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Abstract

Background and Objectives: Two-Spirit, trans, nonbinary and other gender-diverse

(2STGD) donors face challenges in donation. While many blood operators aim to

address these challenges, to date, no empirical study with these donors has been

conducted to guide their efforts. This paper reports 2STGD donors’ views on a two-

step approach asking donors their gender and sex assigned at birth (SAAB), and

expanding gender options in donor registration.

Materials and Methods: A qualitative community-based study was conducted with

2STGD donors (n = 85) in Canada. Semi-structured, in-depth interviews were con-

ducted from July to October 2022, audio-recorded and transcribed. Data were ana-

lysed using a thematic analytic framework.

Results: Participants were divided on their views of a two-step approach asking gen-

der and SAAB. Themes underlying views in favour of this approach included the fol-

lowing: demonstrating validation and visibility, and treating 2STGD donors and

cisgender donors alike. Themes underlying views not in favour or uncertain included

potential for harm, compromising physical safety, and invalidation. All participants

were in favour of expanding gender options if blood operators must know donors’

gender.

Conclusion: Results indicate that a two-step approach for all donors is not recom-

mended unless the blood operator must know both a donor’s gender and SAAB to
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ensure donor and/or recipient safety. Gender options should be expanded beyond

binary options. Ongoing research and evidence synthesis are needed to determine

how best to apply donor safety measures to nonbinary donors.

Keywords
blood donors, donor screening, gender diversity, nonbinary, plasma donors, qualitative methods,
transgender

Highlights
• Results indicate that a two-step approach (i.e., asking donors their gender and sex assigned

at birth [SAAB]) for all donors is not recommended unless it is imperative that the blood

operator know both a donor’s gender and SAAB to ensure donor and/or recipient safety.

• Results indicate that gender options should be expanded beyond binary options of woman/

female and man/male if blood operators must know a donor’s gender.

• Additional research and evidence synthesis should be conducted to determine how best to

apply donor safety measures for nonbinary donors.

INTRODUCTION

Two-Spirit, trans, nonbinary, and other gender-diverse blood and

plasma donors (henceforth 2STGD donors) face challenges in dona-

tion and have increasingly advocated for more inclusive and affirming

donation policies and practices [1] (see Supporting Information S1 for

glossary of terms). For example, a significant barrier for some 2STGD

donors is a lack of gender/sex options beyond woman/female (W/F)

or man/male (M/M). While many blood operators recognize the

importance of ensuring that the donation experience is affirming and

inclusive for 2STGD donors, to date, no empirical study with these

donors has been conducted to guide their efforts [2, 3].

Blood operators use a donor’s gender or sex/sex assigned at birth

(SAAB) to ensure recipient and donor safety [3]. First, for blood opera-

tors using gender-specific donor questionnaires, different pregnancy

questions and/or different versions of the men-who-have-sex-with-

men (MSM) questions may be asked (to minimize the risk of

transfusion-related acute lung injury and transfusion-transmitted

infection). Second, a donor’s gender/SAAB is used to determine donor

safety criteria including estimated blood volume (EBV), minimum hae-

moglobin level, inter-donation period and ferritin cut-off values. Third,

gender/SAAB is used to direct component production and testing

such as programming apheresis collection and using plasma from

donors registered as W/F for fractionation and not transfusion [3].

Any changes to how a donor’s gender/SAAB is registered must con-

sider both impacts on 2STGD donors, and how gender/SAAB is used

for screening and processing.

Canadian Blood Services (CBS), one of two blood operators in

Canada, is responsible for the collection and distribution of blood and

blood products to all provinces and territories except Quebec. Any

changes to screening criteria that may impact recipient safety must be

approved by Health Canada, the regulator, before implementation.

Beginning in 2016, a standardized approach was implemented to

screen 2STGD donors. Donors who self-disclosed as 2STGD were

registered in their declared gender if they had had genital gender-

affirming surgery, or in their SAAB if they had not [3]. With the imple-

mentation of sexual-behaviour-based screening (SBBS) for all donors

in September 2022, 2STGD donors are no longer asked if they have

had genital gender-affirming surgery. SBBS refers to replacing the

gendered MSM questions with gender-neutral sexual behaviour-

based questions asked to all donors. With this change, the donor’s

gender/SAAB is no longer needed to guide which version of the ques-

tions they are asked. Currently, all binary donors are registered in their

self-declared gender. While this is a significant improvement, nonbin-

ary donors must still register in a binary gender or SAAB.

Globally, blood operators have different practices for registering

donors’ gender/SAAB [4]. This range is due, in part, to laws and poli-

cies that impact 2STGD people. These include laws in some countries

that limit or prohibit 2STGD people’s ability to live visible and authen-

tic lives in their felt gender, and the lack of laws and policies to ensure

physical and psychological safety for them. Where there is some con-

sistency, however, is that most blood operators [4, 5] offer only binary

gender/sex options (i.e., W/F or M/M) to donors since most rely on

blood establishment computer systems (BECS) and automated collec-

tion devices that only allow for two gender/sex options. Data from

one blood operator in the US that recently added gender options

(i.e., F, M, Trans and Other) show no compromise to safety [5].

Cisnormativity underlies the erasure of 2STGD people [6]. Cis-

normativity is a system of thought that includes the following

assumptions: a person’s gender is determined by, and always aligns

with, SAAB; gender does not change over time, and everyone’s gen-

der and SAAB is the same and binary (woman = female or

man = male). Any person whose gender and/or sex is not consistent

with these assumptions is considered an outlier with attendant

social, cultural, legal, health, and political consequences [6, 7].

Whether consciously or not, cisnormative assumptions that can

cause harm to 2STGD donors are built into donor systems, pro-

cesses, and practices.

410 HAW ET AL.
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Providing more inclusive gender options is not a unique consider-

ation only for blood operators. Research on survey design for health

and population-level data recommends a two-step approach (asking

both gender and SAAB), which is more gender inclusive and accurate

than a single question [8, 9]. A two-step question can address erasure

of 2STGD people in research and bureaucratic systems [6], provided

that options for gender and SAAB are not limited to binary options.

Addressing erasure of 2STGD people in health and population survey

data is a necessary first step to ensuring that they receive adequate

healthcare resources and services. For healthcare settings that pro-

vide clinical care for 2STGD people, additional considerations may be

necessary [10].

What remains unclear is whether the recommendation of a two-

step question in surveys is transferable to blood donation. Suggested

options that may improve the current gender limitations include the

following: (1) moving to a two-step question for all donors; (2) keeping

a single question asking gender and expanding gender options; and/or

(3) moving to a more gender-neutral donation process overall

whereby knowing a donor’s gender is not necessary. These options

are not mutually exclusive and given the significant impact on 2STGD

donors, it is imperative to understand their views on these different

options. Moreover, if additional gender options are provided to

donors, the views of 2STGD people must be prioritized when deter-

mining which options to include since they will be most affected by

options offered.

This paper reports results from a qualitative community-based

study that was initiated in 2022 before Health Canada approval, and

CBS’ implementation of, SBBS and changes for 2STGD donors. Since

2STGD people and communities have not always been well-served by

research and researchers [11, 12], we applied a community-based

methodological approach that foregrounds co-learning between

researchers and community members, shared decision-making, and

benefits to communities involved [13–15]. We conducted an explor-

atory study to (1) better understand 2STGD donors’ experiences of

the donation process; (2) identify barriers and enablers to an inclusive,

affirming, respectful and safer donation experience for 2STGD

donors; and (3) explore 2STGD donors’ views on the donor question-

naire and expanding gender options. Results presented below focus

on the third objective and report participants’ views on a two-step

question and expanding gender options for donors. In the discussion,

we apply study results to various options to advance gender inclusiv-

ity for 2STGD donors.

MATERIALS AND METHODS

This project applied ethical guidelines for research with 2STGD com-

munities as outlined by the Canadian Professional Association for

Transgender Health [16]. A Community Advisory Group of 2STGD

community members provided feedback on study materials and guid-

ance throughout the research process. REB approval was obtained

from CBS (Ottawa, Canada) and the University of Victoria (Victoria,

Canada).

Participant recruitment and data collection

Participants were recruited through the CBS donor database. Eligibil-

ity criteria included (1) self-identify as 2STGD, (2) 17 years and older,

(3) donated or tried to donate blood and/or plasma in the previous

24 months and (4) comfortable in English. Because not all 2STGD

donors would have self-identified when they donated, recruitment

included two groups of donors: (1) donors known by the blood opera-

tor to be 2STGD and (2) general donor pool. All donors in group

1 who met eligibility criteria were sent a recruitment email (N = 360).

Three thousand donors in group 2 were randomly selected to receive

a recruitment email. Initially, we aimed to recruit 30–40 participants;

however, given the high level of interest and our commitment to hear-

ing from everyone who wanted to participate, everyone who

expressed interest and met eligibility criteria was included for a total

of 85 participants. Because we cannot determine whether a partici-

pant was recruited through group 1 or 2, we cannot calculate a

response rate for each group.

Data were generated through in-depth, semi-structured inter-

views conducted July–October 2022. Participants had the option to

be interviewed by telephone or videoconference, and to be inter-

viewed by a transgender, nonbinary, or cisgender member of the

study team. Interview topics included experiences with blood/plasma

donation, experiences completing the donor questionnaire, and views

on expanding gender options in donor screening. Open-ended ques-

tions enabled participants to share what was relevant to them to

ensure that data were grounded in the experiences and views of the

participants. Interviews were 20–75 min long, audio-recorded with

participants’ consent and transcribed. Following transcription, partici-

pants were able to review their transcript. Participants were offered a

$25 e-gift card.

Data analysis

Data analysis was guided by an interpretivist epistemological

approach. According to this view, phenomena are known primarily

through the meanings, interpretations, and ideas that people use to

make sense of, or construct, the phenomena of interest [17]. Because

a guiding research question was to understand 2STGD donors’ views

on potential improvements to registering donors’ gender, we used

thematic analysis for its methodological flexibility [18, 19]. First,

deductive coding of participants’ views as either in favour of changing

to a two-step question, uncertain about this change, or not in favour

of this change was completed. Second, open and inductive interpre-

tive coding was completed to understand the reasons, assumptions

and meanings underlying their views [18, 19].

Data were coded by three members of the research team. Each

person independently read an interview transcript making note of

both categorical and a priori codes (e.g., views on a two-step ques-

tion), and interpretive or thematic codes (e.g., demonstrating valida-

tion and visibility). Following this in-depth read, coders met to discuss

and develop a codebook. All three then applied the codebook
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independently to a second interview transcript and noted any differ-

ences in the interpretation of codes to ensure clarity of the codebook

and relative consistency across coders. Following this second step,

two members coded the remainder of the interview transcripts using

Nvivo 12. All coders met weekly during the coding process to discuss

the process, analytic themes, and any new emergent codes. Disagree-

ments between coders were resolved through discussion and all

coders agreed on the final codebook.

T AB L E 1 Characteristics of study sample and all known 2STGD donors.

Characteristics

Study participants (n = 85) Known 2STGD donors (N = 450)a

Number (%) Number (%)

Age

17–19 4 (4.7) 30 (6.7)

20–29 40 (47.1) 239 (53.1)

30–39 26 (30.6) 122 (27.1)

40–49 10 (11.8) 38 (8.4)

50+ 5 (5.9) 21 (4.7)

Gender

Trans woman/transfeminineb 23 (27.1) -

Trans man/transmasculinec 41 (48.2) -

Nonbinary 20 (23.5) -

Agender 1 (1.2) -

Gender/SAABd

Female - 298 (66.2)

Male - 152 (33.8)

Ethnicity

Indigenous/Aboriginal 1 (1.2) 10 (2.2)

Asian/E Asian/SE Asian 4 (4.7) 33 (7.3)

White/Caucasian 70 (82.4) 326 (72.4)

Filipino 2 (2.4) 1 (0.2)

Latin American/Hispanic 1 (1.2) 4 (0.9)

South Asian 1 (1.2) 8 (1.8)

Multi-ethnic 6 (7.1) 15 (3.3)

Arabic/Middle Eastern - 2 (0.4)

Black/Black Caribbean - 4 (0.9)

Other - 30 (6.7)

No response - 17 (3.8)

Number of donations

1 6 (1.3) -

2–3 16 (18.8) -

4–9 26 (30.6) -

10–19 23 (27.1) -

20–29 7 (8.2) -

30–39 4 (4.7) -

40+ 3 (3.5) -

Donor status

New donor (1 donation) 6 (1.3) 190 (42.2)

Return donor (>1 donation) 79 (92.9) 260 (57.8)

aDonors with a 6500 code were 0.08% of the total donors over the same period (N = 562,513). Only 360 of the 450 donors were sent a recruitment

email.
bParticipants provided their gender in free text. Trans woman/transfeminine also includes transgender woman, trans female and female.
cParticipants provided their gender in free text. Trans man/transmasculine also includes transgender man, trans male and ‘just M’.
dThe gender/SAAB categories provided here are the options provided by Canadian Blood Services.
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Participant characteristics

More than three-quarters of participants were between the ages of

20 and 39 (77.7%), the largest proportion self-identified as trans

man/transmasculine (48.2%), followed by trans woman/transfeminine

(27.1%), and nonbinary (23.5%). Most were White (82.4%) and return

donors (92.9%) and had donated over four times (74.1%). Compared

with all known 2STGD donors who had donated from June 2020 to

September 2022 (study recruitment period), slightly more participants

were in the 40+ age groups, participants were less ethnically diverse,

and more were return donors. Comparing gender characteristics for

these two groups is not possible since donors are limited to binary

options only in donor registration. It is noteworthy that 25% of

participants—those who are nonbinary or agender—could not be regis-

tered in their gender within the current binary system (see Table 1).

RESULTS

Participants’ views were mixed on a two-step approach asking gender

and SAAB with 50.6% (n = 43) in favour of this change, 21.2%

(n = 18) not in favour, and 28.2% (n = 24) uncertain about this

change. In presenting thematic results below, we have combined par-

ticipants who were not in favour and uncertain since these two

groups expressed similar themes concerning the reasons for, and

meanings underlying, their views.

In favour of a two-step approach

Demonstrating validation and visibility

Moving from a single question asking gender or SAAB with binary

options only, to a two-step approach of asking gender and SAAB was

viewed as validating and giving visibility to gender diversity among

donors. Participants whose gender was not offered by the options of

F or M provided by CBS felt invisible or erased. This was particularly

the case for nonbinary participants and for those 2STGD participants

who wanted their gender to be visible. One participant explained that

a two-step question signalled that they would be visible in ‘people’s
thought processes and systems’ (P09).

Validation and visibility were also related to clarity in the dona-

tion process. Some participants found that the current limitations on

gender registration led to ambiguity regarding if they should indicate

to donor centre staff that they are 2STGD:

At least there would be an opening for conversation

instead of me feeling like, do I just tell them [I am trans],

or do I wait ’til they ask? Sometimes that’s a little awk-

ward and I’m never sure how to bring it up. (P45)

These participants assumed that blood operators need this informa-

tion. However, without a clear question asking if they are 2STGD,

they found the current process confusing and, at times, inconsistent

because of different staff practices. On this point, a few participants

wanted to be asked directly if they are transgender if the blood opera-

tor needs to know, and then to have this question followed with a

two-step question. Several also mentioned that a two-step question

was preferred because it is consistent with changes made to the latest

version of the Canadian census (2021).

Being treated the same as cisgender donors

During the interview, participants were told that if a two-step ques-

tion were implemented, it would be asked to all donors. This was

viewed by some as an improvement because it meant that they would

be treated the same as cisgender donors. Many interpreted this to

mean that they would not be singled out and asked additional ques-

tions about genital gender-affirming surgery, as they had been prior to

the changes in September 2022.

Not in favour or uncertain of a two-step approach

Potential for psychological harm

For many participants not in favour, or uncertain, of a two-step

approach, asking SAAB not a neutral question because it evokes past

experiences that caused psychological distress. In particular, partici-

pants expressed concerns that asking SAAB could cause psychological

harm to 2STGD people ‘who have endured a lot of trauma around

their sex and gender’ (P07). Being asked explicitly their SAAB was

described as a reminder that their gender does not align with their

SAAB. One participant explained that being asked their SAAB is a

reminder of ‘a body and a person that is not them’ (P44), while

another explained that they ‘would be against a [two-step question]

because when a person transitions, their dead life is their dead life’
(P81). Participants also spoke about feeling discomfort because they

considered asking SAAB to be asking about their genitals and there-

fore highly ‘intrusive’ (P84). For these participants, being asked their

SAAB would be asking them to verify someone who they are not, with

the potential for psychological harm caused by being reduced to their

genitals. Others described the potential psychological harm of being

judged by staff who may not understand or accept gender diversity.

Having to out themselves and compromise safety

In addition to potential psychological harm, participants expressed

concerns with a two-step approach requiring 2STGD donors to out

themselves when both questions are asked. Some participants

explained that being out as trans ‘opens people up to discrimination

and transphobia’ (P70). That is, providing this information carries with

it risks to their safety. A two-step approach also raises the potential

to be inadvertently outed if other donors or staff overhear their
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responses, or if staff speak about their responses in a public area,

compromising the physical safety of 2STGD donors. Some partici-

pants did not feel safe enough to be out in their communities, espe-

cially in smaller communities. For some, the potential to be outed,

coupled with the risk of having their gender be ‘something that can

be used against you down the line’ (P82), was enough to deter them

from donating if a two-step approach is implemented.

Invalidating who they are

Asking a two-step question was viewed by some participants as invali-

dating who they are because they interpreted asking SAAB as sug-

gesting that their gender is not sufficient or a ‘real’ reflection of who

they are. Several likened it to asking racialized people where they are

‘really from’ when they say they are from Canada; a question that is

widely understood by many in the Canadian context to be inappropri-

ate, if not racist.

Underlying assumptions

Key to understanding the different views on a two-step question

were assumptions held by participants regarding the need for blood

operators to know both gender and SAAB. Those who were in favour

of a two-step question did not question why the blood operator

needs to know both. Some stated that they understood the blood

operator needs to know SAAB, and many spoke about preferring a

two-step question over the single question asking a donor’s gender

followed by additional questions to 2STGD donors only (i.e., the

screening process at the time of the study). This suggests that partici-

pants in favour held the assumption that blood operators need to

know both gender and SAAB. Most participants who were not in

favour or uncertain of a two-step question questioned why blood

operators would need to know SAAB, suggesting that they did not

assume that blood operators need this information. For example:

I don’t want to just randomly disclose to people my sex

assigned at birth. I don’t have to do that in literally any

other setting… Even in a healthcare setting, I don’t

need to randomly disclose my transness unless it’s

related to my care, right? If I have a uterus, it’s only rel-

evant if I have abdominal pain. If I’m going in for a

sprained ankle, who cares?… If you’re taking my blood,

why are you asking me about my genitals?

(P85)

Several suggested that a better approach than a two-step question

would be to continue to move to a more gender-neutral screening

process that relies less on organizing donors into different genders to

assess donor health, recipient safety, and blood/plasma processing.

Instead, participants preferred the blood operator to ask all donors

about specific information needed. For example, asking all

donors about pregnancies rather than asking only those donors regis-

tered as woman/female. As one participant put it, asking directly is

better than ‘approaching it [i.e., needed information] sideways’ (P29).

Expanding gender options

All participants were in favour of expanding gender options beyond

binary options if the blood operator needs to know a donor’s gender.

Several explained that expanding options would provide visibility and

validation for 2STGD donors without having to ask a two-step ques-

tion. At minimum, participants recommended adding ‘nonbinary’,
‘Two-Spirit’ and ‘self-describe’ options. Because genders are dynamic

and may change, they suggested that a ‘self-describe’ option, or an
option that would enable donors to write in their gender, would be

preferred. Several suggested ‘prefer not to say’ as an option to make

gender disclosure optional.

DISCUSSION

2STGD donors’ views on more inclusive ways to register gender offer

important insights for blood operators. First, taken as a whole, we

suggest that results indicate that a two-step approach for all donors is

not recommended unless it is imperative that the blood operator

know both a donor’s gender and SAAB to ensure donor and/or recipi-

ent safety. This suggests that recommendations for a two-step

approach in health and population surveys are not necessarily trans-

ferable to a donation context. Given that participants in favour of a

two-step approach assumed that blood operators must know SAAB,

the imperative to know SAAB must first be established, and the need

to know SAAB must be weighed against participants’ concerns regard-

ing potential psychological and physical harm of asking SAAB.

On the question of whether it is imperative to know SAAB, con-

sideration of the uses of gender/SAAB in blood donation is warranted.

For blood operators who have implemented an SBBS approach, a

donor’s gender/SAAB is no longer needed to determine which version

of the gendered MSM question they must answer. If MSM questions

remain, it is necessary to consider whether knowing a donor’s SAAB is

imperative, or if the information to determine which version of the

question to ask could be arrived at differently. For blood operators

who use gender/SAAB to ask only those registered as W/F about

prior pregnancies and miscarriages to guide blood component use,

they might consider asking all donors this question. Many participants

preferred that blood operators ask direct questions to elicit the infor-

mation they need rather than using gender/SAAB as a proxy. Use of

gender and/or SAAB to determine donor safety measures should also

be considered. Many 2STGD, and cisgender, donors take hormones

that can impact haemoglobin level [20] and may also impact EBV [3].

As such, using a donor’s SAAB may not offer the most accurate donor

safety measures, and asking about hormone use may be warranted.
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While not an exhaustive list, these considerations are offered to sup-

port blood operators in different jurisdictions and contexts that may

have different practices.

If, after having considered all options, blood operators consider it

necessary to ask a two-step question, it is imperative that they con-

sider how the questions will be asked (e.g., online or in person, one

time or every donation), how the information will be stored, who will

have access to it, and how the information will be used (i.e., why gen-

der and SAAB are necessary for blood donation) must be explained to

donors. To minimize risks to psychological and physical safety, we rec-

ommend asking donors their SAAB online and only once, ensuring

security of this information and providing access only to staff who

require it for specific purposes. That is, minimizing the potential for a

donor’s SAAB to be shared in public areas and thereby compromise

safety. If the questions are asked in person, staff must be trained to

ensure questions are asked in a respectful and inclusive manner.

A second option is to ask all donors a single question regarding

their gender and to expand gender options. All participants were in

favour of this change, leading to our recommendation that gender

options be expanded, even if a two-step approach is taken. Expanding

gender options could also deliver on the desire of some participants

to feel validated, make gender diversity visible, and to treat 2STGD

and cisgender donors alike. In Canada, additional options should

include nonbinary, Two-Spirit, and self-describe, which would enable

donors to write in or tell staff their gender if they feel safe enough to

do so. As some participants noted, an increasing number of health and

bureaucratic forms now offer additional gender options, increasing

the expectation that blood operators do the same. In Canada, the cen-

sus now includes a third, open text, option under the question asking

the respondent’s gender [21]. For other countries, research in collabo-

ration with 2STGD communities should be conducted to determine

which additional gender options to include. Participants explained that

expanding gender options would be most significant for nonbinary

donors. We recognize that a significant limitation in providing addi-

tional gender options is the BECS used by many blood operators, and

would encourage ongoing international collaboration to make neces-

sary system updates. Updates should include flexibility in options to

allow blood operators in different countries to offer options that are

meaningful and appropriate for their context.

With additional gender options, we recommend ongoing

research and review of existing research to apply donor safety mea-

sures and criteria (i.e., minimum haemoglobin, donation frequency,

and EBV) to nonbinary donors. Review of research on physiological

markers (e.g., ferritin, exogenous and endogenous hormone status),

donor choice through an informed approach (i.e., providing informa-

tion about donor safety measures associated with each gender

option so that donors can make an informed decision when register-

ing their gender), or other ways to determine donor safety measures

for nonbinary donors should be conducted to establish the most

accurate and inclusive donor screening criteria. Nonbinary donors

may be on hormone therapy [22] and therefore blood operators

should not assume that they are not when determining appropriate

donor safety measures. In the shorter term, while research and

evidence synthesis is ongoing, the Association for the Advancement

of Blood and Biotherapies recommends applying ‘the most protec-

tive donor safety measures for nonbinary people’ [23]. These cri-

teria, however, should not be referred to as binary gender/SAAB

criteria (e.g., referred to as applying the ‘female criteria’ to nonbinary

donors). Rhetorical naming plays a significant role in organizing sys-

tems of thought that can reinforce cisnormativity and contribute to

erasure of nonbinary people.

A third option is for blood operators to move towards a more

gender-neutral donation process whereby knowing a donor’s gender

may be optional. This is already happening with, for example, the

move to a more gender-neutral SBBS approach by some blood opera-

tors. Asking all donors about prior pregnancies is another example of

providing a more gender-neutral process. That some participants sug-

gested donors should have the option to provide their gender indi-

cates some support for a fully gender-neutral process. On the other

hand, other participants valued being seen as 2STGD and making gen-

der diversity among donors visible. For many of these donors, blood/

plasma donation was an act of social advocacy, demonstrating that

2STGD people participate in acts of social citizenship. While efforts to

offer a more gender-neutral donation process are ongoing, we recom-

mend that reasons for asking gender be explained, gender options be

expanded, measures associated with gender options be clearly

explained, and to enable donors to indicate their gender online/on

an app.

Finally, staff must be trained to engage with donors on this topic.

At the very least, staff training should equip them to explain clearly

why gender (and/or SAAB) is relevant to donation, how the informa-

tion will be used and who will have access to this information. Many

participants did not know why this information was needed, and/or

were given conflicting information. Frontline staff are critical to ensur-

ing a positive donation experience [24] and ensuring safety in the

donor centre [25].

2STGD donors make valuable contributions to blood systems and

blood operators should continue their efforts to provide a more inclu-

sive donation experience for them. This paper contributes evidence-

informed recommendations to support blood operators in these

efforts. Ongoing research and engagement with 2STGD donors is

needed to address multiple barriers that they experience during

donation.

