important. Because FUT3 has two

paralogous genes (FUT5 and FUT6) with high DNA sequence similarity, we should

select the polymerase chain reaction (PCR) primers carefully for FUT3 genotyping.

Previously, we suggested that 13G>A (rs28362458), 59T>G (rs28362459) and

202T>C (rs812936) could be selected as tag single nucleotide polymorphisms (SNPs)

for detection of Lewis-negative alleles (le).

Materials and Methods: In this study, three high-resolution melting (HRM) analyses

for genotyping these SNPs were developed and applied for 140 Japanese, eight

Ghanaians and four Sinhalese subjects.

Results: Each of three genotypes of 13G>A (G/G, G/A, A/A), 59T>G (T/T, T/G, G/G)

and 202T>C (T/T, T/C, C/C) was discriminated clearly. Although we need to be care-

ful in interpretation of results due to SNPs other than the 59T>G in the amplicon,

the results of 59T>G genotyping were in full agreement with the results by a previ-

ous PCR-restriction fragment length polymorphism analysis in 140 Japanese. In addi-

tion, three heterozygotes of 202C substitution were identified, and no one having a

13A substitution was found in 140 Japanese.

Conclusion: The present HRM analyses are useful and reliable methods for large-

scale estimation of le alleles.

K E YWORD S

FUT3, high-resolution melting, Lewis-negative allele, rs28362458, rs28362459, rs812936

INTRODUCTION

Type 1 chain Lewis blood group antigens are composed of Lewis a

(Lea) and Lewis b (Leb) antigens and belong to the ABH blood group–

related antigens. The expression of these antigens is regulated by

secretor-type α(1,2)fucosyltransferase (Se enzyme), encoded by FUT2,

and Lewis α(1,3/1,4)fucosyltransferase (Lewis enzyme), encoded by

FUT3 [1]. Functional FUT2 and FUT3 alleles (Se and Le) are dominant

over non-functional alleles (se and le). Accordingly, individuals who

lack the Lewis enzyme (le/le) have Le (a-b-) red cells irrespective of

secretor status, while among individuals who have the active

Lewis enzyme (Le/Le or Le/le), red cells of secretors (Se/Se or Se/se)

are Le(a-b+), those of non-secretors (se/se) are Le(a+b-) and those of

weak secretors are Le(a+b+) [2, 3]. However, since the determination
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of secretor status by traditional serological Lewis phenotyping is

difficult [3], a reliable method of genotyping of FUT2 and FUT3 is

important for estimation of the Lewis phenotype as an alternative to

phenotyping. Previous studies suggested that the expression of Lewis

blood group antigens is associated with Helicobacter pylori infection,

ischemic heart disease, ulcerative colitis, ankylosing spondylitis and

obesity [4–8].

According to previous reports, a 1000-genome browser (https://

www.ncbi.nlm.nih.gov/variation/tools/1000genomes/) and Erythro-

gene v0.8 (27 November 2017) (http://www.erythrogene.com/)

[9, 10], four single nucleotide polymorphisms (SNPs), 202T>C

(rs812936), 484G>A (Trp68Arg, rs28362463), 508G>A (Gly170Ser,

rs3745635) and 1067T>A (Ile356Lys, rs3894326) are SNPs that fre-

quently inactivate Lewis enzyme. They often accompany other SNPs

respectively, and many le alleles have been reported [11–14]. 484G>A

is in almost absolute linkage disequilibrium (a complete dependence

of allele distribution, e.g., there are G–G and A–A combinations but

not G–A and A–G combinations at the positions of 13 and 484) with

13G>A (Gly5Ser, rs28362458) and in complete linkage disequilibrium

(there are three combinations of two SNPs, e.g., there are G–G, G–A

and A–A combinations but not A–G combination at the positions of

13 or 484 and 667) with 667G>A (Gly223Arg, rs144569478), while

508G>A and 1067T>A are in almost complete linkage disequilibrium

with 59T>G (Leu20Arg, rs28362459), and the 59G allele without

508A or 1067A is quite rare (Table 1). In addition, the 508A or 1067A

allele without 59G is also rare. Accordingly, we suggested that three

tag SNPs, 13G>A, 59T>G and 202T>C, are useful for estimation of le

alleles in many populations in a previous study [14]. On the other

hand, FUT3 has two paralogous genes, FUT5 and FUT6, with high

sequence similarity [15]. Thus, we need to design polymerase chain

reaction (PCR) primers to amplify FUT3 specifically.

High-resolution melting (HRM) analysis is a simple and relatively

high-throughput method for the detection of variations such as SNPs,

small insertion/deletion in PCR amplicons. This method does not

require post-PCR processing and is based on detecting subtle differ-

ences in the melting curve and melting temperature of short PCR

amplicons, using saturated fluorescent dyes [16]. In the present study,

three HRM analyses for detection, each of 13G>A, 59T>G and

202T>C, were developed.

MATERIALS AND METHODS

DNA samples

The study protocol was approved by the Ethical Committee of

Kurume University (Bioethics approval No. 342).

We used genomic DNAs from 140 Japanese whose genotypes of

three SNPs (59T>G, 508G>A and 1067T>A of FUT3) had been already

determined by PCR-restriction fragment length polymorphism

(PCR-RFLP) [17]. We also used eight Ghanaians (in Ghana) and fours

Sinhalese (in Sri Lanka) whose FUT3 haplotypes had been already

determined by DNA sequencing of PCR amplicons [14, 18]. The

202T>C polymorphism of selected Japanese samples was determined

by Sanger sequencing methods as described previously [14].

PCR and HRM conditions

Primers for amplification of only FUT3, but not paralogous genes

FUT5 and FUT6, were designed by Primer3 software (https://bioinfo.

ut.ee/primer3-0.4.0/, [19]). Primer sequences for detection of 13G>A,

59T>G and 202T>C and amplicon length are indicated in Table 2.

Real-time PCR and HRM analyses were performed in a single run on a

LightCycler 480 instrument II and gene scanning software (Roche

Diagnostics, Tokyo, Japan) as described previously with a slight

modification [20]. The reaction was performed in a mixture containing

2–20 ng of genomic DNA, 5 μl of Premix Ex Taq (Probe qPCR)

(Takara, Tokyo, Japan), 125 nM of each primer and 0.1 μl of

LightCycler 480 ResoLight Dye (Roche Diagnostics, Tokyo, Japan)

with PCR-grade water adjusted to a final volume of 10 μl. The temper-

ature conditions of all three analyses are identical and as follows:

initial denaturation and enzyme activation at 95�C for 30 s, followed

by 45 cycles of denaturation at 95�C for 5 s and annealing/extension

T AB L E 1 Major non-functional alleles of FUT3 and their tag single nucleotide polymorphism (SNP) and distributions

Allele Tag SNP

Frequency (%)

Africa America E. Asia Europe S. Asia

le202,314 202 7.7 12.0 3.1 16.2 11.2

le 47,202,314 202 1.1 1.4 0 1.3 1.1

le13,484,667 13 8.7 0.9 0 0 0

le13,484,667,807 13 3.8 0.4 0 0 0

le59,1067 59 3.9 4.2 13.5 6.2 16.0

le59,508 59 18.9 19.9 13.6 1.5 5.4

le 59,508,858 59 3.7 0.1 0.2 0 0.1

le 59,61,508 59 3.1 1.3 0 0 0

Note: Allele frequencies were obtained from Erythrogene. Allele frequency of 1% or more in global population was indicated.

Abbreviations: E. Asia, East Asia; S. Asia, South Asia.
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at 60�C for 20 s. Before HRM analysis, the samples were heated to

95�C for 1 min and rapidly cooled to 60�C for 1 min, and fluorescence

data for HRM analysis were collected over the range from 72 to 92�C,

increasing at 0.02�C/s with 25 acquisitions/s. The raw melting curve

data were normalized by manual adjustment of linear regions pre- and

post-melt signals of all samples. Temperature shift correction for all

analyses to clearly discriminate wild-type and mutated allele homozy-

gotes was not performed.