Limitations

To build on thematic findings, the prevalence of differing views

could be determined by conducting a survey with a larger repre-

sentative sample of 2STGD donors. Our study sample had an over-

representation of experienced and White donors whose views may

differ from first-time and racialized donors. Further study of first-

time and racialized 2STGD donors is needed with an intersectional

analysis. Finally, this study was conducted before changes made to

the trans screening criteria in September 2022. Examining the

impact of these changes on 2STGD donors is highly recommended.
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Abstract

Background and Objectives: Donor factors influence the quality characteristics of

red cell concentrates (RCCs) and the lesions that develop in these heterogeneous

blood products during hypothermic storage. Teen male donors’ RCCs contain ele-

vated levels of biologically old red blood cells (RBCs). The aim of this study was to

interrogate the quality of units of different donor ages and sexes to unravel the com-

plex interplay between donor characteristics, long-term cold storage and, for the first

time, RBC biological age.

Materials and Methods: RCCs from teen males, teen females, senior males and

senior females were density-separated into less-dense/young (Y-RBCs) and dense/

old RBCs (O-RBCs) throughout hypothermic storage for testing. The unseparated

and density-separated cells were tested for haematological parameters, stress (oxida-

tive and osmotic) haemolysis and oxygen affinity (p50).

Results: The O-RBCs obtained from teen donor samples, particularly males, had

smaller mean corpuscular volumes and higher mean corpuscular haemoglobin con-

centrations. While biological age did not significantly affect oxygen affinity, biologi-

cally aged O-RBCs from stored RCCs exhibited increased oxidative haemolysis and

decreased osmotic fragility, with teenage male RCCs exhibiting the highest propen-

sity to haemolyse.

Conclusion: Previously, donor age and sex were shown to have an impact on the bio-

logical age distribution of RBCs within RCCs. Herein, we demonstrated that RBC bio-

logical age, particularly O-RBCs, which are found more prevalently in male teens, to

be a driving factor of several aspects of poor blood product quality. This study
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emphasizes that donor factors should continue to be considered for their potential

impacts on transfusion outcomes.

Keywords
donor factors, RBC biological age profiling, RBC quality testing

Highlights
• Red blood cell (RBC) heterogeneity, as defined by differences in cellular density and biologi-

cal age, joins donor characteristics as a main contributor to RBC storage lesions.

• Biologically old RBCs from teenage males are smaller, possess an increased amount of hae-

moglobin and more readily haemolyse in the presence of oxidative stress.

• The observed decrease in the quality of red cell products from teen male donors over the

entirety of storage is attributable to the increased proportion of biologically old RBCs in

these red cell units.

INTRODUCTION

With over 118 million blood products collected globally for use in

transfusions, the quality of the blood products is important for safe

and favourable outcomes [1–5]. Red cell concentrates (RCCs) can typ-

ically be stored up to 42 days across most jurisdictions [6]. Beyond

this storage time, blood products are considered unsafe for clinical

use as a protective measure against well-established storage lesion

accumulation [1, 7, 8]. Storage lesions refer to the physical, chemical

and metabolic changes in donated blood over time that ultimately

result in increased susceptibility to haemolysis during transfusion

[1, 3, 5]. As the ageing of red blood cells (RBCs) during blood bank

storage alone has failed to fully explain adverse transfusion outcomes,

research has been aimed at understanding how donor properties and

biological ageing (the ratio of recently matured to senescent cells)

impact RBC products [9, 10]. A growing number of studies have found

correlations between storage time and donor factors on patient out-

comes with the fluctuations in RBC characteristics thought to contrib-

ute substantially to negative transfusion events [1–3, 5]. A better

understanding of how the biological age of RBCs at the time of dona-

tion impacts RCC quality may help improve cell quality throughout

storage and, in turn, impact post-transfusion reactions [11, 12].

The inherent differences among blood donors makes variability

between blood products inevitable [13–16]. The heterogeneity of

RCCs observed from different donors can be attributed to differential

erythropoiesis caused by age, hormones, anaemia, female menstrua-

tion, erythrophagocytosis, donation frequency, exercise, and altitude

exposure [13, 17–21]. These factors alter the distribution of recently

matured, young RBCs (Y-RBCs) and senescent, old RBCs (O-RBCs) in

a donated blood product [13, 17]. For nearly four decades, differential

density fractionation of RBCs has been conducted, establishing that

with increasing cellular density, RBC biological age also rises [22–24].

Ageing of RBCs both biologically and during storage is characterized

by morphological changes, wherein they evolve from biconcave disco-

cytes/smooth discs to spherocytes/smooth spheres [17]. RBCs also

experience ex vivo changes in their metabolic activity (such as

decreases in 2,3-diphosphoglyceric acid [2,3-DPG] levels) and intracel-

lular composition (increasing reactive oxygen species) [13, 17, 25, 26].

While RBC storage lesion trends in the context of donor groups alone

have been previously studied, the impact of RBC subpopulations

together with the influence of donor factors such as age and sex has

not yet been researched extensively. Recently, by employing a series

of increasing Percoll densities, we separated Y- and O-RBCs, which

enabled us to quantify estimated median densities (EMD) [27]. In

Mykhailova et al. [27], we defined the EMD as the Percoll density

wherein less-dense and more-dense RBCs were found at equal pro-

portions. Assessment of RCCs derived from teen and senior donors of

each sex revealed units from teenage males to have the highest

amount of biologically old cells as reflected by their elevated

EMDs [27].

This work was conducted to assess the contribution of RBC het-

erogeneity to previously observed donor-dependent RBC quality

dynamics over storage time. With this study, we determined the

impact of RBC biological ageing on several aspects of RCC storage

quality through performance of haematological parameter testing,

stress-induced haemolysis assays and profiling of oxygen affinity. We

hypothesized that blood from teenage males would be more suscepti-

ble to external environmental stressors, due to inherent biological dif-

ferences and the higher amounts of old RBCs within their donated

units.

MATERIALS AND METHODS

Blood collection

This study was approved by the Canadian Blood Services Research

Ethics Board. Sixty CPD/SAGM leuko-depleted (LD) RCCs from con-

senting donors were produced by the red cell filtration (RCF) method

at Canadian Blood Services (Calgary, AB, Canada) (Table S1). Teenage

(17–19 years old) and senior (>75 years old) donors were separated

by sex: (n = 15) teenage males, (n = 15) teenage females, (n = 15)

418 MYKHAILOVA ET AL.

 14230410, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13602 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

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

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



senior males and (n = 15) senior females. Available units in inventory

were reviewed to select those that originated from donors from the

requisite age and sex groups (Table S1). All RCCs were obtained

within 24 h of LD and were stored for 42 days (1–6�C) in a monitored

refrigerator between testing days. The RCCs all met the Canadian

Standards Association quality control criteria for transfusable blood

products.

Biological age profiling of RCCs by Percoll density
gradient centrifugation

To isolate portions of young, less-dense RBCs from old, more-dense

RBCs, Percoll (Percoll® GE Healthcare, Sigma-Aldrich, St. Louis, MO,

USA) density gradient centrifugation was performed as previously

described on four occasions [day 5, 14, 28 and 42 (±3 days)] during

hypothermic storage [27]. Briefly, a panel of eight solutions were cho-

sen based on initial donor RCCs’ mean corpuscular haemoglobin con-

centration (MCHC) values and typically ranged in Percoll density from

1.083 to 1.107 g/mL (Figure S1). The resulting subpopulation samples

were adjusted to a haematocrit between 40% and 55%, the final vol-

umes measured using a calibrated pipette and the isolated RBC por-

tions calculated by multiplying the measured volume by the RBC

concentration. We designated the top (26.1 ± 7.5%) and bottom

(18.8 ± 8.5%) portions of RBCs as Y-RBCs and O-RBCs, respectively,

and considered these subpopulations to consist purely of cells at the

extreme ends of biological ageing (Figure S1). On each testing day, a

population of unseparated RBCs (U-RBCs) was also retained as a con-

trol group.

RBC quality assessment

A haematology analyser (DxH 520, Beckman Coulter, Co. Clare, IE)

was used to obtain RBC count and index measurements for the fol-

lowing parameters: MCHC and mean corpuscular volume (MCV). Hae-

matocrit measurements were obtained by centrifugation (14,848�g,

5 min, 20�C) of sample-filled capillary tubes and subsequent visual

inspection (Haematokrit 210, Andreas Hettich GmbH & Co., Tuttlin-

gen, DE). Storage haemolysis of U-RBCs was determined with the

Drabkin’s method of quantifying total and supernatant haemoglobin

(Hb) concentrations [28, 29]. Oxygen affinity was assessed using an

automated blood-oxygen analyser (Hemox-Analyser Model B, TCS

Scientific, New Hope, USA) [17, 30, 31].

RBC stress-induced haemolysis measurements

Phosphate buffered saline (PBS)-washed U-, Y- and O-RBC samples

were assessed for oxidative and osmotic haemolysis at each time

point throughout hypothermic storage. Oxidative haemolysis was

determined using a method wherein RBCs were incubated with a

2,20-azobis(2-amidinopropane) dihydrochloride (AAPH) solution at

a final concentration of 150 mM [32, 33]. Osmotic haemolysis was

induced by incubating RBC subpopulations in a hypotonic, glycerol-

containing Bis–Tris-based buffer [32, 34].

Statistical Analysis

Statistical analysis was performed using GraphPad Prism v.9.4.1

(GraphPad Software Inc., La Jolla, CA, USA). Mixed model analysis for

repeated measurements with multiple comparisons was performed in

order to estimate the effects of subpopulation (U-RBCs, Y-RBCs and

O-RBCs), sex (female or male), age (teen or senior), group (teen male

[TM], teen female [TF], senior female [SF] and senior male [SM]) and

storage time (5, 14, 28, 42 days) and their various interactions.

RESULTS

Compared with females, unseparated RBCs from
males possess elevated haematocrits in addition to a
significantly higher propensity to haemolyse late into
cold storage

Consistent with previously published data, a strong association

between RBC haemolysis and the time spent in hypothermic storage

was found when U-RBCs from all donor groups were tested

(Figure 1a,b) [17]. Particularly, at day 42, RBCs from male donors pos-

sessed significantly increased haemolysis compared with the female

donors (p = 0.0092) (Figure 1b). Although there were no donor age-

dependent differences in haematocrit measurements observed in this

study, sex-based changes have been reported in the past and indeed

the haematocrit values found for U-RBCs from male units were con-

sistently higher over the course of cold storage (p ≤ 0.0001)

(Figure 1c,d) [35].

Stored RBCs of different biological ages exhibit
alterations in haematological indices based on
donor age and sex

Having previously validated our method to biologically age profile

RBCs based on their cellular density, we found that RBCs from senior

donors, regardless of sex and biological age, were significantly larger

in volume when compared with teenage RBCs (p ≤ 0.05)

(Figure 2) [27]. We next measured the MCHC levels of the unsepa-

rated donor samples and the prepared RBC subpopulations. The

MCHC of O-RBCs was significantly higher than U-RBCs and Y-RBCs

(p ≤ 0.0001), whereas Y-RBCs had a significantly lower MCHC com-

pared to the two other RBC subpopulations at day 5, 14 and

28 (p < 0.01) (Figure 3a). Upon age and sex stratification, U-RBCs

from the TM group had a significantly higher MCHC compared with

SF on all days of testing (p ≤ 0.003) and TF only on days 5 and

28 (p ≤ 0.04) (Figure 3b). Examination of the Y-RBC subpopulation
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revealed that TM had significantly higher MCHC values compared

with SF on storage day 5 and both female groups on day 42 of storage

(p ≤ 0.03) (Figure 3c). Like their Y-RBC and U-RBC counterparts,

O-RBCs originating from TM donor units also had significantly higher

MCHC compared with SFs on day 5 and day 42 (p ≤ 0.01) (Figure 3d).

On day 28, however, both male groups exhibited significantly higher

MCHC levels than either female group (p ≤ 0.05) (Figure 2d). Male

RBCs, regardless of biological age, had significantly higher MCHC

values than female RBCs across hypothermic storage (p ≤ 0.05)

(Figure S2).

O-RBCs exhibit higher levels of oxidative haemolysis
throughout hypothermic storage in an age- and sex-
dependent manner

O-RBCs were significantly more susceptible to oxidative haemolysis

than U-RBCs and Y-RBCs (p ≤ 0.01) (Figure 4a). Stratification of oxi-

dative haemolysis results by age and sex revealed that TM exhibit the

highest levels of oxidative haemolysis, followed by TF, with the lowest

results being observed with senior donors (Figure 4). All TM donor

RBCs, regardless of density separation, demonstrated increased

AAPH-induced oxidative haemolysis compared with both senior

groups across the entirety of the storage period (p ≤ 0.05)

(Figure 4b–d). When Y-RBCs and O-RBCs from teenage males were

compared with the TF group on day 28, a significant difference in oxi-

dative haemolysis was found (p ≤ 0.05) (Figure 4c,d). Considering the

RBC subpopulations in isolation, age rather than sex was the most sig-

nificant modifier of oxidative haemolysis (Figure S3). At every testing

point during hypothermic storage, U-, O- and Y-RBCs from teen

donors exhibited a higher propensity to lyse under oxidative stress

(p ≤ 0.04) (Figure S3).

Osmotic haemolysis of RBCs throughout cold storage
is most significantly impacted by sex and
biological age

Regarding RBCs ability to withstand alterations in osmolality in the

context of donor age and sex, assessment of osmotic haemolysis was

carried out on unseparated and density-separated donor RBC prod-

ucts over storage. When analysing data in aggregate from all donors,

F I GU R E 1 Haemolysis and haematocrit of unseparated red blood cells (U-RBCs) stratified by donor age or sex. Haemolysis measurements of
U-RBCs shown as (a) age- or (b) sex-stratified. Haematocrit measurements of U-RBCs shown as (a) age- or (b) sex-stratified. Multiple comparisons

tests were used to show significant differences (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05). Medians are indicated as horizontal lines on
the box and whisker plots. [Correction added on 28 March 2024: After first publication, the preceding sentence was corrected.]
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O-RBCs compared to their U- and Y-RBC counterparts were less sus-

ceptible to osmotic haemolysis throughout the 42 days of storage

(p ≤ 0.01) (Figure 5a). Complete donor stratification showed that, spe-

cifically, TM donors within their U-RBC and Y-RBC subpopulations

had significantly higher percent osmotic haemolysis at day 42 of stor-

age compared with both TF and SF (p ≤ 0.05) (Figure 5b,c). Notably,

O-RBCs did not demonstrate an association between donor

characteristics and a change in osmotic haemolysis over hypothermic

storage time (Figure 5d). While age stratification of osmotic haemoly-

sis data revealed no significant differences between teens and seniors,

sex stratification of the osmotic haemolysis results led to the observa-

tion that male U-, and Y-RBCs had significantly higher osmotic

F I GU R E 2 Mean corpuscular volume (MCV) of unseparated red blood cells (U-RBCs), young RBCs (Y-RBCs) and old RBCs (O-RBCs) stratified
by donor age or sex. MCV measurements shown as age- or sex-stratified for (a,b) U-RBCs, (c,d) Y-RBCs and (d,e) O-RBCs. Multiple comparisons
tests were used to show significant differences (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05). Medians are indicated as horizontal lines on

the box and whisker plots. [Correction added on 28 March 2024: After first publication, the preceding sentence was corrected.]
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haemolysis levels compared with female donors on day 42 (p ≤ 0.01)

(Figure S4).

The haemoglobin oxygen affinity of density separated
RBCs throughout cold storage is most significantly
influenced by age

While haemoglobin oxygen affinity measurements had high variabil-

ity at all testing timepoints for all biological age subpopulations, the

median oxygen affinities of these stored RBCs ranged between

16 and 20 mmHg, only slightly lower than what has been measured

under normal conditions for humans (Figure 6a). Donor age imparted

the most significant effect on this RBC quality parameter (p ≤ 0.03)

(Figure S5). On day 42, all the U-, Y- and O-RBC subpopulations

from teen donors exhibited higher p50 values or lower oxygen affin-

ities than the combined senior donor group (p ≤ 0.006) (Figure S5).

Interestingly, when donors were stratified further by age and sex,

TFs demonstrated higher p50 values on day 42 compared with SM

and SF donors in U-RBCs (p < 0.03) and only SM donors in density-

separated cells (Y-RBCs: p = 0.005; O-RBCs: p = 0.02)

(Figure 6b–d). This finding contrasts with testing results on day 5 for

U-RBCs and O-RBCs which found that SM donor RBCs had a p50

value significantly higher than teen donors of both sexes (p ≤ 0.01)

(Figure 6b,d).

DISCUSSION

This study provided an in-depth assessment of the quality of biologi-

cally young and old RBC subpopulations, their susceptibility to various

storage lesions and associations to donor age and sex (Table 1). We

employed our previously reported methodology of Percoll density-

based separation, to isolate RBCs of various biological ages from

donor samples at the extremes of the donor age spectrum [27]. We

demonstrated teen males’ RCCs to have more of the distinguishing

biochemical and physical changes associated with the storage lesion

that in turn impair the ability of their RBCs to adapt to external stres-

ses (Table 1). Our results also further implicate the high levels of bio-

logical old cells within the blood products of male teens as one of

potential contributors to their poorer storage quality.

Concurrent with other recent research efforts, teenage donors in

this study demonstrated decreased MCVs relative to senior donors

and increased Hb levels compared with female donors [36]. MCV typi-

cally increases with donor age; therefore, teens are expected to have

smaller cell volumes than more senior donors [37]. Regardless of

F I GU R E 3 Mean corpuscular haemoglobin concentration (MCHC) of unseparated red blood cells (U-RBCs), young RBCs (Y-RBCs) and old
RBCs (O-RBCs) stratified by donor age and sex. (a) The MCHC measurements for the three populations of RBCs (U-RBCs, Y-RBCs and O-RBCs)
examined without any stratification based on donor characteristics. MCHC data shown as age- and sex-stratified for (b) U-RBCs, (c) Y-RBCs, and
(d) O-RBCs. Multiple comparisons tests were used to show significant differences (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05). Medians
are indicated as horizontal lines on the box and whisker plots. [Correction added on 28 March 2024: After first publication, Figure 3 and the
preceding sentence were corrected.]
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RBCs’ biological age but to the greatest extent observed with

O-RBCs, blood from TM especially exhibited an increased MCHC,

which can be attributed to the increased levels of Hb together with

lower MCV. The increased Hb levels in young men can be ascribed to

sex hormones in males, as androgens typically enhance erythropoie-

sis [18]. Furthermore, in Mykhailova et al. [27], we found that young

male donors’ units have higher EMDs, another contributing factor to

the lower MCVs witnessed in teen men. That haematological indices

did not significantly decrease with successive weeks in storage is not

surprising as other studies with extended storage times upwards of

6 weeks observed similar findings [38]. The inter-donor variability

observed with the MCV measurements is probably caused by lifestyle

factors (diet, alcohol consumption, smoking) and aspects of donor

medical history that were not controlled for within this

donor pool [39].

Oxidative haemolysis assays were conducted to measure the

susceptibility of RBCs to haemolyse following exposure to oxidative

stress as samples from donated units have been shown to become

more prone to membrane peroxidation over time [26, 40, 41]. As

expected, the Y-RBCs exhibited increased resistance to

AAPH-mediated oxidative stress compared with O-RBCs. Oxidative

haemolysis has been shown to decrease with donor age, so our

observation of senior donors demonstrating more resistance to

AAPH than teen donors is consistent with other publications that

did not exclude large subsets of the elderly population based on their

chronic conditions or various drug and supplementation regimens

[32, 42]. While not apparent when our data were separated based

on biological age, the effect of donor age on oxidative haemolysis is

likely a reflection of seniors’ lifetime donation frequency influencing

their ferritin levels and subsequent erythropoiesis [13, 32]. Unfortu-

nately, this level of donor information was not adequately captured

within our study cohort. Osmotic haemolysis was used to assess the

tolerance of RBCs to osmotic changes as age-based morphological

transformations have been demonstrated to weaken cell mem-

branes [43]. Unexpectedly, but likely in part due to the age profiling

separation process, O-RBCs when compared with U- and Y-RBCs

exhibited less osmotic haemolysis or in other words, demonstrated

an increased resistance to osmotic stress that persisted and even

further intensified with storage. Compared with their other biologi-

cal age-separated counterparts, O-RBCs from male donors exhibited

storage-dependent resistance to osmotic stress. The surface area to

volume ratio changes associated with RBC biological ageing in TM

may provide one explanation as to why but Cloutier et al. also

showed the capacity of RBCs to shrink under hyperosmotic condi-

tions (OHyper values) was significantly different with male

donors [36]. The variability seen in the osmotic haemolysis

F I GU R E 4 Oxidative stress-induced haemolysis of unseparated red blood cells (U-RBCs), young RBCs (Y-RBCs) and old RBCs (O-RBCs)
stratified by donor age and sex. (a) Oxidative haemolysis reported as percentages for the three populations of RBCs (U-RBCs, Y-RBCs and
O-RBCs) examined without any stratification based on donor characteristics. Outcomes of oxidative haemolysis assays shown as age and sex-
stratified for (b) U-RBCs, (c) Y-RBCs and (d) O-RBCs. Multiple comparisons tests were used to show significant differences (****p < 0.0001,
***p < 0.001, **p < 0.01, *p < 0.05). Medians are indicated as horizontal lines on the box and whisker plots. [Correction added on 28 March 2024:
After first publication, Figure 4 and the preceding sentence were corrected.]
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dataset also suggests that other donor factors beyond age and sex

may need to be incorporated in the design of future studies [32]. In

the past, Kanias et al. demonstrated osmotic haemolysis to be highly

associated with donor race/ethnicity, which was a donor factor not

considered within this current study [32].

As RBCs age, biologically and/or throughout storage, oxygen

affinity tends to increase due to metabolic changes, particularly a

decrease in the metabolite 2,3-DPG [25, 44, 45]. 2,3-DPG plays a vital

role in the ability of stored RBCs to release oxygen [25]. Our results

showed that SM donors possess the greatest p50 measurements, or

the lowest affinities for oxygen, at day 5 across all cell subpopulations,

whereas TF O-RBCs had increased p50 measurements near unit

expiry at day 42. Teen donors have also been shown to have elevated

levels of 2,3-DPG, relative to senior donors but in light of the findings

reported here, donor factors effects on RBC metabolites warrants

future reinvestigation in the context of biological age profil-

ing [46, 47].

This study had several limitations, mainly that no middle-aged

donors were evaluated and therefore, our interpretations regarding

RBC biological age are limited to only the extremes of the adult popula-

tion. The washing of Percoll density-separated RBCs in an isotonic solu-

tion (PBS) may also affect the outcome of the stress-induced

haemolysis assays. Not only can significant RBC morphological changes

take place upon incubation with PBS but PBS has also been found to

increase susceptibility to osmotic haemolysis [48–50]. Since all our RBC

subpopulations were PBS-washed, Y-RBCs could potentially have

developed an increased sensitivity to osmotic pressure due to washing

buffer-induced morphological changes compared with O-RBCs, which

have already naturally progressed towards a more spherocytic shape.

In summary, we have demonstrated that the storage lesions

observed in donated RCC units appear to be affected by their propor-

tions of biologically mature RBCs. The increased density of RBCs from

teen males closely corresponds with the lesions that their O-RBC sub-

populations incur throughout storage. We demonstrated that biologi-

cal age together with donor characteristics plays a pivotal role in

altering the quality parameters of blood products, but the influence of

our results on the outcome of blood transfusions remains unknown.

Transfused units from teenage men, which contain elevated numbers

F I GU R E 5 Osmotic stress-induced haemolysis of unseparated red blood cells (U-RBCs), young RBCs (Y-RBCs) and old RBCs (O-RBCs)
stratified by donor age and sex. (a) Osmotic haemolysis reported as percentages for the three populations of RBCs (U-RBCs, Y-RBCs and O-RBCs)
examined without any stratification based on donor characteristics. Outcomes of osmotic haemolysis assays shown as age- and sex-stratified for
(b) U-RBCs, (c) Y-RBCs and (d) O-RBCs. Multiple comparisons tests were used to show significant differences (****p < 0.0001, ***p < 0.001,
**p < 0.01, *p < 0.05). Medians are indicated as horizontal lines on the box and whisker plots. [Correction added on 28 March 2024: After first
publication, the preceding sentence was corrected.]
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of O-RBCs and whose O-RBCs are of smaller size, have a higher hae-

moglobin content and possess increased susceptibility over storage to

haemolyse under oxidative stress could be more rapidly removed from

circulation thereby dysregulating erythrophagocytosis [51–53]. The

combination of increased senescent O-RBCs together with enhanced

erythrophagocytosis, could challenge systemically inflamed

transfusion recipients’ immune responses thus leaving them poten-

tially more prone to develop severe infections and sepsis [54, 55]. The

work presented here supports the further assessment of the clinical

consequences of the transfusion of senescent O-RBCs through the

execution of studies using ex vivo human systems and pre-clinical ani-

mal models.

F I GU R E 6 Oxygen affinities of unseparated red blood cells (U-RBCs), young RBCs (Y-RBCs) and old RBCs (O-RBCs) stratified by donor age
and sex. (a) The p50 measurements for the three populations of RBCs (U-RBCs, Y-RBCs and O-RBCs) examined without any stratification based
on donor characteristics. Oxygen affinities conveyed as age- and sex-stratified for (b) U-RBCs, (c) Y-RBCs and (d) O-RBCs. Multiple comparisons
tests were used to show significant differences (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05). Medians are indicated as horizontal lines on
the box and whisker plots. [Correction added on 28 March 2024: After first publication, the preceding sentence was corrected.]

T AB L E 1 Summary of the observed data trends, with up and down arrows indicating increases and decreases in quality measurements
respectively, and hashmarks corresponding to relatively unchanged values for that donor group in comparison to the other age- and sex-stratified
groupings.

Quality parameter

Teens Seniors

RBC biological ageMale Female Male Female

MCV # # " " U-, Y- and O-RBCs throughout storage

MCHC " # — # U-, Y- and O-RBCs throughout storage

Oxidative haemolysis "" " # # U-, Y- and O-RBCs throughout storage

Osmotic haemolysis " # — # U-, Y- but not O-RBCs throughout storage

p50 — # " — U-, O- but not Y-RBCs at day 5

p50 — " # — U-, Y- and O-RBCs at day 42

Abbreviations: MCHC, mean corpuscular haemoglobin concentration; MCV, mean corpuscular volume; O-RBC, old red blood cells; U-RBC, unseparated

red blood cells; and Y-RBC, young red blood cells.
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Abstract

Background and Objectives: Due partly to an ageing population, China faces an

increasingly dire blood shortage crisis requiring greater voluntary blood donations. A

better understanding of blood donation preferences can inform blood donation poli-

cies and potentially increase donations. We used an online survey and discrete

choice experiment to achieve our study objective: identify the most influential struc-

tural facilitators and barriers to voluntary blood donation in China.