RESULTS

59T>G genotyping

According to the 1000 Genome Project and Erythrogene databases

[10], two other SNPs, 47G>C (Cys16Ser, rs145362171) and 61C>T

(synonymous SNP, rs28362460), in addition to 59T>G, were present

within the short amplicon sequence (68 bp, Table 2) with a frequency

of more than 1%. The SNP 47G>C seems to be present in many

T AB L E 2 Primer for detection of single nucleotide polymorphisms (SNPs)

Primer sequences Position of FUT3
Differences
with FUT5

Differences
with FUT6

Amplicon
length

Detection of 13G>A

Forward primer: 50-CCTCTCTCCTCTCTTCCCAGA-30 �32 to �12 bp 1 2 63 bp

Reverse primer: 50-ATTGTGGCTTGGCTGCAC-30 14 to 31 bp 3 4

Detection of 59T>G

Forward primer: 50-GTGCAGCCAAGCCACAAT-30 14 to 31 bp 3 4 68 bp

Reverse primer: 50-AGCCACCAGCAGCTGAAATA �30 62 to 81 bp 1 2

Detection of 202T>C

Forward primer: 50-CCACCCTCCTGATCCTGCTA-30 182 to 201 bp 2 3 50 bp

Reverse primer: 50-AGCCACAGGGATGTGGAA-30 214 to 231 bp 5 7

Note: ‘Differences with FUT5 (or FUT6)’ indicate the number of base differences in each of the primer with corresponding FUT5 and FUT6 sequences.

T AB L E 3 Relationships of nucleotide positions, used DNA
samples and belonging groups by high-resolution melting (HRM)
analysis for 59T>G

47 59 61 Group

Ghanaian 1 G/G T/T C/C I

Ghanaian 2 G/G T/G C/C II

Ghanaian 3 G/G G/G C/C III

Ghanaian 4 G/G T/G C/T IV

Ghanaian 5 G/G G/G C/T II

Ghanaian 6 G/G G/G T/T I

Sinhalese 1 C/G T/T C/C V

DNA is not available C/G T/G C/C

DNA is not available C/C T/T C/C

DNA is not available C/G T/G C/T

F I G U R E 1 Normalized melting curves (a) and difference plot
curves (b) for genotyping of 59T>G obtained from six selected
Ghanaians and a Sinhalese (Ghanaian 1: red, Ghanaian 2: blue,
Ghanaian 3: green, Ghanaian 4: pink, Ghanaian 5: brown and
Ghanaian 6: yellow, Sinhalese 1: grey, see Table 2). High-
resolution melting (HRM) analysis separated seven individuals into
five groups. Individuals having 47G/G, 59T/T, 61C/C (Ghanaian 1)
and 47G/G, 59G/G, 61T/T (Ghanaian 6) and individuals having
47G/G, 59T/G, 61C/C (Ghanaian 2) and 47G/G, 59G/G, 61C/T
(Ghanaian 5) were not separated [Colour figure can be viewed at
wileyonlinelibrary.com]
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populations but not East Asians, while 61C>T seems to be specific to

Africans and Americans (probably African origin). The 47C allele is in

complete linkage disequilibrium with the 59T allele, while the 61C

allele is in complete linkage disequilibrium with the 59G allele. There-

fore, 10 genotypes by combinations of three sites (haplotypes) are

expected. However, we did not have DNA samples with 3 of 10 haplo-

types (see Table 3); HRM analysis was able to be performed only in

seven samples. As shown in Figure 1(a, b), HRM analysis separated

seven individuals into five groups. Group I included Ghanaian 1 and

Ghanaian 6, group II included Ghanaian 2 and Ghanaian 5, group III

included Ghanaian 3, group IV included Ghanaian 4 and group V

included Sinhalese 1.

We then analysed 140 Japanese whose genotypes of 59T>G,

508G>A and 1067T>A of FUT3 were previously determined by PCR-

RFLP [17]. Figure 2(a, b) show results of normalized melting curves

and difference plots of 60 of 140 Japanese subjects. Three genotypes

of 59T>G could be separated clearly (T/T = 55, T/G = 63, G/G = 22).

The present results were completely in agreement with previous PCR-

RFLP results [17]. Thus, the HRM analysis for 59T>G seems to be

valid and reliable, especially in a population without 47G>C and

61C>T such as East Asians. We confirmed the repeatability of the

method by two independent HRM analyses.