Materials and Methods: First, we identified six structural attributes (travel time,

venue, donation volume, paid leave, scheduling and gifts) that were hypothesized to

influence voluntary blood donation; attribute selection was based on a literature

review and qualitative interviews. Second, a d-efficient design with 36 choice sets

and 9 blocks was developed. Participants were asked to complete four choice sets,

and in each choice set, they were asked to choose from three options: two voluntary

blood donation scenarios and a ‘Do not donate blood’ option. Study participants

were recruited through an online survey platform company in China. Voluntary blood

donation preferences and preferences by blood donation history were estimated

with random-parameter logit models and interaction terms.

Results: In 2022, 1185 individuals enrolled in the study. Most participants had col-

lege education (92%). Generally, participants preferred longer paid leave, lower blood

donation volumes and gifts after donation. Based on interaction analyses, experi-

enced and inexperienced donors exhibited similar preferences.
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Conclusion: Campaigns to increase voluntary blood donation rates in China should

consider implementing paid leave after voluntary blood donation, lower blood dona-

tion volumes and small gifts conferred after donation.

Keywords
altruism, Asia, blood donor, incentives, stated preferences

Highlights
• Due partly to an ageing population, China faces an increasingly dire blood shortage crisis,

requiring greater voluntary blood donations.

• Results from this nationwide discrete choice experiment study indicate that small souvenir

gifts, lower volumes of donated blood and paid leave for donors may be effective means of

increasing voluntary blood donation rates in China.

• Pilot studies are needed to assess the efficacy and feasibility of implementing such interven-

tions in real-world contexts.

INTRODUCTION

Blood donation practices in China have undergone major changes

over the past 30 years. Up until the 1990s, commercial procurement

of blood donation was relatively common [1–5], and nosocomial

blood-borne disease infections were a serious public health challenge

[1, 2, 4]. In response, the government passed the Law of the People’s

Republic of China on Blood donation in 1998, which prohibited paid

blood donation [3, 4, 6] and promoted the establishment of related

policies and public services [7]. The number of voluntary blood donors

and the volume of blood donated nationwide achieved sustained

growth for more than 20 years, with the rate of blood donation per

1000 people rising from 4.8 in 1998 to 11.5 in 2022. The total volume

of blood donated in 2022 was 27.6 million units, with an average

annual growth rate of 14.5% [8, 9], and the number of blood donors

in 2022 exceeded 16 million, with an average annual growth rate of

the number of blood donors of 16.3 percent [8, 9]. To date, approxi-

mately 453 blood stations have been constructed nationwide [9], and

the level of blood security has greatly improved [10–16].

Despite progress in increasing voluntary nonremunerated blood

donation, there remain serious challenges in maintaining an adequate

blood supply in China. As China’s population rapidly ages, current levels

of voluntary blood donation will not be able to meet the rising demand

in the future [6, 8–10]; the proportion of children (0–14) has dropped

from 22.9% in 2000 to 17.95% in 2020, but the proportion of the senior

population (over 65 years old) has increased from 7% to 13.5% in 2020

[17, 18]. According to forecasts from the United Nations, the share of

the elderly population in China will increase to 48.3% by the year 2080

[12–14]. When the population ageing process intensifies, the ageing

population will be less eligible to donate blood yet will require more

blood transfusion due to higher incidence of disease afflictions and the

need for more frequent medical procedures [19–21]. Generally, individ-

uals over 55 years old are prohibited from donating blood in China,

although in some areas, individuals over 55 may be able to donate blood

if special medical exemptions are approved [22]. Hence, the demand for

blood resources will increase due to the ageing problem.

Given the widening gap between blood supply and demand in

China, it will be imperative to motivate people to donate blood volun-

tarily [6, 14, 15]. Understanding the role of non-monetary incentives

may help inform the development of more effective blood donation

policies [21, 23, 24]. In addition to individual motivators and beliefs

about blood donation (e.g., wanting to help others, fear of health risks

associated with blood donation) [16, 25], factors related to blood

donation policies and services also appear to impact willingness to

voluntarily donate blood. Such factors can include donation location,

attitudes of venue staff and technical skills of the phlebotomists [14].

There is a large debate on the function of extrinsic incentives to

motivate pro-social behaviours. Based on habit formation in behaviour

and standard economic theory, extrinsic incentives can influence peo-

ple’s motivation positively. Research suggests that extrinsic incentives,

especially economic incentives, such as cash and paid leave, inspire

people to donate blood [21, 23, 26, 27]. However, other research indi-

cates that extrinsic incentives would discourage people from donating

because doing so would undermine intrinsic motivations [28, 29]. In

China, financial rewards for donating blood are illegal [3, 30], and pro-

viding paid leave is recommended by local regulations [22, 31–35].

There have been claims that gifts are deemed more important than

non-monetary incentives such as travel time [12], but there has been

scanty empirical evidence about the influence of gifts and paid leave

on blood donation preferences in China.

Discrete choice experiments

Discrete Choice Experiments (DCE) are an approach often used to

elucidate individual health preferences [36–39]. The DCE presents

competing hypothetical scenarios of a product or service and asks

participants to state their preferred scenario. Health preference utili-

ties and the relative importance of attributes and levels of a scenario

can then be estimated quantitatively [37, 39]. DCE results can then

shed light on which policy interventions will be most likely to resonate

with the target population.
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In response to the urgent need for increased voluntary blood dona-

tion in China and the aforementioned concerns, we conducted a nation-

wide DCE to elucidate voluntary blood donation preferences in China.

METHOD

The DCE consisted of three stages: (1) Identification of blood dona-

tion attributes and levels, (2) DCE and questionnaire design and

(3) Implementation of DCE.

Determination of attributes and levels

DCE attributes and levels were determined by literature reviews and

conducting 11 qualitative interviews (5 males and 6 females, 18–

60 years old) that focused on the factors influencing people’s deci-

sions to voluntarily donate blood. Keywords used in the literature

search are enumerated in the Supporting Information (S2). Then, we

recruited qualitative interview participants from a separate larger

national survey of blood donation. Qualitative interviewees were

asked to discuss their donation experience, the causes of their

F I GU R E 1 Attributes and levels of the discrete choice experiment.
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willingness or unwillingness to donate and to comment on attributes

of blood donation service institutions. Qualitative interview partici-

pants received a cell phone credit worth 100 RMB (�17 USD). Quali-

tative interviews were recorded, transcribed and analysed

thematically [40]. Illustrative quotes from the qualitative interviews

are presented in the Supporting Information (S4). Based on our litera-

ture review and qualitative interviews, we finalized six attributes and

16 associated levels for the DCE (Figure 1).

DCE design

A d-efficient design matrix with 36 different choice sets across nine

blocks was developed with NGENE [21, 41]. There were four differ-

ent choice sets in each of the nine blocks, and each participant was

randomly assigned to a block by the online survey platform. Study

participants were required to complete four choice sets, and in each

choice set, they were instructed to choose from three options: two

voluntary blood donation scenarios (options A and B) and the ‘Do

not donate blood’ option. Previous studies have found that the

format of the presentation in the choice experiment has an impact

on the result of the choice [42–44]. To increase the cognitive under-

standing of the attribute levels, attribute levels were presented with

both text and a representative image [44]. An example of a choice

set is shown in Figure 2. The number of choice sets assigned to each

participant was partly determined by consideration of potential sur-

vey fatigue.

DCE implementation

The DCE survey was conducted in August 2022. Eligibility criteria

were being over 18 years old and currently residing in mainland

China. Participants were recruited by an established online survey

company Sojump (a Chinese platform for conducting surveys). Sojump

draws from a pool of over 10 million respondents and is a popular par-

ticipant recruitment platform used by Chinese social science

researchers [45]. To estimate the required sample size, we used the

following equation, as has been recommended and used in previ-

ous DCEs:

F I GU R E 2 Example of a choice set.
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nta
c

≥500,

where n is the sample size, t is the number of choice sets completed

by each participant, a is the number of alternatives per task and c is

the product of the two attributes with the largest numbers of

levels [46]. Using this equation and based on the parameters of the

DCE study design, we determined that the minimum sample size

should be 375.

Statistical analysis

Data analysis proceeded in two stages. Multinomial logit (MNL) and

mixed logit (MXL) models were used in the first stage. Mixed logit

models account for normal distributions of preference heterogeneity

between respondents [38, 39, 47]. The second stage used a MXL with

interaction terms (MXL-I). Interaction terms were based on whether

the participant had ever donated blood before. Interaction models

were also used to estimate attribute relative importance by age, gen-

der and income. All analyses were conducted in R with the mlogit

package and 1000 Halton draws [47]. The relative importance of each

attribute was calculated by dividing its parameter estimate range by

the sum of parameter estimate ranges for all attributes， excluding

the influence of the opt-out selection and error terms [38, 48]. Confi-

dence intervals for attribute relative importance were calculated by

deriving the standard error of each attribute’s range given the vari-

ance and covariance of its levels, using the following formula:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Variance of Level Að Þþ Variance of Level Bð Þþ 2�Covariance between LevelsAandBð Þ½ �:
p

T AB L E 1 Participant sociodemographics (n = 1185).

Total n (%) Ever donated blood (%) Never donated blood (%) p-Value General adult population (%)

n 1185 668 517

Age

18–25 years 345 (29) 35 24 0.5 9.3

25–30 years 357 (30) 26 33 8.3

Over 30 years 483 (41) 38 43 82.4

Sex groups

Male 505 (43) 46.6 37.5 0.4 51.1

Female 680 (57) 53.4 62.5 48.9

Education

Middle school and below 36 (3) 1.6 4.9 0.8 62.3

High school 62 (5) 4.3 6.5 16.4

College and above 1087 (92) 94.1 88.6 19.3

Region

Northeast 60 (5) 4.8 5.4 0.3 7

Eastern China 398 (34) 40.1 23.3 30

North China 187 (16) 15.7 15.9 12

Central China 162 (14) 9.2 20.7 15.9

Southern China 215 (18) 16.1 21.4 13.2

Southwest 115 (10) 9.8 9.6 14.6

Northwest 48 (4) 4.3 3.7 7.3

Marital status

Married 738 (62) 69.6 52.8 0.8 72.7

Single 433 (37) 29.5 45.6 19.2

Divorced 10 (1) 0.6 1.2 2.4

Widowed 4 (0) 0.3 0.4 5.7

Income USD/month

<419 243 (21) 14.7 28.0 0.7 83.6

419–1117 501 (42) 42.4 42.2 18

1117–2093 338 (29) 34.0 21.5 2.1

2093–2791 73 (6) 7.5 4.4 0.28

>2791 30 (3) 1.5 3.9 0.05

432 CAO ET AL.
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The significance of differences in relative importance was deter-

mined by non-overlap of confidence intervals. Additional background

information about DCE modelling is presented in the Supporting

Information (S7).

Ethics approval

The study protocol was approved by the Ethics review committee of

Xi’an Jiaotong-Liverpool University. (No.: ER-SCI-001000005932022

0413123309).

Consent to participate

Consent to participate was obtained from all study participants.

RESULTS

In August 2022, 1204 individuals clicked the survey link. Nineteen were

excluded because they were not living in mainland China or were less

than 18 years old. Despite the general age limitation of voluntary blood

donation, people over 55 years old were enrolled in the study because

of the possibility of obtaining exemptions [22]. Therefore, there was a

total of 1185 valid participants who completed 4740 choice set tasks.

Participants’ characteristics

Participants’ characteristics are shown in Table 1. Generally, the par-

ticipants were young (more than half are below 30 years old), with at

least college-level education (92%), and married (62%). Overall, 56.4%

of the sample had previously donated blood, and 2.1% of participants

were over 55 years old. There were no significant sociodemographic

differences by blood donation history.

MNL model

Table 2 displays participants’ blood donation preferences based on

the MNL analysis. Findings indicated preferences for paid leave, small

gifts, lower travel time and lower blood donation volumes.

MXL model

Table 3 shows the outcome of the MXL analysis. Again, results indi-

cated a greater preference for preferences for paid leave, small gifts,

lower travel time and lower blood donation volumes. According to

Table 3, each attribute included more than one level with a statisti-

cally significant standard deviation of coefficients, implying the het-

erogeneity of preferences for all attributes [38, 48, 49].

MXL-I model

Table 4 shows the result of the MXL-I model. This model extends

the MXL model by crossing all levels with the interaction term, ever

donated blood. Results indicated that previous donors have a

stronger preference for the blood station venue, compared with

those who have never donated before. As expected, participants

who had ever donated, were less likely to choose the do not donate

option. Scaled blood donation preferences by donation history are

presented in Figure 3, with larger values implying stronger

preference.

Relative importance by sociodemographics

Tables in Supporting Information S8 present blood donation prefer-

ences across various levels of income, age, gender and donation

history.

T AB L E 2 Blood donation preferences in China (MNL model).

Attributes and levels Coefficient SE
Odds ratio
(95% CI)

Travel time

10 min 0.152*** 0.027 1.16 (1.10–1.23)

20 min �0.037 0.028 0.96 (0.91–1.02)

30 min �0.115*** 0.031 0.89 (0.84–0.95)

Donation place

Blood station �0.020 0.027 0.98 (0.93–1.03)

Remote blood

donation vehicle

�0.019 0.027 0.98 (0.93–1.03)

Hospital 0.039 0.031 1.04 (0.98–1.10)

Blood donation volume

200 mL 0.231*** 0.028 1.26 (1.19–1.33)

300 mL 0.000 0.028 1.00 (0.95–1.06)

400 mL �0.231*** 0.031 0.79 (0.75–0.84)

Paid leave

No paid leave �0.750*** 0.030 0.47 (0.45–0.50)

Half day 0.207*** 0.027 1.23 (1.17–1.30)

1 day 0.543*** 0.030 1.72 (1.62–1.83)

Scheduling

Walk-in 0.035* 0.017 1.04 (1.00–1.07)

Appointment

necessary

�0.035* 0.017 0.97 (0.93–1.00)

Gift after donation

Have gift 0.246*** 0.018 1.28 (1.23–1.32)

No gift �0.246*** 0.018 0.78 (0.75–0.81)

Non-random parameter

Opt-out ASC �0.705*** 0.025

Abbreviations: ASC, alternative-specific constant; CI, confidence interval;

MNL, multinomial logit; SE, standard error.

*p < 0.05; ***p < 0.001.
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The relative importance of each attribute was similar across all

three age categories. However, blood donation volume was signifi-

cantly more important to females than males (20.5% vs. 14.5%). In

addition, travel time was more important for highest income respon-

dents versus lowest income respondents (12.7% vs. 6.9%).

DISCUSSION

Results from this online nationwide DCE revealed several key findings

about voluntary blood donation preferences among experienced and

inexperienced donors in China. To the best of our knowledge, the pre-

sent study is the first in China to examine blood donation preferences

among inexperienced blood donors.

First, paid leave was by far the most important blood donation ser-

vice attribute among the attributes that we assessed. These results are

consistent with research from Germany and the United States, which

also indicate that paid leave is of great importance to donors [21]. There

are several possible reasons for the large relative importance of paid

leave. First, according to Chinese traditional medicine, losing blood could

disturb the balance of your body and weaken energy [16]. Therefore,

Chinese citizens may prefer to rest after ‘losing energy’. Even those who

do not subscribe to traditional Chinese medicine’s principles may have

serious concerns about blood donation causing anaemia and physical

weakness, which may interfere with work performance [16]. Such con-

cerns also appear supported by participants’ relatively strong preference

for donating smaller volumes of blood. In addition, previous studies with

inexperienced donors have shown that fear of adverse health conse-

quences is a major reason for not donating [25]. Second, paid leave to

donate blood can also be viewed as an authorized respite from work,

which some employees may welcome. The blood donation process for a

single donor is unlikely to require a half or full working day, and the

remaining time of paid leave could be used for other personal business

or leisure. However, employment organizations may have limited incen-

tives to provide paid time off to rest from blood donations, so creative

policies may be needed. Local legislative action may be an effective

means of encouraging paid leave for blood donation. For example, by

the end of 2023, six provincial-level administrative regions (Hainan, Inner

Mongolia, Sichuan, Guizhou, Yunnan and Qinghai) had enacted legisla-

tion to establish 1–3 days of days off for blood donation [22, 31–35].

T AB L E 3 Blood donation preference in China (MXL model).

Attributes and levels Coefficient SE StdD StdDSE Odds ratio (95% CI)

Travel time

10 min 0.254*** 0.043 0.303* 0.152 1.29 (1.18–1.40)

20 min �0.060 0.042 0.001 1.432 0.94 (0.87–1.02)

30 min �0.193*** 0.080 0.006 1.42 0.82 (0.70–0.96)

Donation place

Blood station �0.035 0.041 0.400*** 0.121 0.97 (0.89–1.05)

Remote blood donation vehicle �0.007 0.040 0.185 0.214 0.99 (0.92–1.07)

Hospital 0.042 0.075 0.280* 0.130 1.04 (0.90–1.21)

Blood donation volume

200 mL 0.381*** 0.049 0.561*** 0.107 1.46 (1.33–1.61)

300 mL �0.007 0.041 �0.153 0.296 0.99 (0.92–1.08)

400 mL �0.374*** 0.092 0.110 0.322 0.69 (0.57–0.82)

Paid leave

No paid leave �1.202*** 0.094 0.976*** 0.106 0.30 (0.25–0.36)

Half day 0.336*** 0.045 0.002 0.965 1.40 (1.28–1.53)

1 day 0.866*** 0.134 0.250 0.157 2.38 (1.83–3.09)

Scheduling

Walk-in 0.048* 0.026 0.378*** 0.082 1.05 (1.00–1.10)

Appointment necessary �0.048* 0.026 0.354*** 0.074 0.95 (0.91–1.00)

Gift after donation

Have gift 0.362*** 0.036 0.382*** 0.082 1.44 (1.34–1.54)

No gift �0.362*** 0.036 0.302*** 0.083 0.70 (0.65–0.75)

Nonrandom parameter

Opt-out ASC �0.588*** 0.031

Abbreviations: ASC, alternative-specific constant; CI, confidence interval; MXL, mixed logit; SE, standard error; StdD, standard deviation; StdDSE, standard

error of the standard deviation.

*p < 0.05; ***p < 0.001.
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Second, similar to previous research among active donors in

China [12], findings from the present study indicated that small token

gifts (e.g., mugs) were important to experienced and inexperienced

donors alike. Small token gifts such as mugs may have limited mone-

tary value but may effectively demonstrate gratitude to the donor.

Moreover, such gifts that conspicuously acknowledge voluntary

T AB L E 4 Blood donation preferences in China (MXL-I model).

Attributes and levels Coefficient SE StdD SE

Travel time

10 min 0.194** 0.06 0.288 0.16

20 min �0.023 0.063 0.001 1.455

30 min �0.171** 0.062 0.007 1.401

Donation place

Blood station �0.129* 0.062 0.377** 0.128

Remote blood donation vehicle 0.012 0.059 0.212 0.191

Hospital 0.117 0.061 0.292* 0.128

Blood donation volume

200 mL 0.374*** 0.066 0.563*** 0.107

300 mL �0.074 0.061 �0.137 0.329

400 mL �0.300*** 0.066 0.043 0.728

Paid leave

No paid leave �1.267*** 0.105 0.983*** 0.106

Half day 0.376*** 0.062 0 0.978

1 day 0.891*** 0.083 0.260 0.154

Scheduling

Walk-in 0.039 0.039 0.378*** 0.082

Appointment necessary �0.039 0.023 0.357*** 0.075

Gift after donation

Have gift 0.372*** 0.046 0.383*** 0.082

No gift �0.372*** 0.032 0.303*** 0.084

Nonrandom parameter

Opt-out ASC �0.306*** 0.038

Interaction terms

Ever donated blood � 10 min 0.111 0.08

Ever donated blood � 20 min �0.063 0.084

Ever donated blood � 30 min �0.048 0.082

Ever donated blood � blood station 0.168* 0.083

Ever donated blood � remote blood donation vehicle �0.035 0.08

Ever donated blood � hospital �0.132 0.082

Ever donated blood � 200 mL 0.016 0.081

Ever donated blood � 300 mL 0.111 0.082

Ever donated blood � 400 mL �0.127 0.083

Ever donated blood � no paid leave 0.103 0.089

Ever donated blood � half day �0.065 0.078

Ever donated blood � 1 day �0.037 0.082

Ever donated blood � walk-in 0.02 0.052

Ever donated blood � appointment necessary �0.02 0.052

Ever donated blood � have gift �0.012 0.053

Ever donated blood � no gift 0.012 0.053

Ever donated blood � opt-out �0.622*** 0.055

Abbreviations: ASC, alternative-specific constant; MXL-I, mixed logit with interaction terms; SE, standard error; StdD, standard deviation.

*p < 0.05; **p < 0.01; ***p < 0.001.
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donors for their voluntary blood donation may be perceived as a virtu-

ous honour that can even enhance one’s moral status and sense of

virtue [16, 50]. In addition, gifts that have blood donation iconography

can help evoke one’s ‘warm glow’ feeling associated with donating,

strengthen blood donor identity and confer an altruistic social status

often linked to blood donation [51]. It is worth noting that the utility

gained from providing a gift approximated the utility gained by reduc-

ing the blood donation volume from 400 to 200 mL.

Third, we observed that blood donation preferences for experi-

enced and inexperienced donors were remarkably similar, except for a

slight difference in preference for donation venue. Among experi-

enced donors, blood donation stations were their favourite place to

donate, but this was the least preferred venue for inexperienced

donors. Inexperienced donors have never donated at a blood station

and therefore may be warier of such unfamiliar venues. These inexpe-

rienced donors may prioritize safety and view hospitals as compara-

tively more familiar and hence more trustworthy. Experienced donors

who donated at a blood donation centre may have experienced first-

hand the advantages of blood donation stations over hospitals, such

as shorter waiting periods [52–54].

There are several study limitations to be noted. First, the general-

izability of the study results is limited because 92% of the study par-

ticipants were college-educated, compared with only 19.34% of the

adult national population [55]. Individuals with lower educational

attainment may have different voluntary blood donation service pref-

erences. Second, study participants were recruited from an online

panel that may not reflect the preferences of individuals who are not

online or not enrolled in Internet survey panels. Third, this DCE study

was able to quantify blood donation preferences, but it is unclear how

well such preferences can predict actual donation behaviour. Finally,

the ‘small gift’ attribute level was accompanied by a photo of a

ceramic cup featuring a heart logo. The use of different logos or

photos for the small gift attribute may have elicited substantially dif-

ferent preference utilities for this level.

In conclusion, augmenting voluntary blood donation rates will

be critical to addressing future blood shortages in China. Aligning

blood donation policies with potential donor preferences may

increase voluntary donation rates. Results from this nationwide

DCE indicated that paid leave, small gifts and small blood donation

volumes may increase donation rates in China, among inexperi-

enced and experienced donors alike. Future studies should con-

sider quantifying the impacts of these policies on blood donation

behaviour.
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Abstract

Background and Objectives: Platelet storage lesion (PSL) adversely affects the quality

of platelet concentrates (PCs). Platelets are prone to activation during storage. More-

over, elevated free mitochondrial DNA (mtDNA) levels in PCs are associated with a

higher risk of adverse transfusion reactions. Therefore, we aimed to evaluate the corre-

lation between platelet activation markers and mtDNA release during PC storage.

Materials and Methods: Six PCs prepared by the platelet-rich plasma method were

assessed for free mtDNA copy number using quantitative real-time PCR and CD62P

(P-selectin) expression by flow cytometry on days 0 (PC collection day), 3, 5 and 7 of

storage. Lactate dehydrogenase (LDH) activity, pH, platelet count, mean platelet vol-

ume (MPV) and platelet distribution width (PDW) were measured as well. The corre-

lation between free mtDNA and other PSL parameters, and the correlation between

all parameters, was determined.

Results: Significant increases in free mtDNA, MPV and PDW, and a significant

decrease in platelet count and pH were observed. CD62P expression and LDH activ-

ity elevated significantly, particularly on storage days 5–7 and 0–3, respectively.

Moreover, a moderate positive correlation (r = 0.61) was observed between free

mtDNA and CD62P expression. The r values between free mtDNA and LDH, pH,

platelet count, MPV and PDW were 0.81, �0.72, �0.49, 0.81 and 0.77, respectively.

Conclusion: The interplay between platelet activation and mtDNA release in promoting

PSL in PCs may serve as a promising target for future research on applying additive solu-

tions and evaluating the quality of PCs to improve transfusion and clinical outcomes.

Keywords
mitochondrial DNA, platelet activation, platelet concentrate, platelet storage lesion, transfusion reaction

Highlights
• Platelet activation and platelet mitochondrial dysfunction occur during the development of

platelet storage lesion (PSL).

• We found that an interplay between platelet activation and mitochondrial DNA release from

platelets promotes the development of PSL.

• Mitigating this interplay may improve the quality and safety of platelet concentrates.
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INTRODUCTION

Platelet concentrate (PC) transfusion plays a key role in the manage-

ment of thrombocytopenic patients. However, during the preparation

and storage of PCs, platelets undergo a number of functional and

structural alterations, resulting in the development of platelet storage

lesion (PSL). These changes adversely affect the shelf life, efficacy and

safety of PCs, which are associated with poor transfusion and clinical

outcomes [1].

During the storage of PCs, changes in platelet membrane proteins

play a role in post-transfusion clearance through various mechanisms.

Stored platelets are prone to activation over time, as determined by

increased P-selectin (CD62P) expression on their surface [2]. CD62P

expression on stored platelets is associated with fast clearance of

transfused platelets from circulation by the reticuloendothelial sys-

tem [3]. Therefore, the expression of CD62P on stored platelets is

correlated with reduced in vivo recovery and survival upon transfu-

sion [4, 5]. Moreover, CD62P accumulation in apheresis PCs has been

shown to be involved in mediating transfusion-related acute lung

injury (TRALI) [6].

PCs with increased levels of free mitochondrial DNA (mtDNA)

are associated with a higher risk of adverse transfusion reactions

(ATRs) [7, 8]. As a result of platelet activation during PC storage, plate-

let mitochondria are released into the extracellular milieu [8, 9]. The

released mitochondria exist both as free organelles and encapsulated

within microparticles. Mitochondria serve as endogenous substrates

of bactericidal secreted phospholipase A2 IIA (sPLA2-IIA), which yields

pro-inflammatory mediators, such as mtDNA after hydrolysis of mito-

chondrial phospholipids [10, 11]. Free mtDNA contains CpG and for-

mylated peptides, which provoke inflammatory responses through

Toll-like receptor 9 (TLR9) and formyl peptide receptors, respec-

tively [12]. Accordingly, the elevated levels of mtDNA in blood prod-

ucts are associated with a higher risk of non-haemolytic transfusion

reactions, acute respiratory distress syndrome and TRALI following

transfusion [7, 10, 13, 14].

We have previously shown that adding resveratrol, an antioxidant

polyphenol, to PCs reduced free mtDNA and maintained biochemical

parameters in PCs, possibly by decreasing platelet activation [15].

Additionally, another investigation conducted by our team revealed

elevated reactive oxygen species (ROS) production during the storage

of PCs [16, 17]. Therefore, we thought it would be valuable to investi-

gate the correlation between platelet activation markers and free

mtDNA in PCs during the 7-day storage period.

MATERIALS AND METHODS

Preparation of PCs

Six units of PCs were randomly obtained from healthy volunteer

donors who signed the consent form at the Iranian Blood Transfusion

Organization (IBTO). The study was approved by the Research Ethics

Committee of the High Institute for Research and Education in Trans-

fusion Medicine under the approval code IR.TMI.REC.1398.027. PCs

were prepared by the platelet-rich plasma (PRP) method from whole

blood preserved with citrate phosphate dextrose adenine (CPDA1).

Each platelet bag (Macopharma, France) contained 50–60 mL PCs

with platelet counts above 1 � 103/μL and was stored at 22 ± 2�C in

the platelet incubator with gentle agitation for 7 days. On days

0 (PC collection day), 3, 5 and 7 of storage, the study parameters were

assessed.

Measuring the haematological parameters

PC samples were subjected to a calibrated cell counter (Sysmex

K-1000, Kobe-Japan) on days 0, 3, 5 and 7 of storage to measure

platelet count, mean platelet volume (MPV) and platelet distribution

width (PDW).

Measuring the biochemical parameters

To evaluate the lactate dehydrogenase (LDH) enzyme activity of PC

samples, an LDH activity assay kit (Randox, UK) based on colorimetric

methods was used on days 0, 3, 5 and 7 of storage. For this purpose,

0.5 mL of samples were centrifuged at 2000g for 5 min and 0.2 mL of

the supernatant was transferred to a Chemistry Analyzer (Hitachi

911, Japan).

Also, the pH value was assessed using a calibrated pH meter

(Metrohm, Switzerland) on days 0 and 7 of PC storage.

Flow cytometric analysis of platelet activation

CD62P expression was evaluated by incubating platelets re-

suspended in Tyrode buffer at a density of 5 � 107/mL with FITC-

labelled anti-CD62P (BD, USA) for 30 min at room temperature in the

dark. To ensure the accuracy of the test, activated platelets with

0.2 unit/mL thrombin (Sigma-Aldrich) were prepared as a positive

control sample. Determining possible non-specific bindings was per-

formed by FITC-conjugated Isotype control antibody. After incuba-

tion, samples were fixed with paraformaldehyde 1% before being

analysed by flow cytometry (Sysmex Partec) with the FlowMax soft-

ware. Moreover, the platelet population of each PC sample was iden-

tified by labelling platelets with anti-CD41-FITC (Dako-Denmark) for

30 min. The staining of platelets for CD62P and CD41 was performed

in separate tubes.

Free mtDNA quantification

Preparing PC supernatant

A two-step centrifugation protocol was performed on samples at

1600g for 10 min and 13,000g for 10 min to obtain platelet-free

supernatants. The obtained supernatants were stored frozen until

testing.
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DNA extraction

DNA extraction was carried out from 200 μL of PC supernatant using

the QIAamp DNA Blood Mini Kit (Germany) according to the manu-

facturer’s protocol.

Free mtDNA measurement

The quantity of free mtDNA in each PC was calculated as copy num-

bers by absolute quantification qPCR (Rotor-gene Q, Qiagen) with

SYBR Green PCR master mix (Jena Bioscience). The quantitative real-

time PCR was performed in duplicate to account for variations in sam-

pling and software. The real-time PCR conditions included 95�C for

2 min (one cycle), 95�C for 15 s and 60�C for 35 s (40 cycles). A melt-

ing curve analysis was also performed between 70 and 94�C. Human

mtDNA-specific primer sequences for the target gene NADH dehy-

drogenase 6 (ND6) were as follows: forward CCATCGCTGTAGTATC-

CAA and reverse TCGGGTGTGTTATTATTCTGA. Nuclear DNA

(ncDNA) specific primers (B2MF TGTTCCTGCTGGGTAGCTCT,

B2MR CCTCCATGATGCTGCTTACA) were used as the reference

gene. To calculate free mtDNA copy numbers and evaluate the effi-

ciency of the amplification, a serial dilution of the target gene was

made using a mtDNA-positive control sample. To do so, hydrogen

peroxide (H2O2) was added to a platelet suspension to induce oxida-

tive damage. The standard curve of ND6 was subsequently prepared

by serial dilutions. Real-time PCR with efficiency = 1.09, curve

slope = �3.131 and R2 = 0.922 was used for PC samples [18].

Testing the bacterial contamination

1 mL of sample from each PC was added to 10 mL of thioglycolate

medium on days 0 and 7 of storage to test the bacterial contamination.

The turbidity was checked during the 7 days of incubation at 37�C.

Statistical analysis

Values are shown as mean ± SEM. The data normality test was per-

formed using the Shapiro–Wilk test. To study the effect of storage time

on the parameters, parametric data were analysed using one-way

repeated measure analysis of variance (ANOVA) followed by Tukey’s

multiple comparisons test. The non-parametric data were analysed using

the Friedman test followed by Dunn’s multiple comparison. For pH, a

paired t-test was performed. We assessed the correlation between free

mtDNA and other PSL parameters and then between all parameters by

Spearman’s test using GraphPad Prism 9 software (GraphPad Prism

Software, Inc., San Diego, CA, USA). An r ≤ 0.1 is indicated as no corre-

lation, r >0.1 to <0.5 is indicated as a weak correlation, r ≥0.5 to <0.8 is

indicated as a good correlation and r ≥0.8 is indicated as a very good

correlation. p-Value<0.05 is considered statistically significant.

RESULTS

The negative impact of storage time on PSL
parameters

To assess the effect of storage time on PSL parameters, several

in vitro parameters were measured on days 0, 3, 5 and 7 of PC stor-

age. According to the one-way repeated measure ANOVA analysis, a

significant decrease in platelet count was observed throughout stor-

age with a mean of 1177 ± 145 � 103/μL on the first day (Figure 1a).

Additionally, the MPV value displayed a significant increase during

storage, which was considerable at the end of the storage time

(Figure 1b). PDW, as well as MPV, showed a significant increase for

stored PCs (Figure 1c).

There was a significant increase in LDH enzyme activity during

storage, which was sharper on storage days 0–3 (41.7% increase)

based on Tukey’s multiple comparisons analysis (Figure 1d). Also, the

mean pH of stored PCs on the last day was 6.54 ± 0.15, significantly

lower than day 0 (Figure 1e).

Surface CD62P expression was assessed using the flow cytome-

try test as a marker of platelet activation. This marker elevated signifi-

cantly and reached its highest level of 43.85 ± 3.03% on day 7 of

storage. Moreover, the CD62P increment on storage days 5–7 was

sharper than the others (34.37% increase) (Figure 1f). Thrombin-

induced platelet activation as a positive control sample gave 86.07%

CD62P expression on platelets, and the mean CD41 expression on

day 0 of storage was 93.57 ± 1.5% for the platelet population

(Data S1).

We used SYBR green dye-based quantitative real-time PCR to

determine free mtDNA copy number changes over time in PCs.

According to the statistical analyses, a significant increase in free

mtDNA was observed in samples during storage. The mean free

mtDNA copy numbers were 2.84 � 107 ± 1.1 � 107 molecules/μL on

the first day of storage. Interestingly, a rise of 190.27% (approximately

a threefold increase) in mtDNA release was observed on day 3 of PC

storage. However, it was not statistically significant, and only the

results on days 0 and 7 of storage were statistically different

(Figure 1g).

Free mtDNA correlates significantly with other PSL
parameters

According to Spearman’s correlations between free mtDNA and other

PSL parameters (Figure 2), a good correlation (r = 0.61, p = 0.001)

was observed between free mtDNA and CD62P expression as a

marker of platelet activation. Also, a very good correlation with an r of

0.81 was analysed between free mtDNA and LDH and between free

mtDNA and MPV. We observed a good correlation of free mtDNA

with pH and PDW with r values of �0.72 and 0.77, respectively. A

weak inverse relationship was also demonstrated between free

mtDNA and platelet count (r = �0.49, p = 0.01).
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The correlation between all parameters

We further investigated the associations between all parameters

by calculating the correlation coefficient (Figure 3). CD62P was

negatively and significantly correlated with pH (r = �0.9,

p < 0.0001), but had no association with platelet count

(r = �0.04, p = 0.86). A good correlation was observed between

CD62P and LDH (r = 0.74, p < 0.0001). CD62P was also

F I GU R E 1 Changes in research parameters of platelet concentrates stored for up to 7 days. Results are expressed as mean ± SEM. Statistical
analysis was performed using one-way analysis of variance (a, d, f), Friedman test (b, c, g) or paired t-test (e). LDH, lactate dehydrogenase; MPV,
mean platelet volume; mtDNA, mitochondrial DNA; PDW, platelet distribution width; PLT, platelet count.
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positively correlated with MPV and PDW (r = 0.44, p = 0.03)

(r = 0.5, p = 0.01).

LDH demonstrated a good positive association with MPV and

PDW (r = 0.7, p = 0.0001) (r = 0.79, p < 0.0001) and an inverse cor-

relation with pH (r = �0.77, p = 0.003). The negative correlation of

LDH with platelet count was insignificant (r = �0.17, p = 0.42). The

pH revealed no significant association with MPV, PDW and platelet

count (r = �0.5, p = 0.1) (r = �0.57, p = 0.06) (r = 0.1, p = 0.76).

Platelet count was inversely and significantly correlated with MPV

and PDW (r = �0.58, p = 0.003) (r = �0.57, p = 0.004). Furthermore,

MPV and PDW displayed a strong positive association with each

other (r = 0.92, p < 0.0001).

Results of the bacterial culture

Bacterial screening tests were negative for all PCs.

DISCUSSION

This study aimed to investigate the correlation between free mtDNA

and other PSL parameters, as well as evaluate the impact of storage

time on these parameters. A significant increase in both CD62P

expression and free mtDNA was observed during 7 days of PC stor-

age. The increase in free mtDNA is consistent with our previous study

on PCs stored for 7 days and the results of Chen et al. on apheresis

PCs during 7 days of storage [15, 19]. However, some studies show

continuous mtDNA release in the initial days of storage, followed by a

decline on the last day, possibly attributed to the degradation of

mtDNA during storage [8, 16].

CD62P expression and free mtDNA were positively correlated

with each other (r = 0.61). This is consistent with a previous study

demonstrating that platelet activation upon stimulation with thrombin

F I GU R E 2 Correlation between free mtDNA and other platelet storage lesion parameters during 7 days of platelet storage. In each graph,
n = 24, except for (c), where n = 12. CD62P, CD62P expression; LDH, lactate dehydrogenase enzyme activity; MPV, mean platelet volume;
mtDNA, free mitochondrial DNA copy number (molecules/μL); PDW, platelet distribution width; PLT, platelet count.

F I GU R E 3 Heat map of the Spearman correlation (r) between
research parameters. Red and blue squares indicate negative and
positive correlations, respectively. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001. CD62P, CD62P expression; LDH, lactate

dehydrogenase enzyme activity; MPV, mean platelet volume; mtDNA,
free mtDNA copy number (molecules/μL); PDW, platelet distribution
width; PLT, platelet count.
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leads to mtDNA release and TLR9 expression on platelets. The

released mtDNA further activates platelets via TLR9 [20]. It has also

been reported that the released mtDNA from activated platelets trig-

gers further platelet activation through interaction with DC-SIGN, a

platelet surface molecule [21]. Another study demonstrated a strong

correlation between platelet activation, assessed by MPV/platelet

count ratio, and free mtDNA using blood samples of patients during

cardiopulmonary bypass (r = 0.68). Consequently, the study sug-

gested that platelet activation likely contributes to inflammation fol-

lowing cardiopulmonary bypass by increasing mtDNA release [22].

This association can be justified by mechanisms involved in platelet

activation. Multiple studies have demonstrated the dual behaviour of

platelets upon activation with stimulators, such as thrombin, collagen

and H2O2, depending on their concentrations. At low concentrations,

these stimuli induce platelet activation by mitochondrial hyperpolari-

zation, leading to increased ATP and ROS generation [23]. ROS pro-

duction plays a key role in collagen-induced platelet activation

through the Protein Tyrosine Phosphatase SHP2 oxidation [24, 25].

Conversely, loss of the mitochondrial membrane potential, cyto-

chrome c release from the mitochondria, and finally platelet apoptosis

are expected at high concentrations [22, 26, 27]. Hence, the regula-

tion of platelet activation by mitochondria is not limited to supplying

energy.

Our study identified a good positive correlation of LDH enzyme

activity with mtDNA release and platelet activation with a significant

upward trend during storage. The increase in LDH in PCs indicates

platelet lysis and membrane disintegration [28]. Moreover, platelet acti-

vation and adhesion are followed by discharge of granular and cytosolic

contents, such as LDH [29, 30]. Therefore, this correlation may highlight

the possibility that platelet activation and subsequent platelet mem-

brane disintegration are involved in mtDNA release into the PC milieu.

We observed a strong inverse correlation between pH and plate-

let activation (r = �0.9, p < 0.0001), consistent with a study that

found a similar correlation in PCs (r = �0.85) [31]. In compliance with

other investigations, we observed that CD62P expression reached its

highest level at the end of the storage time with a pH value less than

6.5 [4, 31]. We should consider that the use of platelet additive solu-

tions (PAS) in stored platelets may influence these findings due to

their impact on the pH level [32]. Increased glycolysis during PC stor-

age results in excessive lactate production, which contributes to a loss

in bicarbonate buffering capacity and a drop in plasma pH [33]. The

acidic milieu is able to trigger platelet activation [34]. Moreover, pH

displayed a significant inverse correlation with mtDNA and LDH. As

stated earlier, platelet activation is followed by increased LDH enzyme

activity and mtDNA release.

Platelets undergo a morphological change from their discoid

shape to spheres with pseudopods upon activation, leading to

increased MPV [35]. Platelet indices, especially MPV and PDW, serve

as prognostic and diagnostic markers for platelet function and activa-

tion. Increased MPV indicates a high thrombotic potential of platelets

[36, 37]. In this study, we found that MPV and PDW show a strong

positive correlation with each other (r = 0.92), but an inverse correla-

tion with platelet count (r = �0.58). Moreover, we revealed that MPV

and PDW are significantly correlated with CD62P, mtDNA and LDH,

highlighting the association of platelet activation with mtDNA release

in promoting PSL in PCs.

A recent study has demonstrated that during platelet activation,

platelet mitochondria undergo a fission process to distribute evenly

the energy supply throughout these large platelets [38]. As the mito-

chondrial fission follows the mtDNA replication [39], it may increase

the mtDNA level in platelets during PSL. Moreover, the fission of

platelet mitochondria contributes to a shift from oxidative metabolism

to a more glycolytic metabolism [38]. A previous study has reported

that upregulation of glycolysis and reduction in oxidative phosphory-

lation result in acidification of PCs during the 3 days of storage [40].

Therefore, the fission of mitochondria due to platelet activation might

be involved in the acidic milieu of PCs during storage.

One of the limitations of this study was the small number of sam-

ples. It was not possible to obtain more samples from blood transfu-

sion centres due to their demand for platelet products. Moreover, due

to financial limitations, we could not evaluate additional parameters,

including soluble P-selectin, TLR9 and sPLA2-IIA. It is also important

to assess the transferability of this study to other settings where PCs

are derived from buffy coat or apheresis methods, as well as the

impact of different PAS.

In conclusion, we demonstrated that free mtDNA correlates with

platelet activation and other PSL parameters, and this finding may shed

light on the PSL mechanism. The tight interplay between platelet acti-

vation and mtDNA release in promoting the PSL in PCs may play a piv-

otal role in ATRs. Moreover, free mtDNA measurement could be used

as a PSL marker, but it may not be a routinely measured quality control

parameter due to its complexity and cost. Given the strong correlation

between MPV and free mtDNA, it would be easier to use MPV as the

marker for evaluating the quality of PCs. Our study suggests further

research in applying novel additive solutions that can reduce mtDNA

release or platelet activation to extend the shelf life, efficacy and safety

of PCs and improve transfusion and clinical outcomes.
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Abstract

Background and Objectives: Exclusion of blood donors with hepatitis B virus (HBV)

core antibodies (anti-HBc) prevents transfusion-transmitted HBV infection but can

lead to significant donor loss. As isolated anti-HBc positivity does not always indicate

true past HBV infection, we have investigated the effectiveness of confirmatory

anti-HBc testing and the representation of rare blood groups in anti-HBc-positive

donors.

Materials and Methods: Three hundred ninety-seven HBV surface antigen-negative

and anti-HBc initially reactive blood donor samples were tested by five different

anti-HBc assays.

Results: Eighty percentage of samples reactive in Architect anti-HBc assay were pos-

itive by the Murex assay and anti-HBc neutralization. Eleven out of 397 samples

showed discordant results in supplementary testing from the Murex confirmatory

test result, and five remained undetermined following extensive serological testing.

Thirty-eight percentage of anti-HBc-positive donors identified as minority ethnic
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groups compared with 11% representation in anti-HBc-negative donors (p < 0.0001);

the frequency of the Ro blood group in anti-HBc-positive donors was 18 times

higher in non-white ethnic groups.

Conclusion: Using two anti-HBc assays effectively enabled the identification of

HBV-exposed and potentially infectious donors, their deferral and potential clinical

follow-up. However, the exclusion of confirmed anti-HBc-positive donors will still

impact the supply of rare blood such as Ro.

Keywords
anti-HBc testing, donor re-entry, ethnic groups, HBV screening, rare blood groups

Highlights
• A hepatitis B virus (HBV) core antibodies (anti-HBc) confirmatory algorithm using two differ-

ent anti-HBc assays effectively delineates true and false reactivity; knowledge of false reac-

tivity better guides deferral and follow-up strategies.

• Anti-HBc blocking and avidity assays were used to demonstrate the high efficacy of the anti-

HBc confirmation strategy. These assays can be applied for confirmatory testing and to bet-

ter understand the natural history of HBV infection.

• The high proportion of rare blood group donors positive for anti-HBc positive means that

excluding them may impact the critical supply of rare blood. There may be a need to consider

the implications of universal anti-HBc screening further.

INTRODUCTION

Around 2 billion people worldwide have serologic evidence of current

or resolved hepatitis B virus (HBV) infection, indicated by the pres-

ence of antibodies to the hepatitis B core antigen (anti-HBc) [1] that

typically persist lifelong following infection. It is established that HBV

is transmissible by transfusion from blood donors who test negative

for HBV surface antigen (HBsAg) but positive for anti-HBc [2, 3].

Many of these HBsAg-negative donors were found to have detectable

HBV DNA and, therefore, recognized as having occult HBV infection

(OBI) [4]. However, very low levels of HBV DNA are only intermit-

tently detectable in donors’ blood [5, 6]. Given the significant associa-

tion of anti-HBc positivity with the presence of HBV DNA in the liver

and the peripheral blood [7] and hence posing a risk of HBV transmis-

sion via blood transfusion, universal screening for anti-HBc has been

implemented in many countries, including the United Kingdom [8].

However, transmission of HBV has been limited to anti-HBc-positive

donors with low levels of antibodies against the HBV surface antigen

(anti-HBs; <100 mIU/mL); hence, donors with higher anti-HBs levels

can potentially be considered safe [9].

Identification of HBsAg-negative donors with potential long-term

persistent HBV infections is further complicated by the limited speci-

ficity of anti-HBc assays used for screening, with up to 60% of initially

reactive samples remaining unconfirmed [10–13]. The existence of an

immunoglobulin M component in commercial anti-HBc total assays

inherently restricts specificity further [14]. Specificity can be improved

using robust confirmatory testing, including secondary anti-HBc

assays or neutralization tests that measure the blocking of anti-HBc

reactivity by using a soluble recombinant HBV core antigen

(rHBcAg) [15]. Other means to identify if borderline anti-HBc positiv-

ity is a result of non-specificity or low levels of circulating anti-

HBc [16] include the measurement of anti-HBc avidity, where the

strength of binding of anti-HBc antibodies is measured by an avidity

index (AI), which increases between acute and chronic HBV

infections [17].

There is particular concern that the exclusion and deferral of anti-

HBc-positive donors could negatively impact donor populations with

rare blood groups associated with the absence of high-incidence red

cell antigens. Indeed, it has been shown that most donors with OBI in

the United Kingdom were born in areas of the world where HBV

infection is endemic [18]. This is also where 55% of donors of Black

ethnicities have the Ro blood subtype, a subtype only seen in 2% of

all UK donors [19]. Rare blood phenotypes are in demand. The Ro

subtype is frequently transfused to Ro patients with sickle cell disor-

der [19] to prevent stroke and crisis. Furthermore, the rare Rh type, rr,

denotes a rare subtype of ABO group O Rh D negative, which is fre-

quently transfused in emergencies [20]. The full impact of excluding

anti-HBc-positive donors on the supply of units with rare blood

groups in the United Kingdom remains unknown.

In this study, we have first investigated the effectiveness of

two different anti-HBc assays to determine true anti-HBc positivity

by applying an anti-HBc blocking assay and anti-HBc avidity test in

a cohort of 397 blood donors reactive in one anti-HBc assay. We

have also investigated the representation of rare blood groups in

deferred anti-HBc-positive donors with high levels of anti-HBs

antibodies.
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MATERIALS AND METHODS

Clinical specimens

Three hundred ninety-seven ethylenediaminetetraacetic acid (EDTA)

plasma samples were obtained from NHS Blood and Transplant

(NHSBT) that had tested negative for HBsAg (Abbott Prism or Alinity

S) and repeatedly reactive for anti-HBc (Architect, Abbott total anti-

HBc II assay; signal to cut-off [S/CO] ratio ≥1.0 being considered

reactive) between 16 June 2022 and 13 January 2023. These samples

had also been screened negative for HBV DNA in pools of 24 (Roche

Cobas 6800; 95% limit of detection [LOD] 1.4 IU/mL; calculated 95%

LOD 33.6 IU/mL in individual donor level when tested in pools of 24)

and for anti-HBs (Abbott Architect). Samples with anti-HBs levels

<100 mIU/mL were tested further at NHSBT using a second anti-HBc

assay (Murex total anti-HBc, DiaSorin) in duplicate, for antibodies

against the HBV e antigen (anti-HBe; Biomerieux Vidas) and for HBV

DNA using individual nucleic acid testing (NAT; Grifols Procleix Pan-

ther; 95% LOD 4.5 IU/mL). Anti-HBc positivity was defined as anti-

HBc positive in the Architect and Murex assays and either anti-HBe

or anti-HBs positive. In contrast, samples that were only anti-HBc

positive in Architect and Murex but negative for other HBV markers

were considered anti-HBc inconclusive. Architect positive but Murex

negative were considered anti-HBc negative.

Clinical HBV testing at NHSBT was limited to samples with anti-

HBs titres <100 mIU/mL as described above but not on samples with

higher anti-HBs titres. To harmonize testing for the entire sample set

regardless of anti-HBs titre, we tested samples with anti-HBs titres

>100 mIU/mL for HBV DNA individually (Roche Cobas 6800; 95% LOD

1.4 IU/mL; n = 250). We then assayed all 397 samples by anti-HBc

(Murex total anti-HBc, DiaSorin, Italy) and anti-HBe (FineTest Human

HBeAb [hepatitis B virus E Antibody] ELISA kit, Wuhan, China) testing

following manufacturers’ instructions. Thirteen random anti-HBs <100

mIU/mL samples that were initially tested with the Murex assay at the

clinical laboratory were also tested at the research laboratory, where a

correlation of similar anti-HBc S/CO ratios with was found (r = 0.940,

p < 0.001). Furthermore, testing of 19 random anti-HBs <100 mIU/mL

samples (consisting of 10 anti-HBe negatives and 9 anti-HBe positives)

with the FineTest kit revealed 100% concordant qualitative results with

the VIDAS assay, and quantitative values strongly correlated (r = 0.794,

p < 0.001). A further 26 HBV DNA-positive samples were used as addi-

tional positive controls in this study [21].

Demographic data were obtained from donors at the time of dona-

tion. The self-reported ethnicities of all 297,949 blood donors screened

for anti-HBc in the 1 year since anti-HBc screening began in England

from 30 June 2022 to 30 June 2023 were collated for comparison. The

ethics statement is detailed in the supplementary material.

Assay development

In-house non-blocking and blocking assays were developed to study

anti-HBc immune responses. For blocking anti-HBc reactivity using

rHBcAg, 50 μL of each antigen dilution was pre-incubated with 50 μL

of plasma dilution before plate washing and subsequent addition of

immunoglobulin G (IgG). If specific anti-HBc IgG antibodies were pre-

sent, these would be neutralized by rHBcAg. Assay development

included standard curve calibration, negative run control and applying

the blocking principle to the Murex blocking assay (Figures S1 and

S2). Samples were diluted according to the screening Architect S/CO

ratios aiming for OD values between 1.0 and 2.0 to normalize the

denominator for calculating blocking percentages. An in-house avidity

assay was also developed (Figures S3 and S4).