202T>C genotyping

We next performed the HRM analysis for 202T>C using a 50-bp

amplicon (Table 2) on three Sinhalese having genotypes of T/T

F I GU R E 2 Normalized melting curves (a) and difference plot
curves (b) for genotyping of 59T>G obtained from 60 to

140 randomly selected Japanese. The individuals having genotypes of
T/T (red), T/G (blue) and G/G (green) at 59T>G were completely
separated [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 3 Normalized melting curves (a) and difference plot
curves (b) for genotyping of 202T>C obtained from three selected
Sinhalese. Normalized melting curves (c) for genotyping of 202T>C
obtained from 60 to 140 randomly selected Japanese. The individuals
having genotypes of T/T(blue), T/C (red) and C/C (green) at 202T>C
were completely separated [Colour figure can be viewed at
wileyonlinelibrary.com]
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(wild type), T/C and C/C at 202T>C. No SNP with a frequency of

more than 1% seems to be present within this amplicon according to

the database. As shown in Figure 3(a, b), we clearly distinguished

the three genotypes from each other.

Although we have never examined this polymorphism in 140 Japa-

nese subjects, the 1000 Genome Project and Erythrogene databases

indicated that this SNP is present in East Asian populations including

Japanese with a frequency about 1%–6% [9, 10]. Therefore, we then

analysed 140 Japanese and found three heterozygotes of 202T>C

(Figure 3(c)) by two independent HRM analyses. In addition, we dem-

onstrated this SNP in these three individuals by Sanger sequencing of

the PCR products of coding region of FUT3. Accordingly, the fre-

quency of 202C is estimated to be 1.07% in our Japanese samples.

13G>A genotyping

Finally, we performed the HRM analysis for 13G>A using a 63-bp

amplicon (Table 2) on three Ghanaians having genotypes of G/G (wild

type), G/A and A/A at 13G>A. As well as the 202T>C amplicon, no

SNP with a frequency more than 1% seems to be present within this

amplicon. As shown in Figure 4(a, b), we clearly distinguished three

genotypes from each other by two independent assays. We then

analysed 140 Japanese and did not find any individuals containing the

13G>A polymorphism, as expected from the databases (data not

shown).

DISCUSSION

Accumulating evidence suggested that FUT3 polymorphisms (Lewis

blood group status) seemed to be associated with various disease

[4–8]. Large-scale replication studies are desirable to confirm these

associations, and thus, a reliable method of genotyping FUT3 is

required. The findings of this study achieved with the application of

the HRM method to validate FUT3 SNPs are in agreement with those

of other previous studies such as PCR-RFLP, PCR using sequence-

specific primers (PCR-SSP), an allele-specific oligonucleotide hybridi-

zation method, hydrolysis probe-based real-time PCR (TaqMan) assay,

nucleotide sequencing of PCR products and a multiplex SNaPshot

assay [6, 14, 21–23]. Compared with other methods, the HRM

analysis does not require post-PCR processing as a TaqMan assay

does. In addition, this method is simple, cost-effective, accurate, high-

throughput and faster than the conventional PCR.

As mentioned earlier, PCR primers for the detection of SNPs of

FUT3 should be selected to avoid amplification of two paralogous

genes, FUT5 and FUT6. Because all three HRM analyses could distin-

guish three genotypes of FUT3, primers using the present three HRM

analyses seemed to amplify FUT3 sequence specifically.

The presence of SNPs other than the target SNP in the amplified

region is likely to affect the melting curve profiles of amplicons

obtained by HRM analysis. Thus, we investigated whether the three

amplicons contain SNPs with a high frequency or not by searching the

1000 Genome Browser and found two SNPs (47G>C and 61C>T)

with the frequency of more than 1% in the amplicon only for 59T>G

detection. The SNP 47G>C was found in many populations (1.2%–

1.5% and 1.02% in global populations) except East Asians, and 61C>T

was found in African and Americans (4.24% in Africans, 1.30% in

Americans and 1.30% in global populations). 47C was in complete

linkage disequilibrium with 202C and in almost complete linkage dis-

equilibrium with 314T, while a synonymous SNP, 61T, was in com-

plete linkage disequilibrium with both 59G and 508A. However, there

is no East Asian having these two SNPs in the 1000 Genomes Project

database.