Rare donor analysis

Donors with rare blood types, alongside their ethnicities, were identi-

fied from the first anonymised 981 blood donors who were anti-HBc

repeat reactive with anti-HBs ≥100 mIU/mL in the first 6 months of

anti-HBc screening in England between 31 May 2022 and

30 November 2022. In the context of this study, rare blood types

were defined as the following Rh genotypes: DcE/DcE (R2R2),

Dce/dce (Ror, shortened to ‘Ro’) and dce/dce (rr). The number of pos-

itive anti-HBc and high titre anti-HBs donors of different ethnic

groups within groups of rare Rh blood types was compared with the

number of all active donors in the same ethnic groups from 30 June

2022 to 30 June 2023, excluding the 981 anti-HBc-positive donors.

Statistical analyses

Data normality was assessed with Shapiro–Wilks tests, where normal

data are displayed as mean ± SD and non-normal data as median

[interquartile range] where applicable. Spearman’s correlation com-

pared assay results between research and diagnostic laboratories.

Fisher’s exact tests compared categorical variables. Mann–Whitney

U or t-tests compared continuous variables between two groups,

whereas the Kruskal–Willis test or one-way analysis of variance

(ANOVA) compared continuous variables with more than two groups.

Receiver operating characteristic (ROC) analysis investigated the sen-

sitivities and specificities of anti-HBc Architect ratios and anti-HBe

titres that may predict anti-HBc positivity. All analyses were per-

formed with GraphPad Prism (v10.0.2, LLC). Statistical significance

was set at p ≤ 0.05.

RESULTS

Validation of anti-HBc blocking assay

Validation of the assay was performed using 147 samples of known

anti-HBc-positive status (all reactive in two anti-HBc assays [Abbot

Architect and Murex] and one anti-HBe assay [Murex or Finetest])

and 55 anti-HBc-negative controls (weakly reactive in one anti-HBc

assay [Abbott Architect] but negative in further anti-HBc assay
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[Murex] and for anti-HBs as well as for anti-HBe), selected from

397 study samples. In addition, 26 previously characterized HBV

DNA-positive samples were included as further positive controls [21].

Architect anti-HBc ratios correlated better with in-house IU/mL

values than Murex anti-HBc ratios (Figure S5).

All anti-HBe-positive and HBV DNA-positive control samples

were blocked by soluble rHBcAg in the HBcAg ELISA based on a

greater than 50% reduction of anti-HBc binding (range 69%–94%;

n = 173; Figure 1a). Architect, Murex and in-house anti-HBc titres

were significantly higher (p < 0.0001) in the positive than in the nega-

tive controls (Figure 1b). However, two anti-HBc-negative controls

were also blocked, with anti-HBc titres higher than the third quartile

above the negative control mean (Figure 1). The remaining samples

reactive in the Architect anti-HBc assay (n = 195) were then tested

for blocking. Combining the results, significantly higher anti-HBc titres

in Murex, Architect and rHBcAg ELISA assays were observed in

blocked samples than unblocked or unreactive in the rHBcAg ELISA

(Figure 1c; n = 397).

Serological correlates of confirmed anti-HBc positivity

A total of 317 of 397 anti-HBc initial Architect-reactive samples

were positive in the Murex assay (80%). Of these, reactivity in the

rHBcAg ELISA was blocked by soluble rHBcAg in 308 samples

(308/317; 97%). However, reactivity was also blocked in two

Architect-positive, Murex-negative, non-confirmed, presumed anti-

HBc-negative samples (2/80, 2,5%; Figure 2). The neutralization

observed in the latter two samples could not be blocked using a cell

lysate from the strain DH5α of Escherichia coli with a comparable

GCE33-YFP expression plasmid without rHBcAg, ruling out non-

specificity from that source.

Anti-HBc avidity

Ninety-nine samples positive in the in-house anti-HBc assay were

tested to investigate the relationship between anti-HBc avidity

(AI) and anti-HBc reactivity. Reactivity in anti-HBc assays was highly

predictive of avidity (Figure 3): anti-HBc ratios of ≥4.75 and ≥6 in the

Architect and Murex assays, respectively, predicted AI values of >0.4

and excluded lower AI and anti-HBc titres ≥14 IU/mL in the in-house

assay predicted AI values of >0.5 and excluded lower AI. When asses-

sing the two discrepant Architect-positive but Murex-negative sam-

ples blocked in the in-house blocking assay, both had similarly low

avidities irrespective of positivity in the Monalisa assay.

Overall, five (1%) anti-HBc initially Architect-reactive samples

remained anti-HBc indeterminate after extensive confirmatory testing

(Figure 2; Table 1). Seventy-nine percentage of anti-HBc initial

Architect-reactive samples were genuine anti-HBc positive, whereas

20% were confirmed to be false positive. Ninety-eight (166/170) of

isolated anti-HBc-positive samples concurrently Architect and Murex

positive without anti-HBe antibodies were shown to be genuinely

anti-HBc positive.

HBV DNA detection by individual NAT

Individual NAT identified one HBsAg-negative donor with anti-HBc

antibodies positive for HBV DNA (Ct 36.4; IU/mL unavailable) with

anti-HBs >100 mIU/mL from the 397 tested. This donor was known

to have recently received an HBV vaccine booster.

Characterization of anti-HBc reactivities

Comparisons of initial anti-HBc screening ratios between anti-HBc con-

firmed positives, indeterminates and false positives revealed significant

differences between groups in anti-HBc reactivity (p < 0.0001; Figure 4).

There were significantly higher S/CO ratios for anti-HBc true positives

(6.3 [4.0–7.4]) compared with anti-HBc indeterminates (1.5 [1.2–2.1];

p < 0.0001) and anti-HBc false positives (1.5 [1.1–1.9]; p < 0.0001) by

post hoc Dunn test, whereas anti-HBc ratios between anti-HBc indeter-

minates and false positives were similar (p > 0.999). Comparisons of

anti-HBe status in anti-HBc confirmed that positive donors showed signif-

icantly higher anti-HBc ratios in anti-HBe-positive than anti-HBe-negative

donors (7.3 [6.3–7.6] vs. 4.6 [2.6–6.5], respectively; p < 0.0001).

Predictors of anti-HBc true positivity

The value of anti-HBc reactivity in the Architect screening testing and

the presence of anti-HBe to predict true and false anti-HBc positivity

were determined quantitatively by ROC analysis using anti-HBc Archi-

tect and anti-HBe sample-to-control ratios. An Architect ratio of 2.4

showed 87% sensitivity and 85% specificity in predicting anti-HBc

true positivity (Figure 5), whereas an anti-HBe cut-off of 0.6 would

have 86% sensitivity and 90% specificity.

Ethnic group comparisons

Sixty-one percentage of the 397 HBsAg-negative but anti-HBc repeat

reactive donors were male, and 39% were female. Donors’ median

age was 47 years [36–59 years]. Fifty-four percentage described

themselves as White British/Irish ethnicity, 13% as other White eth-

nicities, five donors did not disclose their ethnicities and the remaining

31% as other ethnic groups (specific ethnic groups found in Table S1).

The proportion of minority ethnic groups in anti-HBc true-positive

donors was significantly higher than their representation among all

blood donors (38% vs. 11%; p < 0.0001; Figure 4). The proportions of

‘Other Ethnic Groups’ (38%) and ‘Other White Background’ (17%)

donors in anti-HBc true-positive donors were also significantly higher

than in anti-HBc indeterminate (11% minority ethnic groups and 0%

Other White Background; p < 0.0001), respectively, and anti-HBc

false-positive donors (7% minority ethnic groups and 3% Other White

Background; p < 0.0001). Indeterminate and false-positive groups

showed similar ethnic backgrounds (p = 0.686), and both groups

showed similar proportions of minority groups to those of all blood

donors (p = 0.733 and p = 0.842, respectively).
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(a)

(b)

(c)

F I GU R E 1 (a) Median [interquartile range] blocking percentages in all 173 hepatitis B virus (HBV) core antibody (anti-HBc)-positive controls
(147 anti-HBc reactive in both screening assays, anti-HBe positive and 26 samples from the HBV control panel) and anti-HBc-negative controls
(anti-HBc negative in the second screening assay, antibodies against the HBV e antigen (anti-HBe) negative and antibodies against the HBV
surface antigen (anti-HBs) negative) tested in the in-house assay. Thirty-two of 51 negative controls were anti-HBc negative in the in-house
assay, and the other 19 controls underwent blocking. The blocking percentages of 23 anti-HBc-positive controls tested in the Murex assay are
also shown; (b) comparison of Architect, Murex and in-house anti-HBc ratios between positive and negative controls, showing all quartiles;
(c) comparisons of the median [interquartile range] Architect, Murex and in-house anti-HBc ratios between donor samples that were anti-HBc
blocked (n = 310) and samples that were either not blocked or were anti-HBc negative (n = 87). The dotted lines represent the 1.0 cut-off value
for the anti-HBc screening assays. ****p < 0.0001 from Mann–Whitney U tests.
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Rare blood groups

Frequencies of selected blood groups were determined in the

981 anti-HBc-positive donors with anti-HBs ≥100 mIU/mL identified

in England’s first 6 months of anti-HBc screening. Of these, 301 (31%)

had a rare blood type. There was a significantly higher proportion of

rare blood group donors of White Other and ‘Other Ethnic Groups’ in
anti-HBc-positive donors than in negative donors (29% vs. 7%,

F I GU R E 2 The flow diagram shows the delineation of hepatitis B virus (HBV) core antibody (anti-HBc) reactivity based on extensive testing
of the 397 HBV surface antigen (HBsAg)-negative and anti-HBc initial reactive samples on the Architect assay. Testing included the Murex anti-
HBc assay, anti-e antibody (anti-HBe) testing, in-house anti-HBc blocking assay, blocking on the Murex assay and the anti-HBc LIASION test. The
cumulative positive predictive value (PPV) and negative predictive value (NPV) of the five anti-HBc assays to the true-positive and false-positive
samples in the ‘Conclusion’ are shown in the top-right of each anti-HBc assay, where minimal changes are observed after the Murex assay. N/A:
NPV not available since this was the first test performed in the algorithm.
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p < 0.0001; and 31% vs. 26%, p = 0.033; Table 2). Although there

were similar proportions of R2R2 donors across ethnic groups

(p = 0.819), there were significantly more Ro donors in anti-

HBc-positive donors than anti-HBc-negative donors (8% vs. 3%,

p < 0.0001), where the proportion of ‘Other Ethnic Groups’ Ro

donors was 19 times that of White British/Irish donors. There was

also a significantly higher proportion of rr donors of White Other eth-

nicities in anti-HBc-positive than all donors (25% vs. 2%, p < 0.0001).

(a)

(b)

(c)

F I GU R E 3 Correlation between avidity and hepatitis B virus core antibody (anti-HBc). (a) Architect signal to cut-off (S/CO) ratio (r2 = 0.196),
(b) anti-HBc Murex S/CO ratio (r2 = 0.109) and (c) anti-HBc IU/mL from in-house assay (r2 = 0.006), for all 99 samples tested for avidity and
blocked. The dashed lines separate each anti-HBc ratio into a cut-off value for samples with lower avidity.
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DISCUSSION

This study investigated the specificity and effectiveness of current

screening and confirmatory testing of donors for anti-HBc antibodies.

The association between anti-HBc blocking and anti-HBc confirma-

tion in the Murex assay demonstrated the latter’s efficacy in delineat-

ing true and false anti-HBc-positive donors. Compared with the 80%

specificity of the Architect assay, confirmation in the Murex assay

reduced false positivity to around 1% of initially reactive donors

(4/317) and 1% false negativity (1/80). Confirmation of anti-HBc

reactivity showed a positive predictive value of 99% on Architect

anti-HBc-positive samples. Determination of the true seroprevalence

of anti-HBc positivity in donors enabled the investigation of the

effects of anti-HBc-positive donor exclusion on the blood supply.

Specificity of anti-HBc testing is important and will help in

communicating to donors if they have had a past HBV infection and

providing appropriate advice about their future risk of developing

HBV-associated progressive liver disease. HBV infection still carries a

stigma, and many individuals deny having had a previous HBV infec-

tion, especially when the source of infection might simply relate to

F I GU R E 4 Comparisons of median [interquartile range] initial hepatitis B virus core antibody (anti-HBc) signal to cut-off (S/CO) ratios
between the 397 donor samples categorized by anti-HBc genuine positivity, false positivity and indeterminate following the extensive testing
detailed in Figure 2. The true-positive samples are further classified by HBV anti-e antibody (anti-HBe) status on the left hand of the graph,
separated by a dotted line. The proportion of minority ethnic group donors for each category of donors is indicated, as well as from all donors
in 2021. The Mann–Whitney U test compared anti-HBe status (darker coloured line), whereas the Kruskal–Willis test with post hoc Dunn’s
compared between the positivity categories (light coloured lines) and Chi-squared tests compared ethnic groups, where ***p < 0.001 and
****p < 0.0001.
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them being born in HBV high-endemicity areas. Our application of

blocking and avidity assays showed that positivity in two anti-HBc

assays strongly predicted true anti-HBc-positive status, irrespective of

assay S/CO ratios or anti-HBe/anti-HBs status. These results are

highly relevant in interpreting isolated anti-HBc reactivity in donors or

patients in general. Supplementary assays such as anti-HBc blocking

may differentiate between past HBV infection and false reactivity in

HBV-naïve donors [22] and provide an IgG-specific measurement that

may increase specificity compared with assays measuring total anti-

HBc. Testing algorithms using two different anti-HBc assays would

not only reassure blood donors but would also help clinicians who

need to balance their decisions on starting antiviral prophylaxis based

on isolated, non-confirmed anti-HBc results only, as recommended by

the European Association for the Study of the Liver (EASL) [23]. This

testing algorithm may also be validated in other settings with alterna-

tive anti-HBc assays to provide equivalent confirmation of anti-HBc

reactivity. Another strategy to identify false reactive donors would be

utilizing a threshold value [13]. We found that below a cut-off value

of 2.36, the Architect anti-HBc II assay showed high sensitivity and

specificity in predicting anti-HBc true reactivity. Using a threshold

value is supported by our finding that samples with higher anti-HBc

titres showed consistently higher high functional affinity (avidity); the

demonstration of maturity of anti-HBc antibodies is consistent with

genuine past HBV infection.

The rate of anti-HBc false reactivity of 20% on the Architect anti-

HBc II assay, found in this study following extensive testing, is much

F I GU R E 5 Receiver operating characteristic analysis to investigate Architect signal to cut-off (S/CO) ratio (green) and HBV anti-e antibody
(anti-HBe) ratio (purple) thresholds that may predict HBV anti-core antibody (anti-HBc) true positivity. For this analysis, anti-HBc true positives
and true negatives (false positives) were utilized from this study’s 397 samples, excluding the five indeterminate samples previously shown in
Figure 2. The 90%/95% sensitivity and specificity threshold values for anti-HBc and anti-HBe are shown in the tables below the plot and 100%
specificity thresholds for anti-HBc positivity.
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higher than the 6% rate in a previous study in a smaller population of

79 initially reactive samples [24]. Our rate is comparable to a German

study of 22% using a confirmatory strategy of two older anti-HBc plat-

forms [12], suggesting minimal changes in the false positivity rate of

anti-HBc screening assays over time despite claimed improvements.

Our findings also show that all anti-HBe positivity was completely

concordant with confirmed anti-HBc positivity and that anti-HBe pos-

itivity can, therefore, be utilized as a specific marker for past HBV

infection [11] but not as a marker for OBI since most OBI cases are

anti-HBe negative [21]. However, we suggest that the 0.6 to 1.0

range of anti-HBe results may constitute a zone of uncertainty: an

anti-HBe S/CO threshold of 0.57 had high sensitivity and specificity

in predicting anti-HBc true reactivity, and all donations with high

‘negative’ anti-HBe ratios above 0.83 were genuine anti-HBc posi-

tives. Furthermore, negativity in the anti-HBe assay has less predictive

value; based on anti-HBc confirmatory testing, we found that the sen-

sitivity of anti-HBe as a biomarker to identify resolved infection was

limited. This may result from an increased prevalence of HBeAg-

deficient HBV variants [13], the natural disappearance of detectable

anti-HBe antibodies following recovery from infection and the possi-

bility that anti-HBe antibodies may never develop during the natural

history of HBV infection [25]. There is a need for alternative bio-

markers; we have plans to investigate the potential use of new

biomarkers, such as HBV core-related antigen (HBcrAg) [23, 26], for

serological testing.

A further question is whether deferring anti-HBc-positive donors

significantly impacts the supply of units with rare blood groups. We

found that 38% of anti-HBc-confirmed-positive donors (in the

absence or presence of other HBV markers) comprised minority eth-

nic groups, consistent with previous information from donors originat-

ing from countries with endemic patterns of HBV infection [27].

These donors are more likely to be Rh type D positive [28]; we

additionally found that rare Rh phenotypes were more common in

anti-HBc-positive donors from minority ethnic groups, whereas the

proportion of rare groups in White British/Irish anti-HBc-positive

donors was comparable to HBV-unexposed donors. The extensive

minority ethnic group background of deferred anti-HBc-positive

donors with high anti-HBs levels (≥100 mIU/mL) is more likely to have

the rare Rh phenotypes Ro and rr that are critically needed for

patients with sickle cell disorder to lower the risk of alloimmunisation.

The potential acceptance of anti-HBc-positive blood donors with

high anti-HBs titres has been previously considered a safe means to

maintain an adequate blood supply with sufficient rare blood types.

However, we found one anti-HBc-positive donor with high anti-HBs

levels (vaccine-boosted) of ‘Other Ethnic Groups’ to have detectable

viraemia out of 397 donors screened for HBV DNA, although whether

infectivity in this donation would have been neutralized by high levels

of anti-HBs remains unknown. It is important to note that HBV trans-

mission from anti-HBc-positive donors with high anti-HBs levels is

rare and hence assumed to be a very low risk [9].

In conclusion, the development and application of anti-HBc

blocking and avidity assays combined with testing for anti-HBe dem-

onstrated relatively high specificity and sensitivity of the Murex anti-

HBc assay for confirming donors reactive from screening with the

T AB L E 2 Comparisons of the proportion of ethnic groups between anti-HBc-positive donors (n = 981) and anti-HBc-negative donors
(n = 794,861) for all rare blood types and each Rh blood type: R2R2, Ro and rr.

Ethnic group

White British/Irish, n (%) White other, n (%) Other ethnic groups, n (%) All groups, n (%)

All rare blood types

Anti-HBc pos 119 (31%) 67 (29%) 115 (31%) 301 (31%)

Anti-HBc neg 200,019 (29%) 2666 (7%) 18,436 (26%) 221,121 (28%)

p-value 0.431 <0.0001 0.033 0.050

R2R2

Anti-HBc pos 8 (2%) 6 (3%) 6 (2%) 20 (2%)

Anti-HBc neg 13,805 (2%) 779 (3%) 1159 (2%) 15,743 (2%)

p-value 0.855 0.46 >0.999 0.819

Ro

Anti-HBc pos 3 (1%) 3 (1%) 82 (19%) 88 (8%)

Anti-HBc neg 15,372 (2%) 971 (2%) 10,494 (15%) 26,837 (3%)

p-value 0.055 0.385 0.014 <0.0001

rr

Anti-HBc pos 108 (28%) 58 (25%) 27 (7%) 193 (20%)

Anti-HBc neg 170,842 (25%) 916 (2%) 6783 (10%) 178,541 (22%)

p-value 0.14 <0.0001 0.156 0.039

Note: The number of donors in each ethnic group for each blood type is shown, as well as the proportion of those donors representing all donors in that

ethnic group for anti-HBc positive or negative donors. Fisher’s exact tests were used to compute p-values.

Abbreviation: anti-HBc, hepatitis B virus core antibodies.

ANTI-HBc CONFIRMATION AND RARE BLOOD 457

 14230410, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13608 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

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

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Abbott Architect assay. Indeed, a relatively simple confirmatory algo-

rithm with two anti-HBc assays would almost eliminate false-positive

results. The impact of anti-HBc screening and excluding all positives

to rare blood group types needs further consideration.

ACKNOWLEDGEMENTS

The authors would like to acknowledge Anselmo Jiro Kamada for pro-

ducing and kindly providing the Escherichia coli stock, Victoria Maddox

for their help with one of the MSc projects and Romisa Asadi for help-

ing in meetings and as the laboratory buddy. This study was funded

by the National Institute for Health and Care Research, grant number

NIHR203338. The funding body had no role in the study design, data

collection, analysis, or the manuscript’s writing.

M.X.F., J.I., C.R. and V.N. performed the research and collected

the data; M.X.F. wrote the first draft of the manuscript; H.H. and

P.S. designed the research study and critically edited the manuscript;

all authors analysed the data and reviewed the manuscript; H.H.,

M.A. and P.S. supervised the research.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The original datasets used and analysed in this study are available

from the corresponding author upon reasonable request.

ORCID

Michael X. Fu https://orcid.org/0000-0002-3108-7917

Su Brailsford https://orcid.org/0000-0003-2856-0387

William L. Irving https://orcid.org/0000-0002-7268-3168

Monique Andersson https://orcid.org/0000-0003-0619-1074

Peter Simmonds https://orcid.org/0000-0002-7964-4700

Heli Harvala https://orcid.org/0000-0001-9154-4190

REFERENCES

1. Gish RG, Syed AB, Basit A, Ryan J, Dawood A, Protzer U. Hepatitis B

Core antibody: role in clinical practice in 2020. Curr Hepatol Rep.

2020;19:254–65.
2. Dickson RC, Everhart JE, Lake JR, Wei Y, Seaberg EC, Wiesner RH,

et al. Transmission of hepatitis B by transplantation of livers from

donors positive for antibody to hepatitis B core antigen. Gastroen-

terology. 1997;113:1668–74.
3. Hoofnagle JH, Seeff LB, Bales ZB, Zimmerman HJ. Type B hepatitis

after transfusion with blood containing antibody to hepatitis B core

antigen. N Engl J Med. 1978;298:1379–83.
4. Raimondo G, Locarnini S, Pollicino T, Levrero M, Zoulim F, Lok AS,

et al. Update of the statements on biology and clinical impact of

occult hepatitis B virus infection. J Hepatol. 2019;71:397–408.
5. Kleinman SH, Kuhns MC, Todd DS, Glynn SA, McNamara A,

DiMarco A, et al. Frequency of HBV DNA detection in US blood

donors testing positive for the presence of anti-HBc: implications for

transfusion transmission and donor screening. Transfusion. 2003;43:

696–704.
6. Taira R, Satake M, Momose S, Hino S, Suzuki Y, Murokawa H, et al.

Residual risk of transfusion-transmitted hepatitis B virus (HBV) infec-

tion caused by blood components derived from donors with occult

HBV infection in Japan. Transfusion. 2013;53:1393–404.

7. Raimondo G, Navarra G, Mondello S, Costantino L, Colloredo G,

Cucinotta E, et al. Occult hepatitis B virus in liver tissue of individuals

without hepatic disease. J Hepatol. 2008;48:743–6.
8. Allain JP, Hewitt PE, Tedder RS, Williamson LM. Evidence that anti-

HBc but not HBV DNA testing may prevent some HBV transmission

by transfusion. Br J Haematol. 1999;107:186–95.
9. Allain JP, Mihaljevic I, Gonzalez-Fraile MI, Gubbe K, Holm-

Harritshøj L, Garcia JM, et al. Infectivity of blood products from

donors with occult hepatitis B virus infection. Transfusion. 2013;53:

1405–15.
10. Juhl D, Knobloch JKM, Görg S, Hennig H. Comparison of two test

strategies for clarification of reactive results for anti-HBc in blood

donors. Transfus Med Hemother. 2016;43:37–43.
11. Schmidt M, Nübling CM, Scheiblauer H, Chudy M, Walch LA,

Seifried E, et al. Anti-HBc screening of blood donors: a comparison

of nine anti-HBc tests. Vox Sang. 2006;91:237–43.
12. Hennig H, Puchta I, Rgen Luhm J, Schlenke P, Goerg S, Kirchner H.

Frequency and load of hepatitis B virus DNA in first-time blood

donors with antibodies to hepatitis B core antigen. Blood. 2002;100:

2637–741.
13. Juhl D, Luhm J, Görg S, Ziemann M, Hennig H. Evaluation of algo-

rithms for the diagnostic assessment and the reentry of blood donors

who tested reactive for antibodies against hepatitis B core antigen.

Transfusion. 2011;51:1477–85.
14. Moretto F, Catherine FX, Esteve C, Blot M, Piroth L. Isolated anti-

HBc: significance and management. J Clin Med. 2020;9:202.

15. Huzly D, Nassal M, Vorreiter J, Falcone V, Neumann-Haefelin D,

Gerlich WH, et al. Simple confirmatory assay for anti-HBc reactivity.

J Clin Virol. 2011;51:283–4.
16. Ollier L, Laffont C, Kechkekian A, Doglio A, Giordanengo V. Detec-

tion of antibodies to hepatitis B core antigen using the Abbott

ARCHITECT® anti-HBc assay: analysis of borderline reactive sera.

J Virol Methods. 2008;154:206–9.
17. Thomas HIJ. Relative functional affinity of specific anti-Core IgG in

different categories of hepatitis B virus infection. J Med Virol. 1997;

51:189–97.
18. Harvala H, Reynolds C, Gibney Z, Derrick J, Ijaz S, Davison KL, et al.

Hepatitis B infections among blood donors in England between 2009

and 2018: is an occult hepatitis B infection a risk for blood safety?

Transfusion. 2021;61:2402–13.
19. Shepherd A. NHS calls for more black people to donate blood. BMJ.

2023;381:p1113.

20. Selleng K, Jenichen G, Denker K, Selleng S, Müllejans B,

Greinacher A. Emergency transfusion of patients with unknown

blood type with blood group O rhesus D positive red blood cell con-

centrates: a prospective, single-centre, observational study. Lancet

Haematol. 2017;4:e218–24.
21. Fu MX, Simmonds P, Andreani J, Baklan H, Webster M, Asadi R,

et al. Ultrasensitive PCR system for HBV DNA detection: risk stratifi-

cation for occult hepatitis B virus infection in English blood donors.

J Med Virol. 2023;95:e29144.