Although these SNPs, particularly 61C>T, have an impact on the

melting curve profiles in the HRM analysis for detection of 59T>G,

the influence of these SNPs seems to be limited even in large-scale

association studies in an East Asian population considering their allele

frequencies. In addition, a reliable estimate of le could be made by

combining HRM analyses for 202T>C and 59T>G in European sub-

jects because 47C was in complete linkage disequilibrium with 202C.

Thus, for large-scale association studies of FUT3, examination of

59T>G and 202T>C might be sufficient for East Asian and European

populations. On the other hand, in addition to 59T>G and 202T>C,

F I GU R E 4 Normalized melting curves (a) and difference plot
curves (b) for genotyping of 13G>A obtained from three selected
Ghanaians. The individuals having genotypes of G/G (blue), G/A (red)
and A/A (green) at 13G>A were completely separated [Colour figure
can be viewed at wileyonlinelibrary.com]
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we should consider 13G>A, which contains the second highest le

allele in African populations, with a frequency of 18.4% (and in

American populations with a frequency of 1.7%).

In conclusion, the present HRM analyses for 59T>G and 202T>C

are valid and feasible for association studies of FUT3, particularly in

East Asian populations. Addition of HRM analysis for 13G>A to those

for 59T>G and 202T>C is desirable for a more correct estimation of

the le alleles in African and American populations, although the pres-

ence of the 61T>C polymorphism slightly complicates the results of

HRM analysis for 59T>G genotyping.
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L E T T E R TO TH E ED I TO R

Using blood services platforms to facilitate COVID-19
vaccination programs

Implementing an effective coronavirus disease-19 (COVID-19)

vaccination program presented several challenges, including

approaches to convince people to get vaccinated, setup of convenient

vaccination locations, building and operating the logistics involved in

the cold-chain needed standards and the optimal use of thawed vac-

cines to prevent wastage.

Most vaccination plans prioritized first responders and other

medical teams, followed by the at-risk elderly people. Currently, a sig-

nificant number of younger working individuals, initially not eligible

for vaccination, show hesitancy to get the vaccine, expressing doubts

regarding its safety and efficacy, fear of serious side effects and reluc-

tance to invest time and efforts, even when the vaccine is offered ‘for
free.’ While the trade-off of their health is important, the public has

already adjusted to live with the pandemic. An ‘out-of-the-box’
approach can be useful to overcome such issues.

Blood services worldwide use existing platforms for blood

drives operation in easily accessible locations, including working

places, educational institutions and social or religious gathering

places (churches, synagogues or mosques). The blood services’ per-

sonnel involved in blood drives organization is familiar with the

leading figures in the communities, who are known to positively

influence the public to donate blood and can be easily recruited to

support the vaccination programs. Chief executive officers hosting

a vaccination event ‘at the expense of the employer’ where

employees can get vaccinated at work may be viewed as a tribute

to the employees, both by them, by the workers’ union organiza-

tions and by the general population, as participating in an important

life-saving project.

Additional numerous factors that affect the success of a blood

drive, such as accessibility, location and time, approval of family mem-

bers, friends, managers and colleagues, may be used for the vaccina-

tion program.

Organizing ‘vaccination drives’ in these convenient, familiar loca-

tions may provide a possible solution. Moreover, blood drives sites

can be easily adapted as suitable vaccination locations, since the setup

for both operations is similar, including proper sites for assessment of

individuals’ eligibility before vaccination, the actual procedure and the

post-vaccination rest period needed.

Since March 2020, Magen David Adom (MDA) is Israel’s National

Blood Bank and Blood Services organization in addition to being the

national Red Cross organization and Emergency Medical Services orga-

nization. MDA participated in the national effort to mitigate the COVID-

19 pandemic in the 9.33 million population, through more than 4.5 mil-

lion swabs collection for polymerase chain reaction testing and by pro-

viding over 1 million vaccines, carefully matching expected number of

individuals and vaccines needed, to prevent wastage of precious

resources. This includes successful vaccination events in workplaces,

cooperating with the Manufacturers Association and Unions. A small

survey showed that employees desired to be vaccinated at work (scale

6.2/7). MDA Blood Services’ experience in operating mobile blood

drives was utilized to conduct an efficacious program nationwide.
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The association of B blood group with SARS-CoV-2-induced
death in Babol, north of Iran

Relationship between blood types and incidence and fatality of

coronavirus disease 2019 (COVID-19), caused by SARS-CoV-2,

has not been consistent in the studies performed around the world

[1–5]. Here, we investigate the association between ABO and RhD

blood types with incidence and fatality of COVID-19 in the ethni-

cally homogenous population of Babol, north of Iran. The ABO and

RhD distributions of 955 RT-PCR-confirmed COVID-19 patients,

hospitalized between 20 March and 21 September of the year

2020 at the affiliated hospitals of Babol university of medical sci-

ences, and 639 local COVID-19 convalescent plasma (CCP) donors

were compared with 618 randomly selected pre-COVID-19 era

hospitalized patients and 19,668 pre-COVID-19 era local healthy

blood donors. Blood groups’ frequencies were compared using

IBM SPSS Statistics, Version 23.0 (Armonk, NY) via chi-square and

logistic regression tests. In our study region, blood type B individ-

uals are more frequent than group A (Table 1), in contrast to the

most other parts of the world [2–5]. Blood type B was associated

with highest odds of testing positive for COVID-19 compared to

the local healthy blood donors (OR = 1.142, CI = 0.99–1.32,

p = 0.06). Further, B type was significantly higher in the deceased

COVID-19 patients compared to the both non-COVID-19 patients

and local healthy blood donors (p = 0.048 and p = 0.028, respec-

tively). In agreement, B-type individuals were significantly lower in

the CCP donors compared to the local healthy blood donors

(p = 0.03). This reduction of blood type B in the CCP donors could

also be attributed to more men than women in the deceased group

and male sex of all CCP donors. No significant changes in the

prevalence of RhD were found between the different groups

analysed.

In conclusion, these results propose that blood type B may possi-

bly be connected to SARS-CoV-2-induced fatality in homogeneous

population of Babol, north of Iran.
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T AB L E 1 ABO and RhD distributions among COVID-19 patients, COVID-19 convalescent plasma (CCP) donors and controls in the north of
Iran, Babol

Number Male Female O (%) A (%) B (%) AB (%) RhD+ (%)

COVID-19 patients 955 471 (49.3) 484 (50.7) 371 (38.8) 227 (23.8) 295 (30.9)a 62 (6.5) 877 (91.8)

Deceased COVID-19

patients

124 70 (56.5) 54 (43.5) 45 (36.3) 25 (20.2) 46 (37.1)b 8 (6.5) 109 (87.9)

CCP donors 639 639 (100) 0 (0) 254 (39.7) 176 (27.5) 154 (24.1)c 55 (8.6) 594 (93.0)

Non-COVID-19 patients 618 247 (40) 371 (60) 242 (39.2) 164 (26.5) 174 (28.2) 38 (6.1) 565 (91.4)

Healthy blood donors 19,668 18,681 (95) 987 (5) 7773 (39.5) 5028 (25.6) 5531 (28.1) 1336 (6.8) 17,845 (90.7)

aCOVID-19 patients versus healthy blood donors: OR = 1.142, CI = 0.99–1.32, p = 0.06.
bDeceased COVID-19 patients versus non-COVID-19 patients and healthy blood donors: OR = 1.51, CI = 1.004–2.255, p = 0.048 and OR = 1.507,

CI = 1.046–2.173, p = 0.028, respectively.
cCCP donors versus healthy blood donors: OR = 1.23, CI = 1.025–1.481, p = 0.03.
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Risk of future haemolytic disease of the fetus and newborn
following the transfusion of Rh(D)-positive blood products
to Rh(D)-negative children