22. Gessoni G, Beggio S, Barin P, Favarato M, Galli C, Valverde S, et al.

Significance of anti-HBc only in blood donors: a serological and viro-

logical study after hepatitis B vaccination. Blood Transfus. 2014;

12:s63.

23. Lampertico P, Agarwal K, Berg T, Buti M, Janssen HLA,

Papatheodoridis G, et al. EASL 2017 clinical practice guidelines on

the management of hepatitis B virus infection. J Hepatol. 2017;67:

370–98.
24. Seiskari T, Lehtisaari H, Haapala AM, Aittoniemi J. From Abbott

ARCHITECT® anti-HBc to anti-HBc II—improved performance in

detecting antibodies to hepatitis B core antigen. J Clin Virol. 2010;

47:100–1.
25. de Almeida Pondé RA. Dynamic profile of the HBeAg-anti-HBe sys-

tem in acute and chronic hepatitis B virus infection: a clinical-

laboratory approach. Mol Biol Rep. 2021;48:843–54.

458 FU ET AL.

 14230410, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13608 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

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

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-3108-7917
https://orcid.org/0000-0002-3108-7917
https://orcid.org/0000-0003-2856-0387
https://orcid.org/0000-0003-2856-0387
https://orcid.org/0000-0002-7268-3168
https://orcid.org/0000-0002-7268-3168
https://orcid.org/0000-0003-0619-1074
https://orcid.org/0000-0003-0619-1074
https://orcid.org/0000-0002-7964-4700
https://orcid.org/0000-0002-7964-4700
https://orcid.org/0000-0001-9154-4190
https://orcid.org/0000-0001-9154-4190


26. Mak LY, Wong DKH, Cheung KS, Seto WK, Lai CL, Yuen MF. Review

article: hepatitis B core-related antigen (HBcrAg): an emerging

marker for chronic hepatitis B virus infection. Aliment Pharmacol

Ther. 2018;47:43–54.

27. Trickey A, Bivegete S, Duffell E, McNaughton AL, Nerlander L,

Walker JG, et al. Estimating hepatitis B virus prevalence among key

population groups for European Union and European economic area

countries and the United Kingdom: a modelling study. BMC Infect

Dis. 2023;23:1–13.

28. Musa RH, Ahmed SA, Hashim H, Ayob Y, Asidin NH, Choo PY, et al.

Red cell phenotyping of blood from donors at the national blood cen-

ter of Malaysia. Asian J Transfus Sci. 2012;6:3.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Fu MX, Ingram J, Roberts C, Nurmi V,

Watkins E, Dempsey N, et al. Blood donation screening for

hepatitis B virus core antibodies: The importance of

confirmatory testing and initial implication for rare blood

donor groups. Vox Sang. 2024;119:447–59.

ANTI-HBc CONFIRMATION AND RARE BLOOD 459

 14230410, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13608 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

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

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



OR I G I N A L A R T I C L E

Blood lactate after pre-hospital blood transfusion for major
trauma by helicopter emergency medical services

Biswadev Mitra1,2 | Carly S. Talarico1,2 | Alexander Olaussen2,3,4 |

David Anderson2,3,4 | Ben Meadley3,4

1Alfred Health Emergency Service, Melbourne, Victoria, Australia

2School of Public Health and Preventive Medicine, Monash University, Melbourne, Victoria, Australia

3Department of Paramedicine, Monash University, Melbourne, Victoria, Australia

4Ambulance Victoria, Doncaster, Victoria, Australia

Correspondence

Biswadev Mitra, Emergency & Trauma Centre,

The Alfred Hospital, 55 Commercial Rd,

Melbourne, VIC 3004, Australia.

Email: biswadev.mitra@monash.edu

Funding information

The authors received no specific funding for

this work.

Abstract

Background and Objectives: The appropriate use of blood components is essential

for ethical use of a precious, donated product. The aim of this study was to report in-

hospital red blood cell (RBC) transfusion after pre-hospital transfusion by helicopter

emergency medical service paramedics. A secondary aim was to assess the potential

for venous blood lactate to predict ongoing transfusion.

Materials and Methods: All patients who received RBC in air ambulance were trans-

ported to a single adult major trauma centre, had venous blood lactate measured on

arrival and did not die before ability to transfuse RBC were included. The association

of venous blood lactate with ongoing RBC transfusion was assessed using multi-

variable logistic regression analysis and reported using adjusted odds ratios (aOR).

The discriminative ability of venous blood lactate was assessed using area under

receiver operating characteristics curve (AUROC).

Results: From 1 January 2016 to 15 May 2019, there were 165 eligible patients, and

128 patients were included. In-hospital transfusion occurred in 97 (75.8%) of

patients. Blood lactate was associated with ongoing RBC transfusion (aOR: 2.00;

95% confidence interval [CI]: 1.36–2.94). Blood lactate provided acceptable discrimi-

native ability for ongoing transfusion (AUROC: 0.78; 95% CI: 0.70–0.86).

Conclusions: After excluding patients with early deaths, a quarter of those who had

prehospital RBC transfusion had no further transfusion in hospital. Venous blood lac-

tate appears to provide value in identifying such patients. Lactate levels after pre-

hospital transfusion could be used as a biomarker for transfusion requirement after

trauma.
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Highlights
• After pre-hospital blood transfusion for major trauma, 97 patients (75.8%) received ongoing

blood component therapy after hospital admission.

• Higher blood lactate, measured after pre-hospital blood transfusion, was associated with

ongoing red blood cell transfusion.

• Lactate levels after pre-hospital transfusion could be used as a biomarker for activation of

major haemorrhage protocols.

INTRODUCTION

Human blood is a precious resource. All blood for transfusions in

Australia is voluntarily donated. It is estimated that one in three

Australians require a blood transfusion in their lifetime. However, only

3% of Australians donate blood. This mismatch in supply and demand

often leads to critical shortages in supply of blood components and is

consistent from reports around the world [1].

The appropriate use of this precious resource is therefore par-

amount. The appropriate use of blood components is defined by

transfusion only to treat a condition leading to significant morbid-

ity or mortality that cannot be prevented or managed effectively

by other means [2]. In the setting of critical bleeding, red blood

cell (RBC) transfusion is often an essential, life-saving interven-

tion. However, the indications to commence RBC transfusion

remain unclear. Several scoring tools have been proposed, but

none provide optimal diagnostic performance for routine clinical

use [3–8]. Current practice, therefore, results in a substantial pro-

portion of patients receiving potentially avoidable transfu-

sions [9–12].

Decision-making for initiation of prehospital transfusion for criti-

cal bleeding has further unique challenges. Information about the

pathophysiology of haemorrhage is often deficient, with incomplete

characterization of the source of bleeding and volume of blood loss.

Physiological responses are highly variable and do not always corre-

late with blood loss in some populations, such as in older patients and

patients managed with sedative and paralytic medications [13]. Fur-

thermore, physiological measurements such as blood pressure are

usually performed through non-invasive means with potential for

error [14].

Recently, pre-hospital blood lactate measurement has been pro-

posed to predict the need for ongoing in-hospital blood transfu-

sion [15]. However, this is currently not in routine practice. Prior to

initiating additional investigations into pre-hospital care, we sought

to explore the association of in-hospital lactate measurements and

ongoing blood transfusion. Therefore, the aims of this study were to

evaluate, among patients who had pre-hospital blood transfusion,

variables, including lactate levels, with ongoing transfusion in hospi-

tal. We hypothesised that higher lactate levels would be associated

with ongoing blood transfusions. This would inform a prospective

trial of measuring lactate levels prior to and after pre-hospital

transfusion.

MATERIALS AND METHODS

Setting

Ambulance Victoria provides emergency aeromedical service in the

state of Victoria. It is the single provider of emergency aeromedical

care in the state and operates five emergency helicopters from four

bases across Victoria. The service conducts primary scene responses

as well as inter-hospital transports and search and rescue operations,

serving a population of almost 6.7 million people across an area of

approximately 227,000 square kilometres. The helicopters are staffed

by senior, post-graduate qualified intensive care flight paramedics,

who each have at least a decade of pre-hospital experience. Each heli-

copter carries four units of group O RhD-negative RBC. Patients eligi-

ble for RBC are those with suspected haemorrhage and hypovolaemia

after clinical judgement of the paramedic and, at the time of study,

required approval from a clinician at the base. RBC is transfused to a

target systolic blood pressure ≥70 mmHg, or if there is concurrent

severe traumatic brain injury, a target systolic blood pressure

≥120 mmHg. There was no provision for whole blood transfusion dur-

ing the time of this study.

Data sources

Eligible patients were identified from Ambulance Victoria clinical

records, and data on demographics, initial (pre-hospital) vital signs,

mechanisms of injury and pre-hospital management were extracted

from the electronic records. Identifiers were used to match cases to

hospital medical records, and an explicit medical records review was

conducted to extract variables on hospital management that included

vital signs, blood test results and initial transfusion of blood

components.

Eligible patients

Patients were eligible for inclusion into this study if transported by

Ambulance Victoria Helicopter Emergency Medical Service to The

Alfred Hospital, one of two adult major trauma centres in Victoria

between 1 January 2016 and 15 May 2019 and received at least one

unit of pre-hospital RBC. Patients were excluded if they could not be
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matched to hospital records (incorrect name and date of birth), did

not have a blood lactate recorded on arrival to the emergency depart-

ment (ED) or died within 1 h of arrival to the ED and without any fur-

ther transfusion.

Outcome variable

The primary outcome variable was transfusion of at least one unit of

RBC within 4 h of arrival in hospital.

Exposure variables

The primary independent variable was a measure of venous blood lac-

tate level measured immediately on hospital arrival. Blood lactate was

not measured in the pre-hospital phase of care. First available vital

signs were extracted. The heart rate and blood pressure were com-

bined to calculate the shock index (SI) [16, 17].

Analysis

Continuous and near-normally distributed variables were summarized

using mean (standard deviation; SD) and compared using Student’s t-

test. Continuous variables with skewed distribution and ordinal vari-

ables were summarized using median (interquartile range; IQR) and

compared using Wilcoxon Rank Sum test. Count variables were sum-

marized using percentages and compared using the chi-square test.

The association of pre-hospital variables and blood lactate with

the primary outcome of hospital transfusion were explored using odds

ratios and among independent variables that demonstrated an associ-

ation with the primary outcome (p < 0.1), multi-variable logistic

regression analysis was used to generate adjusted odds ratios

(reported with 95% confidence intervals). The final model was

assessed using Hosmer–Lemeshow goodness of fit to test whether or

not the observed event rates matched expected event rates in the

model population; small p values suggest that the model is a poor fit.

The Variance Inflation Factor (VIF) was used as a measure of the

severity of multi-collinearity in the regression analysis; small values

(<3) indicate low correlation. The discriminative ability of blood lactate

and SI to predict hospital transfusion were assessed using area under

receiver operating characteristic curve (AUROC) and reported with

95% confidence intervals (CIs). AUROCs were compared using a test

for the equality of the area under the curves and an algorithm pro-

posed by De Long, et al. [18]. All analyses were conducted using Stata

v 17.0 (College Station, TX, USA). p values <0.05 were defined to be

statistically significant.

The study was approved by The Alfred Hospital Human Research

and Ethics committee (study ID 4/20) and Ambulance Victoria

Research Committee (Project ID 20–009). The requirement to seek

informed consent from patients was waived.

RESULTS

From 1 January 2016 to 15 May 2019, there were 165 patients

transported to The Alfred Hospital who received pre-hospital RBC.

Of these, we excluded 37 patients; we were unable to link

21 patients’ details to hospital medical records, 15 patients had no

blood lactate measured, including eight who had early death and one

additional patient died early on arrival, without the opportunity for

further blood transfusion. This left 128 patients available for analysis

(Figure 1).

Included patients were generally young with a mean age of 45.7

(SD 20.7) years, and the majority (n = 103; 80.5%) were male. The

overall pre-hospital time was 156 (IQR 119–208) min, of which trans-

port time was 34.5 (IQR 23–54) min. On initial measurement of vital

signs, 71 (55.5%) patients had a SI >1.0. Patients received a median of

2 (IQR 1–4) units of pre-hospital RBC.

In the first 4 h of resuscitation, 97 (75.8%) patients were trans-

fused further RBCs, and 31 (24.2%) did not receive further transfusion

and formed the group who could potentially have pre-hospital trans-

fusion avoided. Among the 31 patients who did not have further RBC

transfusion, a total of 71 units of RBC had been transfused pre-

hospital. A comparison of patients who had ongoing in-hospital trans-

fusion versus those that did not is presented in Table 1.

The association of lactate levels and ongoing blood transfusion is

illustrated in Figure 2. For every 1 mmol/L increase in lactate levels

on arrival to the ED, the odds of hospital transfusion increased by

1.83; 95% CI: 1.35–2.47. Hospital transfusion was also associated

with higher heart rate and SI, but not with a change in pre-hospital to

in-hospital SI. (Table 2) When adjusted for age, mechanism of injury

and pre-hospital SI, for every 1 mmol/L increase in blood lactate, the

adjusted odds of in-hospital RBC transfusion increased by 2.0; 95%

CI: 1.36–2.94. Detailed results of the regression model are available in

F I G U R E 1 Selection of patients.
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Supplementary, Appendix 1, with Hosmer–Lemeshow goodness-of-fit

p value of 0.87 and mean VIF 1.40.

The discriminative abilities of blood lactate (as a continuous vari-

able), blood lactate (categorized to whole number intervals) and the SI

are illustrated in Figure 3. The AUROC for blood lactate (continuous)

was 0.78 (95% CI: 0.70–0.86), which was similar to blood lactate (cat-

egorized) with an AUROC of 0.76 (95% CI: 0.66–0.85); p = 0.06. The

AUROC for pre-hospital SI to discriminate patients administered hos-

pital RBC was 0.63 (95% CI: 0.52–0.75), which was significantly

poorer compared with the AUROC for blood lactate (continuous;

p = 0.008).

DISCUSSION

After exclusion of patients who had early death after arrival to hospi-

tal, a quarter of patients who received pre-hospital blood did not have

ongoing RBC transfusion in the first 4 hours in hospital. In-hospital

T AB L E 1 Pre-hospital patient characteristics sub-grouped by hospital transfusion.

Ongoing hospital transfusion (n = 97) No hospital transfusion in first 4 h (n = 31) p value

Age 0.049

<25 years 20 (20.6%) 3 (9.7%)

25–34 years 21 (21.7%) 3 (9.7%)

35–49 years 24 (24.7%) 5 (16.1%)

50–64 years 17 (17.5%) 10 (32.3%)

≥65 years 15 (15.5%) 10 (32.3%)

Sex 0.42

Male 76 (78.4%) 27 (87.1%)

Female 21 (21.6%) 4 (12.9%)

Total pre-hospital time, min; median (IQR) 147 (121–186) 170 (116–266) 0.08

Transport time, min; median (IQR) 32 (23–49) 45 (25–75) 0.07

Mechanism of injury 0.011

Motor vehicle crash 73 (75.3%) 17 (54.8%)

High fall 2 (2.1%) 5 (16.1%)

Low fall 6 (6.2%) 4 (12.9%)

Pedestrian 0 1 (3.2%)

Penetrating 7 (7.2%) 2 (6.4%)

Other 9 (9.3%) 2 (6.4%)

Initial SBP, mmHg; mean (SD) 98 (28) 110 (27) 0.039

Initial SBP category 0.048

≤70 mmHg 20 (20.6%) 5 (16.1%)

71–100 mmHg 36 (37.1%) 6 (19.3%)

101–120 mmHg 21 (21.6%) 6 (19.3%)

>120 mmHg 20 (20.6%) 14 (45.2%)

Initial heart rate, beats/min; mean (SD) 106 (29) 103 (27) 0.62

Initial shock index, b�min�1�mmHg�1; mean (SD) 1.2 (0.55) 0.95 (0.40) 0.034

Initial shock index >1 57 (58.8%) 14 (45.2%) 0.18

Initial Glasgow Coma Scalea 0.32

3–8 58 (63.0%) 16 (51.6%)

9–12 3 (3.3%) 0

13–15 31 (33.7%) 15 (48.4%)

Pre-hospital intubationb 57 (62.0%) 16 (51.6%) 0.31

Volume of pre-hospital RBC, units; medians (IQR) 2 (1–4) 2 (1–3) 0.60

Abbreviations: IQR, interquartile range; RBC, red blood cell; SBP, systolic blood pressure; SD, standard deviatiion.
aMissing data or five patients.
bMissing data for eight patients.
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blood lactate was associated with ongoing transfusion with acceptable

discriminative ability to differentiate between those that had hospital

RBC transfusion and those that did not. This generates the hypothesis

that an early measure of blood lactate levels could be used to deter-

mine the need for blood transfusion.

Avoidable blood transfusion continues to occur in a substantial

proportion of injured patients [12]. A key determinant of avoidable

transfusions is the absence of reliable clinical criteria for predicting

transfusions [19]. Clinical gestalt appears to outperform most clinical

scores, and this study generates the hypothesis that blood lactate

levels could be considered in decision making for the initiation of

major haemorrhage protocols [6].

Lactatemia is likely a reflection of anaerobic respiration that

occurs during haemorrhagic shock and has been previously shown to

have predictive value for mortality after trauma [20]. In isolation, lac-

tate levels are therefore indicators of the severity of tissue hypoxia

during haemorrhagic shock. Effective circulatory resuscitation is

therefore expected to clear blood lactate levels, with both initial lac-

tate levels and early lactate clearance being associated with out-

comes [21, 22].

It should be stressed that blood lactate should not be the only

biomarker or indicator for pre-hospital transfusion. Current physiolog-

ical markers of systolic blood pressure, combined with clinical assess-

ment of ongoing haemorrhage are likely to have ongoing importance

in transfusion decision-making. Permissive hypotension to a systolic

blood pressure of 70 mmHg in the absence of head injury appears to

be at the limit of tolerance. However, it is possible that the targets for

systolic blood pressure of 120 mmHg in the setting of critical bleeding

and suspected traumatic brain injury could be lowered. However, cur-

rent evidence does not provide confident targets and further trials on

this topic are indicated [23].

This study is further limited by potential selection bias of patients

who arrived alive in hospital. It is possible that ongoing improvements

in pre-hospital care using blood components, particularly for those

F I GU R E 2 Lactate levels and proportion of patients who had ongoing blood transfusion.

T AB L E 2 Venous blood lactate and vital signs on arrival to hospital.

Ongoing hospital transfusion (n = 97) No hospital transfusion in first 4 h (n = 31) p value

Blood lactate, continuous; mmol/L; mean (SD) 4.9 (3.9) 2.2 (1.2) <0.001

Blood lactate, categorized; mmol/L <0.001

≤1 4 (4.1%) 5 (16.1%)

>1.0–2.0 13 (13.4%) 11 (35.5%)

>2.0–3.0 18 (18.6%) 7 (22.6%)

>3.0–4.0 13 (13.4%) 5 (16.1%)

>4.0 49 (50.5%) 3 (9.7%)

First hospital SBP, mmHg; mean (SD) 113 (41) 127 (21) 0.06

First hospital HR, b/min; mean (SD) 111 (30) 97 (25) 0.019

First hospital SI, b�min�1�mmHg�1; mean (SD) 1.10 (0.42) 0.78 (0.26) <0.001

Increase in SI 38 (39.2%) 9 (29.0%) 0.18

Abbreviations: HR, heart rate; SBP, sytolic blood pressure; SD, standard deviation; SI, shock index.
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with long pre-hospital times, could improve survival [24]. In future

studies, the addition of such critically bleeding patients who are

expected to have high blood lactate could further improve specificity

of lactate for transfusion. Data on clinical gestalt of paramedics were

not collected and could provide better diagnostic capacity for ongoing

blood product transfusion.

In conclusion, among critically bleeding patients transfused with

prehospital RBC, a quarter did not have further transfusion in hospital.

The measurement of pre-hospital and pre-transfusion venous blood

lactate appear promising as a biomarker to augment decisions to initi-

ate or continue blood transfusion.
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Abstract

Background and Objectives: Diagnostic blood loss is a significant factor in the devel-

opment of anaemia in neonates with very low birth weight. This study aimed to

assess the clinical efficacy of intervention approaches involving varying diagnostic

blood loss and red blood cell transfusion volumes in neonates with very low birth

weights experiencing anaemia during hospitalization.

Materials and Methods: A total of 785 newborns with anaemia weighing less than

1500 g were enrolled from 32 hospitals in China. The study involved monitoring

diagnostic blood loss and red blood cell transfusion and evaluating relevant interven-

tions such as red blood cell transfusion and clinical outcomes. Three intervention

approaches were established based on the difference between blood loss and trans-

fusion (Intervention Approaches 0, 1 and 2). The primary outcomes measured were

unsatisfactory weight gain during hospitalization and neonatal mortality. The second-

ary outcomes included related complications.

Results: In the non-hospital-acquired anaemia group, Intervention Approach 2 had

the highest incidence of below-normal weight gain (odds ratio [OR]: 3.019, 95% con-

fidence interval [CI]: 1.081–8.431, p = 0.035). Multivariate analysis revealed that

Intervention Approach 1 had a protective effect on weight gain. In the hospital-

acquired anaemia group, Intervention Approach 2 had the highest incidence of

below-normal weight gain (OR: 3.335, 95% CI: 1.785–6.234, p = 0.000) and
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mortality (OR: 5.341, 95% CI: 2.449–11.645, p = 0.000), while Intervention

Approach 1 had the lowest incidence of intraventricular haemorrhage. Intervention

Approach 1 demonstrated favourable outcomes in both anaemia groups.

Conclusion: Intervention Approach 1 improved weight gain and reduced mortality

and complications in both the non-hospital-acquired and hospital-acquired anaemia

groups.

Keywords
diagnostic blood loss, hospital-acquired anaemia, neonates, transfusion

Highlights
• This retrospective, multi-centre study focuses on very-low-birth-weight neonates in China.

During hospitalization, a comprehensive assessment of patient characteristics and neonatal

outcomes was conducted.

• The study aimed to determine the best blood transfusion intervention approach for diagnos-

ing blood loss in very-low-birth-weight neonates. Three intervention approaches were cate-

gorized based on the difference between blood loss and red blood cell (RBC) transfusion

volumes.

• Intervention Approach 1 showed promising results. The study provides insights into optimiz-

ing RBC transfusion for anaemic neonates, which may lead to improved prognosis and

reduced complications.

INTRODUCTION

Very-low-birth-weight (VLBW) infants often develop complex under-

lying conditions during their hospital stay. Additionally, the neonatal

blood system undergoes physiological changes, leading to a decrease

in haemoglobin levels after birth. VLBW infants also have a low blood

volume. Laboratory tests are essential for the accurate diagnosis and

treatment of newborns. Timely correction of iatrogenic blood loss-

induced anaemia is crucial for effective treatment and prognosis.

Transfusion rates are generally high among VLBW infants. Studies

have reported transfusion rates of 94%, 62% and 35% in infants born

at 24–28 weeks, 28–30 weeks and 30–32 weeks, respectively [1].

Some studies have reported transfusion rates as high as 80% in VLBW

infants [2]. Diagnostic blood loss is inevitable during neonatal hospi-

talization. Although strategies for reducing blood loss through

improved blood collection techniques have been proposed, their

implementation in clinical practice remains challenging. Diagnostic

blood loss in VLBW infants can lead to neonatal anaemia due to their

low blood volume.

Hospital-acquired anaemia (HAA) refers to the development of

anaemia during hospitalization in patients who are not anaemic upon

admission [3, 4]. The occurrence of HAA is associated with prognosis

and mortality [5]. Therefore, timely correction of anaemia in VLBW

neonates is crucial. Inadequate blood transfusion can negatively affect

neonatal development and treatment of primary diseases, and may

lead to apnoea, neurological disorders or poor weight gain. However,

excessive blood transfusion can result in complications such as iron

overload, excessive circulatory stress and adverse reactions [6–9].

Previous studies have mainly focused on the relationship

between diagnostic iatrogenic blood loss and neonatal anaemia. Most

studies have aimed to reduce the frequency of blood collection or to

improve collection methods; however, these are difficult to implement

in clinical practice. Frequent blood tests for diagnosis or prevention of

anaemia can lead to iatrogenic blood loss. Therefore, our objective

was to identify the optimal intervention approach for diagnosing iat-

rogenic blood loss and guiding blood transfusion during hospitalization

of VLBW newborns with anaemia.

STUDY DESIGN AND METHODS

Design and patient population

A multi-centre retrospective study was conducted across 32 hospitals

in China, involving hospitalized newborns weighing less than 1500 g

between January 2017 and June 2018. This study used a database of

785 VLBW newborns from 32 hospitals across 18 provinces and cities

(Figure 1). This study was conducted in accordance with the principles

of the Declaration of Helsinki. The study process is illustrated in

Figure 2.

Data acquisition

Data organization and analysis were performed at Shaanxi Provincial

People’s Hospital using a tabular method. The database included

468 MA ET AL.
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information on 785 VLBW newborns who received blood transfusions

at the hospital.

Maternal information (age, delivery method, multiple births, preg-

nancy history, parity and maternal complications) and demographic

characteristics of the newborns (sex, birth date, admission date, dis-

charge date, birth weight, birth length, birth head circumference,

admission weight, Apgar score at 1, 5 and 10 min, and accompanying

admission diseases) were collected. Clinical data including in-hospital

haemoglobin levels, laboratory-diagnosed blood loss during hospitali-

zation, blood transfusion treatment (timing, volume, and type of blood

products), body weight at discharge, mortality and complications were

also included. The main outcome measures were the number of

patients with below-normal weight gain and mortality, and the

secondary outcome measures were retinopathy of prematurity, necro-

tizing enterocolitis and intraventricular haemorrhage. In our study, we

compared the actual rate of weight gain in neonates with the normal

rate specified in the Practical Neonatology Guidelines for different

gestational ages. Patients with weight gain below the normal value

were identified as having unsatisfactory growth, indicating below-

normal weight gain. Conversely, patients with weight gain above the

normal value were classified as having satisfactory weight gain.

Blood loss at each diagnostic laboratory was estimated based on

a routine clinical test protocol. The assigned volumes were as follows:

1 mL for blood routine tubes, 1 mL for serum chemical laboratory

tubes, 2 mL for coagulation tubes, 0.5 mL for arterial blood gas tubes,

1 mL for blood cultures and 1 mL for other diagnostic blood tests.