Recently, the risks of an Rh(D)-negative female of child-bearing

potential (FCP) developing haemolytic disease of the newborn

(HDFN) following receipt of Rh(D)-positive red blood cells (RBCs)

or low-titre group O whole blood during her trauma resuscitation

was modelled using her age at the time of transfusion and several

other important societal factors that impact the development of

HDFN [1]. In that study, the FCP age range was 18–49 years. Since

its publication, questions have arisen about the future HDFN

potential following the transfusion of Rh(D)-positive units to

injured Rh(D)-negative children. The previously published model

was adapted for, and applied to, patients between 0 and 17 years

[1]. For this new model, the Rh(D) alloimmunization risk had to be

derived for a paediatric population as it has not been published

and might be difficult to obtain as it is uncommon to provide

Rh(D)-positive RBCs to Rh(D)-negative/type unknown children in

trauma. Age-specific paediatric alloimmunization rates to all RBC

antigens were obtained from a study of paediatric patients in

Japan; these age-specific rates might be different in populations

with different antigen frequencies [2]. These age-specific rates

were divided by the overall alloimmunization rate to all RBC anti-

gens in adults who received a median of four RBC units (2.2%) [3],

then separately multiplied by 7.8% (low estimate) or 42.7% (high

estimate) as these rates reflect the ends of the spectrum of

Rh(D) alloimmunization that have been reported in trauma

populations where the patients’ ages reflected the child-bearing

age range [4, 5]. These mathematical manipulations attempted to

correct the paediatric-specific overall RBC alloimmunization risk

for the adult Rh(D)-alloimmunization risk, although this created the

potential for slightly underestimating the paediatric Rh(D)-

alloimmunization rate. The age-specific Rh(D)-alloimmunization

rates are shown in the inset table in the Figure 1. For the current

model, 7.8% and 42.7% were also used for the adult (18–49 years)

Rh(D)-alloimmunization rates instead of 21.2% from the previous

model [1]. The 28-day mortality rate used for injured patients,

0–17 years, was 36% as recently described [6]. Although it is

known that injured adult females have lower mortality than males,

it is not currently known if this finding also applies to injured girls.

All other assumptions were unchanged from the previous model.

The model, implemented in Microsoft R Open version 3.5.3

(Microsoft, Redmond, WA), simulated 1 million Rh(D)-negative

females from 0 to 49 years of age who received an Rh(D)-positive-

unit during trauma resuscitation and estimated her risk of develop-

ing HDFN of any severity. The rate of future HDFN increased as

the child’s age increased, largely due to the increasing rates of

alloimmunization as the child’s age increased, reaching a plateau

between approximately 18–20 years (Figure 1); at this age, the

alloimmunization rate is at its maximum, and the length of time for

future pregnancies is approximately 30 years.

These data indicate that if Rh(D)-negative children, especially very

young children, are resuscitated with Rh(D)-positive units, the overall

risk of developing HDFN is relatively small compared to the mortality

reduction of receiving pre- and early in-hospital transfusions. How-

ever, Rh(D)-positive transfusions should only be administered when

the Rh(D)-negative patient’s survival would be compromised by

waiting for Rh(D)-negative units.

F I G U R E 1 Anti-Rh(D)-mediated HDFN risk estimate based on

the patient’s age and age-specific RhD alloimmunization rates. The
HDFN risk was modelled using Rh(D)-negative alloimmunization rates
of 7.8% (low estimate, lower solid line) and 42.7% (high estimate,
upper solid line), with an age correction factor for patients between
0 and 17 years of age as described in the text. The hatched area
between these lines indicates the range of risk for HDFN as defined
by these two Rh(D)-alloimmunization rates. Locally estimated
scatterplot smoothing (LOESS) was used for HDFN rates between
ages 0 and 17 years
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COR R I G ENDUM

In the article by Bell et al. 2020, there were typographical errors in Table 1. The overall data in the ‘Weight at time of donation’ (kg) row, under

the ‘Yes’ and ‘No Skin Marker’ columns, should be (84.8 � 19.4) and (85.2 � 19.0) instead of (48.6 � 66.9) and (46.5 � 65.9).

The authors apologize for this error.
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Bell B, O’Donovan J, Wright ST, Gemelli CN, Knight E, Hirani R. Evaluation of a sterile surgical skin marker to indicate the optimal vein for

venepuncture in the blood donation setting. Vox Sang. 2020;115:377-387.
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