F I GU R E 1 Flow chart demonstrates the steps followed in the study. HAA, hospital-acquired anaemia; Hb, haemoglobin; HNAA, non-
hospital-acquired anaemia; RBC, red blood cell; VLBW, very-low-birth-weight.
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Ethics approval and consent to participate

We obtained a waiver for informed consent from the ethics committee.

Ethical approval for the study was obtained from the Medical Ethics

Committee of Shaanxi Provincial People’s Hospital (No: 2020-R001).

Definition and grouping

Definition

Haemoglobin (Hb) values of newborns on admission and during hospi-

talization were compared with the values specified in Practical Neona-

tology (5th edition) for VLBW infants with anaemia.

Non-hospital-acquired anaemia group (HNAA): Newborns with Hb

values lower than normal upon admission, indicating anaemia at

admission [3].

Hospital-acquired anaemia group (HAA): Newborns with Hb values

within the normal range upon admission, but later dropping below

normal during their hospital stay, indicating the development of anae-

mia during hospitalization.

Blood transfusion intervention approaches

Based on the description of neonatal blood loss and transfusion treat-

ment in Chinese Blood Transfusion and Practical Neonatology (5th

edition), three intervention approaches were categorized according to

the difference between blood loss and transfusion:

Intervention Approach 0: The volume of transfused red blood cells was

greater than the volume of iatrogenic blood loss from the phlebotomy.

Intervention Approach 1: The volume of transfused red blood cells

was less than the volume of iatrogenic blood loss from the phlebot-

omy, with a difference of <10% of the newborn’s total blood volume.

Intervention Approach 2: The volume of transfused red blood cell was

less than the volume of iatrogenic blood loss from the phlebotomy, with

a difference of more than 10% from the newborn’s total blood volume.

Statistics

IBM SPSS version 24 was used for statistical analysis. Descriptive sta-

tistics presented median with interquartile range for continuous data

based on data distribution characteristics. Categorical variables were

summarized as numbers and percentages. Independent t-tests, Mann–

Whitney tests or χ2 tests were employed to compare group character-

istics. A p value of less than 0.05 was considered statistically significant.

Correlations were analysed using univariate and multivariate logistic

regression. Significant risk factors for below-normal weight growth rate

and adverse outcomes (mortality, ROP, NEC, IVH) were identified, includ-

ing intervention approach, gestational age, Hb levels, admission weight,

Apgar score and co-morbidities. p Value <0.05 was considered significant.

Odds ratio (OR) and 95% confidence interval (CI) were calculated.

RESULTS

Data distribution

A total of 766 neonates from 32 hospitals in China were included in

the study after excluding cases with incomplete data. Among the hos-

pitals, 12 dedicated to women’s and children’s health, while 20 were

F I GU R E 2 Risk analysis of outcome indicators using univariate analyses. Whisker bars reflect 95% confidence interval. Classification stage A:
Intervention Approach 0 versus Intervention Approach 1, B: Intervention Approach 0 versus Intervention Approach 2. CI, confidence interval;
HAA, hospital-acquired anaemia; HNAA, non-hospital-acquired anaemia; IVH, intraventricular haemorrhage; NEC, necrotizing enterocolitis; OR,
odds ratio; ROP, retinopathy of prematurity.
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general hospitals. The distribution of cases in each province is shown

in Figure 1.

Patient characteristics

Tables 1 and 2 present the characteristics of the newborns and

mothers on admission in the different groups. There were no statisti-

cally significant differences in the baseline distribution of delivery

mode, incidence of multiple births, number of pregnancies, parity

counts or associated complications (Table 1).

In the HNAA group, there were 248 newborns in Intervention

Approach 0, 105 in Intervention Approach 1 and 22 in

Intervention Approach 2. The proportions of males were 50.8%,

55.2% and 63.6% in the three approaches, respectively. The median

gestational age of the infants was 29 weeks. The median birth lengths

were 39 cm (interquartile range [IQR], 36–40), 38 cm (IQR, 35–40)

and 37.5 cm (IQR, 35–41) in the different approaches, respectively.

The median birth weights were 1270 g (IQR, 1100–1400), 1140 g

(IQR, 1000–1320) and 1200 g (IQR, 958–1343), respectively.

In the HAA group, there were 202 newborns in Intervention

Approach 0, 122 in Intervention Approach 1 and 67 in Intervention

Approach 2. The proportions of males were 53.5%, 54.1%, and 62.7%

in the three approaches, respectively. The median gestational age was

30 weeks, and the median birth lengths were 39 cm (IQR, 37–40),

39 cm (IQR, 36–41) and 40 cm (IQR, 36–42), respectively. The median

birth weights were 1231 g (IQR, 1100–1360), 1216.5 g (IQR, 1115–

1350) and 1260 g (IQR, 1130–1390), respectively. The specific char-

acteristics of the neonates upon admission are shown in Table 2.

Characteristics of diagnostic blood loss and
erythrocyte transfusion

Table 3 presents the characteristics of diagnostic iatrogenic blood loss

and red blood cell (RBC) transfusion. In the HNAA group, the median

blood loss volumes were 9 mL/kg (IQR, 8–11), 9 mL/kg (IQR, 8–10)

and 17 mL/kg (IQR, 10–21) in the different approaches. The number

of patients treated with RBC transfusion was 248 (100%), 89 (84.8%)

and 12 (54.5%), respectively.

In the HAA group, the median blood loss volume was 9 mL/kg

(IQR, 8–10), 9 mL/kg (IQR, 8–10), and 10 mL/kg (IQR, 9–16) in the

different approaches. RBCs were transfused in 202 (100%),

98 (80.3%) and 25 (37.3%) patients in the different approaches. Nota-

bly, Intervention Approach 2 had the highest total blood loss but the

lowest proportion of erythrocyte transfusions.

Outcome

Positive cases were defined as those with lower-than-normal weight

gain. The number and proportion of positive cases were among the

primary outcome measures. T
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In the HNAA group, 54 (24.9%), 17 (17%) and 8 (50%) positive

cases were observed in the different approaches, respectively. The

number of positive cases in Intervention Approach 2 was significantly

higher than those in the other two approaches. There was no signifi-

cant difference in mortality rates. Secondary outcomes included major

complications, and the incidence of intraventricular haemorrhage

(IVH) was lower in Intervention Approach 0 (27.8%) (Table 4).

In the HAA group, 35 (19.2%), 17 (15.6%) and 27 (44.3%) positive

cases were detected in the different approaches, respectively. The

number of positive cases in Intervention Approach 2 was significantly

higher than those in the other two approaches. The mortality rate in

Intervention Approach 2 was 26.9%, which was significantly higher

than those in the other two approaches. The incidence of IVH was

lower in Intervention Approach 1 (16.4%) (Table 4).

Univariate logistic regression analysis in the HNAA group showed

that Intervention Approach 2 was associated with a higher risk of a

positive event (OR: 3.019, 95% CI: 1.081–8.431, p = 0.035). Interven-

tion Approach 1 was a risk factor for the occurrence of IVH compared

with Intervention Approach 0 (OR: 2.45, 95% CI: 1.527–3.931,

p = 0.035). No significant differences were observed in other vari-

ables (Figure 2). In the HAA group, Intervention Approach 2 was asso-

ciated with a higher risk of a positive event (OR: 3.335, 95% CI:

1.785–6.234, p = 0.000). Intervention Approach 2 was also associ-

ated with a higher risk of mortality (OR: 5.341, 95% CI: 2.449–

11.645, p = 0.000). Intervention Approach 2 was a risk factor for the

incidence of IVH compared with Intervention Approach 0 (OR: 2.654,

95% CI: 1.442–4.886, p = 0.002) (Figure 2).

Multivariate logistic regression analysis showed that in the HNAA

group, large gestational age, Intervention Approach 1 and Apgar score

5 min (≥7) were protective factors for a positive event. In the HAA

group, Intervention Approach 0 and large gestational age were protec-

tive factors for a positive event, and there was no difference between

Intervention Approach 0 and 1 (Table S1).

DISCUSSION

This study aimed to evaluate the correlation between different

intervention approaches of RBC transfusion and the occurrence of

positive events (below-normal weight gain and mortality) and major

complications (ROP, NEC and IVH) in newborns with varying anae-

mia statuses following hospital admission due to iatrogenic blood

loss. The newborns were grouped accordingly. After correcting for

baseline confounders, Intervention Approach 1 was identified as

the optimal intervention in the HNAA group, in which the total vol-

ume of blood loss was limited to within 10% of the total blood vol-

ume after transfusion, resulting in the best prognosis. In the HAA

group, the combined results of the primary and secondary outcome

measures demonstrated improved weight gain, reduced mortality

and fewer complications with the intervention of Intervention

Approach 1.

Diagnostic blood loss in very-low-birth-weight newborns with

VLBW contributes significantly to anaemia during hospitalization

owing to their physiological vulnerability. Prevention and treatment

should focus on minimizing unnecessary examinations and optimizing

blood sampling [10–12]. In vitro devices can reduce blood loss but

may increase costs and affected test quality. An alternative strategy

involves big data analysis and screening to diagnose high-risk patients,

thereby reducing unnecessary tests. However, this approach was

mainly used in adult ICU patients, and eliminating false negatives

remains challenging [13–15].

Our study aimed to present an intuitive approach for exploring an

optimal intervention approach for clinical blood transfusion. By con-

ducting laboratory tests based on the physician’s advice and consider-

ing the accumulated blood loss and neonatal blood volume, we

treated neonatal anaemia independently of the laboratory test results.

We also discussed appropriate blood transfusion schemes to avoid

the risk of complications associated with excessive blood transfusion.

Previous studies on the cumulative volume of blood loss in pre-

term infants reported a range of 14–90 mL/kg [16, 17]. Our study

showed a cumulative blood loss volume of between 9 and 17 mL/kg,

which is consistent with the range reported in correlational studies

in China. The characteristics of blood loss in the first few days after

hospitalization were consistent with previous findings [18]. The dis-

crepancies in the reported blood loss can be attributed to the popu-

lation and region, choice of experimental project type, clinical

nursing practices and the blood volume required by the specific test

equipment.

T AB L E 4 Analysis of outcome indicators of neonatal blood transfusion.

HNAA HAA

Intervention
Approach 0

Intervention
Approach 1

Intervention
Approach 2

p
Value

Intervention
Approach 0

Intervention
Approach 1

Intervention
Approach 2

p
Value

Weight growth

rate < normal

value, n (%)

54 (24.9) 17 (17.0) 8 (50.0) 0.012 35 (19.2) 17 (15.6) 27 (44.3) 0.000

No. of death, n (%) 19 (7.7) 12 (11.4) 3 (13.6) 0.394 13 (6.4) 5 (4.1) 18 (26.9) 0.000

ROP, n (%) 29 (11.7) 13 (12.4) 2 (9.1) 0.908 17 (8.4) 13 (10.7) 5 (7.5) 0.709

NEC, n (%) 13 (5.2) 4 (3.8) 2 (9.1) 0.576 16 (7.9) 10 (8.2) 9 (13.4) 0.368

IVH, n (%) 69 (27.8) 51 (48.6) 6 (27.3) 0.001 37 (18.3) 20 (16.4) 25 (37.3) 0.001

Abbreviations: HAA, hospital-acquired anaemia; HNAA, non-hospital-acquired anaemia; IVH, intraventricular haemorrhage; NEC, necrotizing enterocolitis;

ROP, retinopathy of prematurity.
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Diagnostic blood loss directly correlates with a decrease in hae-

moglobin or haematocrit levels [19–21]. Increased blood loss in VLBW

infants directly leads to a higher blood transfusion rate. In our study,

Intervention Approach 2 showed greater blood loss than the other

two approaches; however, the proportion of infused red blood cells

was the lowest. Evaluating the proportion of newborns with persis-

tently lower-than-normal haemoglobin levels at discharge, we found

that the incidence of abnormal haemoglobin cases was 63.6% and

59.7% in the HNAA and HAA groups, respectively, when applying

Intervention Approach 2. There was a significant difference in inci-

dence between Intervention Approach 2 and the other approaches in

the HNAA group. Inadequate blood transfusion regimens can result

in poor clinical outcomes and an increased risk of anaemia in

newborns.

HAA was associated with increased in-hospital mortality, particu-

larly severe HAA, which significantly affected the prognosis after dis-

charge [22–26]. Our research findings demonstrated that the

implementation of Intervention Approach 2 resulted in a higher preva-

lence of inadequate weight gain among VLBW infants in both the

HNAA and HAA groups. This trend negatively affected the overall

growth and development of newborns. Intervention Approach 2 also

showed the highest mortality rate in the HAA group. These findings

highlight the importance of a reasonable RBC transfusion intervention

approach that benefits the growth and development of VLBW infants

while avoiding the adverse effects of excessive or inadequate blood

transfusion schedules.

Blood transfusion therapy is necessary to treat anaemia in VLBW

neonates; however, excessive transfusion can lead to complications

that affect treatment outcomes and long-term growth and develop-

ment [22]. Red blood cell transfusion disrupts microcirculation regula-

tion and affects tissue oxygenation [27]. Blood transfusion has been

linked to the incidence of NEC, IVH and ROP.

A study conducted on premature infants in Iowa revealed that

restricted blood transfusion was associated with periventricular leuko-

malacia and IVH, whereas free red blood cell transfusion was poten-

tially neuroprotective [28]. Research on transfusion-induced IVH had

yielded mixed results, with some studies showing an increased inci-

dence of IVH with blood transfusion, whereas a few reports have sug-

gested that preventing anaemia is beneficial for IVH [29, 30]. Our

results indicated no significant differences in NEC and ROP between

the HNAA and HAA groups under different intervention approaches.

In Intervention Approach 1, the incidence of IVH increased in the

HNAA group, but was the lowest in the HAA group. These findings

suggested that despite selecting the Intervention Approach 1 interven-

tion based on the main outcome, IVH should still be considered in the

HNAA group, considering the different neonatal baseline conditions.

Therefore, it was necessary to determine the most appropriate trans-

fusion frequency and volume to reduce the occurrence of IVH in this

intervention approach. In the HAA group, the Intervention Approach

1 intervention demonstrated better main outcomes and fewer

complications.

In conclusion, this study aimed to investigate the optimal

blood transfusion intervention approach for diagnosing blood loss

in very-low-birth-weight neonates with VLBW. After correcting

for baseline confounders, Intervention Approach 1 was identified

as the optimal intervention in the HNAA group, in which a total

blood loss of less than 10% of the total blood volume after trans-

fusion led to the best prognosis. In the HAA group, the Interven-

tion Approach 1 intervention showed a better prognosis with

improved growth rate, lower mortality and fewer complications, as

indicated by a combination of primary and secondary outcome

indicators.

This study has some limitations. This study included only VLBW

newborns who received blood transfusions and excluded those who

did not. However, because 80% of newborns with VLBW received

blood transfusions, we believed that the data from this study fairly

represent the overall situation of newborns with VLBW. In addition,

Intervention Approach 1 demonstrated favourable primary outcomes

in the HNAA group but showed a higher incidence of IVH. Therefore,

in future studies, we aim to investigate the frequency, interval and

volume of blood transfusions to improve the secondary outcomes in

this intervention approach.
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Abstract

Background and Objectives: The Writing Committee of American Society for Aphe-

resis released the ninth edition of guidelines for therapeutic apheresis in 2023. Cate-

gories have been a part of the guidelines since the first edition, and the grading

system was introduced in the fifth edition, with updates in every new edition. In this

study, we investigated the category and grade change trends through the latest five

editions, focusing on therapeutic plasma exchange, to suggest future directions as

part of evidence-based medicine.

Materials and Methods: Categories and grades for therapeutic plasma exchange

(TPE) were collected and analysed from the fifth through ninth editions. We aligned

classification changes to the ninth edition’s clinical context and compared its catego-

ries and grades with those introduced in the guideline.

Results: Among 166 total indications in the ninth edition, 118 included TPE proce-

dure, either as a sole treatment or as one of the therapeutic apheresis techniques.

The total number of indications changed, but Category III remained predominant

throughout the editions. Similarly, Grade 2C consistently emerged as the most preva-

lent grade. Notably, 24 cases had grade changes. Of the 16 cases with evidence qual-

ity changes, the quality weakened in six and improved in 10. Evidence levels were

not improved throughout the study period for 102 clinical conditions.

Conclusion: To address gaps in evidence quality, international collaboration is imper-

ative to establish comprehensive large-scale studies or randomized controlled trials.

This will refine the use of therapeutic apheresis, including TPE, to foster evidence-

based advancements in clinical practice.
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Highlights
• In the fifth through to the ninth editions of the American Society for Apheresis (ASFA) guide-

lines, Category III and Grade 2C were the most predominant.

• The utilization of therapeutic plasma exchange (TPE) is increasing, but due to its infrequent

application in rare situations, accumulating substantial evidence is challenging. To implement

TPE, most decisions rely on individual patients’ clinical conditions.

• International medical professionals should be aware of the limitations of the ASFA guidelines

when applying them. In pursuit of evidence-based medicine, international collaboration is

needed to conduct large-scale studies and randomized controlled trials.

INTRODUCTION

Therapeutic apheresis (TA) refers to extracorporeal therapy in which

blood is manipulated outside the body and then returned to the

patient. Since its initial description by Abel et al. almost 100 years ago

in 1914, apheresis has progressed in tandem with other medical tech-

nologies [1]. At present, TA is being used with diverse modalities for

numerous indications, but there are limited guidelines available. The

guidelines by the Writing Committee of the American Society for

Apheresis (ASFA) are globally recognized and widely adopted [2]. The

ASFA guidelines, which were first issued in 1986 [3], have been

revised every 3 years; the ninth edition is the most recent.

The Writing Committee has updated various TA indications using

an evidence-based approach through evidence grading and indication

categorization. Categories have been part of the guidelines since the

first edition. The Grade system, introduced in the fifth edition in

2010, was adopted from the American College of Chest Physicians

Evidence-Based Clinical Practice Guidelines and replaced the previous

‘strength of evidence’ component with a quality of evidence evalua-

tion [4–6].

Upon the release of new guidelines, the categories and grades of

existing indications have changed and indications have been added

and removed. The aforementioned decisions were made based on the

quality of evidence in the published literature. The ASFA guidelines

advocate an evidence-based approach; thus, with each new edition,

the number of indications with higher levels of evidence has

increased.

In this study, our primary focus was to track the changes in the

categories and grades of the ASFA guidelines, particularly concerning

the therapeutic plasma exchange (TPE) procedure. Furthermore, based

on the trends, we aimed to provide insights into the future direction

of the ASFA guidelines.

MATERIALS AND METHODS

We collected and reviewed the categories and grades of indications

corresponding to the TPE method from the ASFA guidelines, covering

from the 5th edition published in 2010 to the 9th edition published in

2023 [2, 6–9]. The definitions of the categories and grading system

are summarized in Table 1.

We compared the total number of categories and grades across

the fifth through ninth editions. Additionally, to understand the pro-

portion of each category and grade, we investigated changes in the

number of fact sheets and indications for each edition.

Next, we individually compared each indication to assess the evo-

lution of the evidence. We compared the category and grade of indi-

cations in the ninth edition with those at their initial introduction in

the guidelines. For example, indications that were first included in the

guidelines were compared with their corresponding values in

the ninth edition. Similarly, the category and grade of indications

newly introduced in the seventh edition were compared with the

values in the ninth edition.

T AB L E 1 Category and grade recommendation definitions for
therapeutic apheresis.

Description

Category

I Disorders for which apheresis is accepted as first-line

therapy, either as a primary stand-alone treatment

or in conjunction with other modes of treatment.

II Disorders for which apheresis is accepted as second-

line therapy, either as a stand-alone treatment or

in conjunction with other modes of treatment.

III Optimum role of apheresis therapy is not established.

Decision-making should be individualized.

IV Disorders in which published evidence demonstrates

or suggests apheresis to be ineffective or harmful.

IRB/Ethics Committee approval is desirable if

apheresis treatment is undertaken in these

circumstances.

Recommendation

Grade 1A Strong recommendation, high-quality evidence

Grade 1B Strong recommendation, moderate-quality evidence

Grade 1C Strong recommendation, low-quality or very low-

quality evidence

Grade 2A Weak recommendation, high-quality evidence

Grade 2B Weak recommendation, moderate-quality evidence

Grade 2C Weak recommendation, low-quality or very low-

quality evidence

Abbreviation: IRB, Institutional Review Board.
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Grade changes from A to B or C, or from B to C, indicated a

weakening in the quality of evidence. In contrast, changes from C to

A or B, or from B to A, indicated an improvement in the quality of evi-

dence, suggesting strong support for the indication.

In case of the classification of the disease, condition or indication

changed, it was adjusted to fit the clinical context of the latest edition.

RESULTS

The ASFA ninth edition contained a total of 91 fact sheets and

166 indications. Since the publication of the first edition, the number

of fact sheets and indications tended to increase. Compared with the

previous edition in 2019, the number of fact sheets and indications

increased by nine and seven, respectively (Figure 1a).

Of the 166 indications in the ninth edition, 118 indications

(71.1%) were related to TPE, including indications where TPE was

either the sole procedure or part of multiple modalities. From the fifth

to ninth editions, indications related to TPE have consistently been

the most frequent (Figure 1b).

The 118 indications related to TPE in the ninth edition were cate-

gorized as follows: 72 in Category III, 23 in Category II, 20 in Category I

and 3 in Category IV. Of the indications, 86 were Grade 2 and 32 were

Grade 1, indicating a 2.7 times higher prevalence of weak recommenda-

tion levels over strong ones. The breakdown by evidence level showed

75, 35 and 8 indications as level C, B and A, respectively. Higher quality

evidence corresponded to fewer indications. Grade 2C was most com-

mon (n = 64), followed by Grades 2B, 1B, 1C, 1A and 2A.

Considering the category and grade together, the indication with

III/2C accounted for 41.5%. For indications with III/2C, TPE cannot

be considered as a first- or second-line therapy due to the weak

evidence. Instead, individualized clinical decision-making is essential

based on each patient’s specific clinical condition. The categories and

recommendation grades for TPE indications in the ninth ASFA guide-

lines are outlined in Figure 2.

In the fifth edition, all four categories showed no significant dif-

ferences, primarily falling under Category III. However, from the sixth

to the ninth edition, there was a noticeable increase in both the num-

ber and proportion of indications, reaching 61.0% in the ninth edition.

Categories I and II each had around 20 indications, while Category IV

steadily declined to only three indications by the ninth edition. Grade

2C consistently represented the highest proportion across all editions.

The details are illustrated in Figure 3.

Throughout the four revisions, from the fifth to the ninth edition,

the grades changed to a total of 24 TPE indications (Figure 4). Most

indications underwent only one grade update. However, three indica-

tions underwent two revisions and one indication underwent three

revisions.

However, the grading system combined both the recommendation

and evidence levels. We reviewed indications based on changes in the

evidence level (A–C), independent of any revisions to the recommen-

dation (1 or 2). As a result, 16 indications changed their evidence level

from the fifth to the ninth edition. Among them, 10 indications had

upgraded from B to A or from C to A or B, indicating a strengthening

of the evidence. For example, neurological indications such as acute

attack/relapse of multiple sclerosis and neuromyelitis optical spectrum

disorder have been updated from Grade B to A and from Grade C

to B, respectively (Figure 4). The other 6 indications experienced

downgrades in their evidence level, from A to B or from B to C, indi-

cating a decrease in the strength of evidence (Figure 5).

Additionally, some indications for TPE either newly appeared or

were removed in the ninth edition, and assessing changes in their

F I GU R E 1 (a) Number of fact sheets and indications from the first through the ninth edition. (b) Number of total indications and number (%)
of indications of therapeutic plasma exchange (TPE) from the fifth to the ninth edition.
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category or grade was impossible. In the ninth edition, four Category

IV indications in the previous edition and 18 indications were newly

added for TPE. Retired or new indications for TPE are summarized in

Table 2.

DISCUSSION

According to World Apheresis Association registry data, centrifugal

plasma exchange is the most frequent apheresis procedure, accounting

F I GU R E 2 Category and grade distribution of therapeutic plasma exchange indications in the ninth edition.

F I GU R E 3 Category (a, b) and grade (c, d) distribution of therapeutic plasma exchange indications in the fifth through ninth editions.
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for 28% of all procedures conducted and 64.0% of procedures after

excluding preparative procedures [10]. In addition, TPE has been the

predominant procedure in the ASFA guidelines, representing the high-

est proportion of procedures (71.1%) in ninth edition. All other cases

of retired or newly introduced fact sheets and indications have been

attributed to TPE, with only one indication of extracorporeal photo-

pheresis. Moreover, TPE is well-suited for evaluating an evidence-

based approach; among the various apheresis procedures, TPE is the

most widely used, resulting in a higher number of published literatures

compared with other procedures. In addition, TPE is the most preva-

lent procedure (92.4%) in Korea [11], while other procedures such as

adsorptive cytapheresis, immunoadsorption, lipoprotein apheresis or

double filtration plasmapheresis are rarely performed.

Since the fifth edition, only five to eight indications had strong

evidence corresponding to Grades 1A and 2A. In contrast, Grade 2C

indications consistently represented the highest percentage compared

with other grades each year. Newly introduced indications were

mostly classified as Grade 2C, which might have influenced the high

frequency of Grade 2C indications. Although weak evidence predomi-

nated overall, indications with a strengthened evidence quality out-

numbered those with a weakened evidence quality throughout the

last four revisions.

F I GU R E 4 Grade trends demonstrating 24 indications with grade updates in the fifth through ninth editions. ANCA, antineutrophil
cytoplasmic antibody; DAH, diffuse alveolar haemorrhage; IgM, immunoglobulin M; RPGN, rapidly progressive glomerulonephritis.

F I G U R E 5 Comparison of the evidence quality in the fifth
through ninth editions. (a) Summary of the level of evidence from
American Society for Apheresis guidelines. (b) The number of
indications with weakened or strengthened evidence.
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The combination of Category III and Grade 2C indications

appeared most frequently, which could have several explanations.

The primary reason was the limited use of TA procedures, which

complicated the recruitment of a significant number of study par-

ticipants. The challenge in conducting large-scale studies is not

only due to the rarity of a clinical status requiring TPE but also the

fact that many TPE procedures are performed for acute situations

or emergencies. Furthermore, in many cases, TPE is combined with

other treatments, such as intravenous immunoglobulin, rather than

being the only treatment, which makes it difficult to assess its

effectiveness. Additionally, the high prevalence of Category III

indications implies that the decision to perform TA is highly depen-

dent on the clinical status of the individual patient. Given these

considerations, conducting large-scale randomized controlled trials

and obtaining strong evidence can be exceedingly challenging. This

can also be confirmed by the fact that Grades 1A and 2A occur the

least frequently in each edition compared with other grades

(Figure 3c).

Despite being the most extensively used guidelines worldwide,

international healthcare workers who refer to the ASFA guidelines

must be aware of regional limitations. Although the composition of

the Journal of Clinical Apheresis Special Issue Writing Committee

member is intended to have a wide range of geographical and clinical

backgrounds, it is still limited to North American and European coun-

tries [2]. Certain diseases and conditions requiring TA as a key treat-

ment have a very low prevalence in the Writing Committee’s

designated region of interest and are not covered by the guidelines.

One notable example is severe fever with thrombocytopenia

T AB L E 2 Retired Category IV recommendations and newly introduced fact sheets and indications in 2023.

Disease/condition Indication Procedure Category Grade

Retired categories

Amyloidosis Causes other than dialysis TPE IV 2C

HELLP syndrome Antepartum TPE IV 2C

Vasculitis, other Idiopathic polyarteritis nodosa TPE IV 1B

Paraproteinemic demyelinating neuropathies; chronic

acquired demyelinating polyneuropathies

Multifocal motor neuropathy TPE IV 1C

New fact sheets

Alzheimer’s disease Mild or moderate TPE III 2A

Autoimmune dysautonomia TPE III 2C

Idiopathic inflammatory myopathies Anti-synthetase syndrome TPE III 2B

Clinically amyopathic dermatomyositis TPE III 2B

Immune-mediated necrotizing myopathies TPE III 2B

Immune checkpoint inhibitors, immune-related

adverse events

TPE III 2C

Paraneoplastic autoimmune retinopathies TPE III 2C

Transplantation, intestine Antibody-mediated rejection TPE III 2C

Desensitization TPE III 2C

Vaccine-induced immune thrombotic

thrombocytopenia

Refractory TPE III 2C

New indications incorporated into existing fact sheets

Acute liver failure Acute fatty liver of pregnancy TPE III 2B

Acute toxins, venoms and poisons Othera TPE/RBC

exchange

III 2C

Sickle cell disease, acute Other complicationsb RBC exchange/

TPE

III 2C

Chronic acquired demyelinating polyneuropathies CANOMAD/CANDA TPE III 2C

Thrombotic microangiopathy, pregnancy associated Extremely preterm preeclampsia, severe TPE/LA III 2C

Transplantation, heart Rejection prophylaxis TPE II 1C

Vasculitis, other Kawasaki disease TPE III 2C

Multisystem inflammatory syndrome in

children

TPE III 2C

Abbreviations: CANDA, chronic ataxic neuropathy with disialosyl antibodies syndrome; CANOMAD, chronic ataxic neuropathy, ophthalmoplegia,

immunoglobulin M paraprotein, cold agglutinins and disialosyl antibodies syndrome; HELLP, haemolysis, elevated liver enzymes, low platelets; LA,

lipoprotein apheresis; RBC, red blood cell; TPE, therapeutic plasma exchange.
aMethemoglobinemia incorporated into acute toxins, venoms and poisons.
bBone marrow necrosis/fat embolism syndrome incorporated into sickle cell disease.
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syndrome (SFTS). In Korea, SFTS has a relatively high prevalence and

numerous case reports, and studies regarding the use of TPE have

been reported [12–14]. However, due to the low prevalence in North

America, SFTS is not included in ASFA guidelines. Moreover, the lan-

guage barriers due to the ASFA guidelines’ focus on English-written

literature might result in non-English literature not being adopted as

evidence. While the membership of ASFA was queried for potential

new indications before the revision of the guidelines, international

collaboration with global apheresis community would help to make a

more comprehensive review.

Furthermore, an evidence-based approach is inherently depen-

dent on the published literature available. The current criteria for

including guidelines usually require at least 10 documented cases in

the previous decade. Considering that scenarios involving rare condi-

tions that occur infrequently are not conducive to extensive case

series or randomized controlled trials, it should be considered whether

researchers are allowed to submit additional case reports when only

nine case reports have emerged over the past 10 years, specifically

within the realm of English publications. For example, pancreatic

transplantation has been considered a candidate since the seventh

edition in 2016 [2, 8, 9] but remains a candidate in the ninth edition

due to insufficient evidence. Experts in apheresis should actively

engage in research and publish papers on indications with infrequent

procedures but significant therapeutic effects. And the efforts will

serve as the evidence for inclusion in the guidelines for future. To

overcome the regional and frequency challenges of indications, collab-

orative studies such as international or multi-institutional research will

be essential.

In summary, most indications are assessed as Category III and

Grade 2C, and new indications are likely to be classified as III/2C.

Therefore, until more evidence accumulates, decisions for indications

with a low grade should be based on each patient’s clinical status, and

the role of experts is crucial.

In conclusion, the quality of evidence has improved with each

revision; however, larger scale studies are still needed. To make

progress, conducting nationwide and international studies is

important.
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Abstract

Background and Objectives: The aim of this study was to analyse the reports

received in the Norwegian Haemovigilance System from 2004 to 2020 on acute and

delayed haemolytic transfusion reactions caused by non-ABO red cell antibodies.

Materials and Methods: Antibody specificity, clinical symptoms and outcomes were

included when available.

Results: After transfusion of 3.7 million red cell concentrates, reports on 78 cases of

haemolytic transfusion reactions caused by non-ABO red cell antibodies were

received, corresponding to an incidence of 1 in 47,000 transfused red cell concen-

trates. There were 30 acute and 48 delayed haemolytic transfusion reactions. A total

of 113 red cell antibodies were found: 82 alloantibodies, 6 autoantibodies and

25 cases where the antibody specificity could not be determined. Two fatalities

occurred: one caused by anti-Wra and one caused by an unidentified red cell anti-

body. The most frequently reported antibody specificities were those in the Rh and

Kidd blood group systems, representing 24% and 14%, respectively, of all the anti-

bodies identified. In six cases, errors occurred, leading to the issuing of blood units

without the required phenotype match.

Conclusions: Despite the possible underreporting, the low number of serious haemo-

lytic transfusion reactions reflects an adequate pre-transfusion practice by the Nor-

wegian blood banks.

Keywords
antibody specificity, haemolytic transfusion reaction, haemovigilance, red cell antibody,
serological investigations

Highlights
• The overall risk for experiencing a haemolytic transfusion reaction (HTR) caused by non-

ABO antibodies is 1 per 47,000 red blood cell (RBC) transfusions.

• The most frequently identified antibody specificities were those in the Rh and Kidd blood

group systems. In 32% of all reports, the specificity of the antibody/ies could not be

determined.

We present data received in the Norwegian Haemovigilance Working Group in the period 2004–2020, regarding acute and delayed transfusion reactions caused by non-ABO red cell antibodies.
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• In 26% of all HTRs, errors regarding the selection of RBCs led to the transfusion of units that

did not comply with the antigen requirements according to the patient’s records on

alloimmunization.

INTRODUCTION

The Norwegian Haemovigilance System was implemented in 2004 as

a voluntary reporting and learning system, becoming mandatory in

2007 [1]. Transfusion reactions, blood donor complications and near

misses are reported electronically. All reports are validated by the

Norwegian Haemovigilance Working Group before inclusion in the

database and the annual reports. Serological reactions with no symp-

toms of haemolytic transfusion reactions (HTRs) are not reported.

The definition of HTR in use in Norway is that proposed by the

International Society of Blood Transfusion Working Party on Haemo-

vigilance [2]. Briefly, an acute haemolytic reaction is defined as having

one or more symptoms such as fever, chest and/or back pain and

hypotension and/or laboratory parameters consistent with haemolysis

within 24 h after a transfusion. When similar symptoms occur

between 24 h and 28 days after a transfusion, the reaction is regarded

as a delayed transfusion reaction.

In Norway, the ‘Type & Screen’ (T&S) approach for issuing red

blood cells (RBCs) has been in use for many years. T&S results are

valid for 4 days, regardless of whether the patient is alloimmunized or

not, or if the patient has received a transfusion within the 4 days since

the last T&S was performed. For patients with no known red cell anti-

bodies, the blood unit may be issued by electronic crossmatch. For

patients with past or present red cell antibodies, the antiglobulin

crossmatch must always be performed before the transfusion, and the

result of a negative crossmatch is valid for 4 days. Transfusion records

of previous alloimmunization cannot be automatically accessed across

blood banks due to legal restrictions, although in special situations,

this information may be requested.

Extended antigen matching for Rh and Kidd blood group systems

to reduce the risk of alloimmunization is recommended for certain

patient groups, such as patients with haemoglobinopathies, haemato-

logical malignancies and/or red cell autoantibodies.

RhD-negative patients with childbearing potential receive RhD-

negative RBCs. All patients with childbearing potential should receive

K-negative RBCs. There are no other national guidelines for antigen

requirements in this patient group, even if some blood banks would

avoid giving Rhc-positive blood units to an Rhc-negative patient with

childbearing potential, as anti-c alloimmunization may lead to serious

complications in pregnancy. We assume that the recommendations

for extended antigen matching are followed as far as the blood bank

inventory allows it, but we do not have data to confirm this.

In Norway, blood banks are hospital-based, and 47 of them per-

form routine pre-transfusion tests. Only 24 blood banks do antibody

identification. Blood banks that do not perform antibody identification

send the blood samples to their local reference laboratory in immuno-

haematology for further investigations. The Norwegian National

Reference Laboratory on Immunohaematology at Oslo University

Hospital has been responsible for the National Quality Assessment

since 1994, and all Norwegian blood banks participate. The pro-

gramme includes ABO/RhD typing, phenotyping, crossmatch, direct

antiglobulin test (DAT), red cell antibody screening and identification,

as well as antibody titration. In addition, once a year, a hypothetical

serological case is included for discussion, and the participants may

explain which investigations should be performed. Norwegian blood

banks appears to perform adequately, as shown in the results of the

Norwegian Quality Assessment Program in Immunohaematology

(no official report available). Many blood banks also participate in

international quality assessment programmes.

An HTR is usually suspected by the nurse in charge of the trans-

fusion when the patient experiences a change in the clinical signs and

symptoms compatible with haemolysis under or within days after a

red blood cell transfusion. Underreporting cannot be excluded, since

many HTRs may be mild or subclinical and therefore not reported to

the blood bank by the clinicians. In many cases, symptoms such as

fever or changes in the blood pressure may be attributed to the

patient’s underlying medical condition rather than to an HTR. When

an HTR is reported to the blood bank, a serological investigation is

performed, both in the pre-transfusion sample and in the sample

taken after the transfusion reaction.

There are national recommendations regarding serological investi-

gations after an HTR, which should be performed both in blood sam-

ples taken before and after the transfusion reaction. These tests

include ABO/RhD typing of the patient and the blood unit, as well as

red cell antibody screening and DAT in the patient blood samples, and

immediate spin and antiglobulin crossmatch [3]. Additional phenotyp-

ing of the blood unit may be necessary. When there are discrepancies

in the results before and after the transfusion reaction, or in case new

antibodies are identified, an HTR should be suspected and further

serological investigations must be performed.

MATERIALS AND METHODS

Haemovigilance reports on acute and delayed HTRs caused by non-

ABO red cell antibodies received between 2004 and 2020 were

included. The specificity, nature (both alloantibodies and autoanti-

bodies) and number of red cell antibodies identified in patients

reported to have an HTR were included. The clinical symptoms, clini-

cal outcome, immunohaematological investigations, additional labora-

tory test results and information regarding cases of documented

alloimmunization prior to the HTR were provided in many reports. We

only present the results of the antibody specificities suspected to be

related to the HTR. Antibodies identified before transfusion, leading

484 ESPINOSA ET AL.
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to the use of blood negative for the corresponding antigen, are not

included. HTRs caused by ABO incompatible transfusions are

reported as a distinct category to the Norwegian Haemovigilance Sys-

tem and are outside the scope of this study.

RESULTS

We received reports on transfusion reactions from all the blood banks

in Norway. The number of reports corresponded with the size of the

hospital and the number of transfusions.

From 2004 to 2020, approximately 3.7 million RBCs were trans-

fused in Norway. In this period, 78 cases of HTRs caused by non-ABO

red cell antibodies (30 acute and 48 delayed HTRs) were reported

(Figure 1). This corresponds to an overall risk of 1 HTR per 47,000

RBCs transfused (1 acute HTR per 123,000 RBCs transfused and

1 delayed HTR per 77,000 RBCs transfused). A total of 113 red cell

antibodies were involved in the HTRs, consisting of 82 alloantibodies,

6 autoantibodies and 25 cases where the antibody specificity could

not be determined. Two fatalities occurred: one caused by anti-

Wra [4] and one caused by an unidentified red cell antibody.

Antibody specificities identified in the HTRs

The most frequently reported antibody specificities were those in the

Rh and Kidd blood group systems, with 28 and 16 reports, respec-

tively, representing 25% and 14% of all antibodies, respectively

(Figure 2). Anti-Jka and anti-E were the most frequently identified

antibody specificities, with 12 reports each (Figure 3). Anti-E was

identified in 12 reports, wherein 10 cases as the only antibody speci-

ficity. Anti-Jka was found as the only specificity in 11 out of the

12 reports where anti-Jka was identified (Figure 4).

Multiple alloantibodies were identified in 19 cases (24% of all the

reports) in the serological investigations performed after the HTR, in

7 acute and 12 delayed HTRs. In seven cases with multiple antibodies,

F I GU R E 1 Annual distribution of haemovigilance reports for acute and delayed haemolytic transfusion reactions (HTRs) received in the
period 2004–2020.

F I GU R E 2 Distribution of the reported cases of acute or delayed haemolytic transfusion reactions (HTRs) by blood group system of the red
cell antibodies suspected to have been the cause of the reaction.
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the specificity of one or more of the antibodies present in the

patient’s plasma could not be determined.

In seven cases (three anti-C, one anti-E, one anti-e and two anti-

Jka), the alloantibody suspected of having been the cause of the HTR

could only be identified by sensitive techniques such as PEG IAT

(polyethylene glycol indirect antiglobulin test) and/or enzyme tech-

niques, which are not routinely performed in the pre-transfusion

testing.

Eleven red cell antibodies against low-incidence antigens (LIAs) not

routinely present on the screening red cells, except for Cw, were identi-

fied. These were four cases of anti-Kpa, two cases of anti-Wra, three

cases of anti-Cob and two anti-Cw (Figure 3). Except for one case of

anti-Wra leading to a fatal acute HTR [4], the antibodies against LIAs

were identified together with other antibody specificities. In two cases,

two antibodies against LIAs could be found in the same patient, in addi-

tion to other red cell antibodies. In five other cases, one antibody speci-

ficity against LIAs was present, but other antibody specificities, such as

anti-E, anti-P1, anti-Fy
a, anti-Jka and others, were suspected to be the

main cause of the HTR by the reporting blood bank.

In 12 cases, antibody specificities that usually have little clinical

significance were reported as the suspected cause of 3 acute and

10 delayed HTRs. These were three anti-M, two anti-S, one anti-P1,

one anti-Lea and five anti-Bga. In the two cases of acute HTR, anti-Bga

was identified together with other alloantibodies of clinical signifi-

cance (anti-c, anti-E, anti-Cob and a possible anti-C). In four cases of

delayed HTR (one anti-Bga, two anti-M and one anti-S), there were no

other additional antibodies identified (Figure 4). One anti-P1 was

highly suspected of having been the cause of the acute HTR, as the

patient received a P1-positive blood unit. The patient had also anti-

Kpa and anti-K, but the unit was negative for both Kpa and K antigens.

In 25 cases (32% of all the reports), 9 acute and 16 delayed, the

antibody specificity could not be determined.

In six cases when urgent transfusion was required, the blood unit

was issued after a negative crossmatch but before the routine anti-

body screening test was completed. In five of these cases, the blood

unit turned out to be positive for the red cell antigen the patient was

immunized against, but the antibody was not reactive in the antiglob-

ulin crossmatch, giving a false-negative result. We do not have infor-

mation regarding the homozygosity or heterozygosity of the red cells

used in the crossmatch.

Antibody specificities identified in the acute HTRs

We received 30 acute HTRs: 8 Rh antibodies, 6 Kidd antibodies,

5 antibodies against LIAs, 1 anti-P1, 3 autoantibodies and

a a1wba a ab ba

F I GU R E 3 Distribution of the reported cases of acute and delayed haemolytic transfusion reactions (HTRs) by the specificities of the red cell
antibodies suspected to have been the cause of the reaction.

a w 1a a b b bba a

F I GU R E 4 Frequencies of the red cell antibodies identified alone or in combination with other identified antibodies. *LIAs, antibodies against
low-incidence antigens.
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9 unidentified antibodies. Figures 3 and 4 show a more detailed over-

view of the antibody specificities leading to an acute HTR in each

blood group system.

There was one fatal case of anti-Wra. Anti-Cob was identified in

three cases of acute HTR, leading to a serious reaction.

For antibodies in the Rh system, anti-C was most frequently

involved in acute HTRs, with four cases, followed by anti-E (two

reports), anti-c (one report) and anti-e (one report). Anti-C was usually

identified together with other antibody specificities. Only in one

report, anti-C was found as the only antibody in a patient with symp-

toms of acute HTR (Figure 4). There was one case of acute HTR

caused by anti-c. Two cases of anti-C, one anti-E and one anti-e could

only be identified by using by sensitive techniques such as PEG-IAT

and/or enzyme techniques.

In the Kidd system, anti-Jka was identified in four acute HTRs, fol-

lowed by anti-Jkb in two reports. Only in two cases of acute HTR,

antibodies in the Duffy blood group system were identified (Figures 3

and 4). One anti-P1 was highly suspected as to have been the cause

of an acute HTR, as the patient received a P1-positive blood unit.

Multiple alloantibodies were identified in seven cases leading to

an acute HTR, where specificities against LIAs were present in five

cases.

Red cell autoantibodies were identified in three acute HTRs,

where no additional antibody specificities could be found (Figures 3

and 4).

Antibodies against LIAs were suspected to have been the cause

of five acute HTRs (two anti-Wra and three anti-Cob) (Figures 2

and 3).

Antibody specificities identified in the delayed HTRs

In 48 cases, the patient experienced a delayed HTR. As for acute

HTRs, Rh and Kidd antibodies were also the most frequently reported

specificities identified in delayed HTRs, with 20 and 10 cases, respec-

tively (Figures 3 and 4). There were five reports on delayed HTR

caused by anti-c. One anti-C and two anti-Jka, found in three delayed

HTRs, could only be identified by using sensitive techniques.

Red cell autoantibodies were identified in one report on delayed

HTR with no accompanying alloantibodies. In 16 cases of

delayed HTR, the antibody specificity/ies could not be determined.

Figures 3 and 4 show a more detailed overview of the antibody speci-

ficities leading to a delayed HTR in each blood group system.

Multiple alloantibodies were identified in 12 cases of delayed

HTRs, where antibodies against LIAs were identified in two of these

cases.

Avoidable HTRs

In 20 cases (26% of all HTRs), the patient was alloimmunized prior to

the HTR, and the antibody specificities were known prior to the trans-

fusion, but the blood units did not comply with the antigen

requirements according to the patients’ alloimmunization. These HTRs

could therefore have been avoided. The errors made when issuing the

blood units were attributed to stress situations caused by the urgent

need for transfusion, that standard procedures were not followed,

wrong interpretation of the crossmatch results, practical reasons

regarding transfusion to outpatients and/or inadequate data registra-

tion in the laboratory information management system (LIMS). Even if

all blood banks in Norway have LIMS, the use of warnings is not stan-

dardized, and they may be misunderstood or overlooked.

Reported clinical symptoms and laboratory findings
related to the HTRs

In 42 cases (23 of the 30 cases of acute HTRs and 19 of the

48 delayed HTRs), information on clinical symptoms or relevant labo-

ratory parameters was provided in the report. Fever and/or chills,

alone or with other clinical symptoms, were reported in 18 cases, cor-

responding to 23% of all the total number of reports, whereas gastro-

intestinal (GI) symptoms such as nausea and vomiting were described

in 11 cases, corresponding to 14% of the reports on HTR. Icterus was

reported in six cases, together with other signs of haemolysis.

In 35 cases (16 acute and 19 delayed HTRs), clinical symptoms

and/or laboratory findings compatible with haemolysis were pro-

vided in the haemovigilance report. Icterus, back pain, Hb fall, hae-

moglobinuria, haemolysis in the post-transfusion blood sample,

reduced haptoglobin, increased bilirubin and/or lack of Hb rise

after the transfusion were reported. GI symptoms such as nausea,

abdominal pain and diarrhoea were reported together with other

symptoms or laboratory findings in 11 cases (14% of all reports).

Unfortunately, we have limited information on other clinical symp-

toms and signs.

Anti-Cob was identified in three cases of acute HTR, where two

patients experienced back pain, and the third patient had oliguria.

One of these patients had a transient renal failure requiring haemodia-

lysis, but the patient made a full recovery.

In nine additional cases involving anti-Jka, anti-C, anti-c, anti-Fya,

anti-Fyb, one unidentified antibody, anti-Jkb, autoantibodies and

anti-E, the patient experienced chest or back pain and/or signs of hae-

molysis during the HTR. In one fatal case of anti-Wra, the patient had

severe renal failure [4].

DISCUSSION

In this overview, we present the findings related to haemovigilance

reports on acute and delayed HTRs caused by non-ABO antibodies.

The number of reports on HTRs has been stable, with one to nine

reports per year. Underreporting cannot be excluded, since many

HTRs may be mild or subclinical and therefore not reported to the

blood bank by the clinicians. In many cases, symptoms such as fever

or changes in the blood pressure may be attributed to the patient’s

underlying medical condition rather than to an HTR.
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In our haemovigilance material, Kidd and Rh antibodies were the

most frequent specificities identified in the reported HTRs. This is in

accordance with data from the SHOT report 2022, which showed that

anti-Jka remains the most common antibody implicated in delayed

HTRs [5]. Antibodies in the Kidd blood group system can be difficult

to identify as they tend to become weaker over time, but even weak

antibodies in the Kidd system can be capable of causing HTRs [6]. Our

data show that even weakly reactive antibodies in the Rh and Kidd

blood group systems may lead to an acute or delayed HTR. This is

comparable to the results of the SHOT report for 2022, where 9 of

the 11 antibodies related to an acute HTR as well as 21 of the

29 cases of delayed HTR were identified only in the post-transfusion

sample [5]. The use of more sensitive techniques for the identification

of weakly reactive red cell antibodies, such as PEG-IAT and enzyme

techniques, has been shown to be useful in reducing the risk of

HTRs [7]. These measures may, however, have detrimental effects by

delaying a transfusion, as they may lead to false-positive reactions or

detect weak antibodies with little clinical significance. The use of more

sensitive serological techniques cannot prevent HTRs caused by anti-

bodies against LIAs.

In four cases, antibodies against LIAs were involved in a serious

HTR. Even if there have been several reports of severe or fatal HTRs

caused by antibodies against LIAs [8], it is not recommended to

include red cells positive for LIAs routinely in the screening and/or

identification panels [9, 10].

In 12 cases, the HTR was attributed to red cell antibodies that

usually have little clinical significance, such as anti-M, anti-S, anti-P1,

anti-Lea and anti-Bga. There are only sporadic reports where strongly

reactive Bga antibodies were involved in an HTR [11, 12]. It is difficult

to assess whether these antibodies were the cause of the reaction or

if other, non-identified antibodies might also have been present. In

addition, when multiple red cell antibodies are involved in an HTR,

such as in the two cases of acute HTR where anti-Bga was identified,

it is difficult to assess the causative antibody specificity, as we do not

usually have detailed information about the phenotype of the trans-

fused blood units involved in the HTR.

In 32% of all reports, the specificity of the antibody/ies could not

be determined. Extensive investigations after a serious HTR should be

performed in order to try to identify the causative red cell antibody/

ies. We strongly recommend the referral of blood samples after seri-

ous transfusion reactions highly suspected to be an HTR to a refer-

ence laboratory, when the initial antibody identification is

inconclusive at the local blood bank. In many cases, the use of special

serological techniques, such as differential absorption, antibody elu-

tion, red cell antigen genotyping and use of rare red cell panels and

antisera may be necessary. We also encourage the reporting blood

bank to provide as much information as possible in the haemovigi-

lance report on serological findings, other relevant laboratory results

as well as clinical symptoms and patient outcome. In cases were addi-

tional information is requested, it is often too late to perform addi-

tional tests.

In 14% of the reports, GI symptoms such as nausea and vomit-

ing were described in patients experiencing an HTR. GI symptoms

are sometimes reported to the Norwegian Haemovigilance System

as the only symptoms of a transfusion complication, and these

reactions are considered as a non-specific transfusion reactions.

Little is known regarding their pathophysiology, but based on our

findings, GI symptoms should perhaps be suspected as a possible

sign of the early stage of an HTR, as it has previously been

suggested [13].

The overall incidence of alloimmunization in Norway is thought to

be 0.57% in the pre-transfusion tests for possible recipients of

blood [14]. It is estimated in the literature that only 30% of the pre-

sent red cell antibodies are actually detected, due to alloantibody eva-

nescence patterns, missed opportunities for alloantibody detection

and record fragmentation [15]. Patients with previous history of red

cell alloimmunization may be prone to developing additional anti-

bodies [16], putting them at higher risk of experiencing an HTR. The

use of extended antigen match in alloimmunized patients is not

required in Norway, although it might be beneficial in patients with

several antibody specificities and patients expected to have long-term

need for transfusion [17]. For patients with warm autoantibodies,

however, the use of prophylactic antigen match does not seem to

have any protective effects for reducing the risk for new

alloimmunization [18].

Urgent transfusions are sometimes required before full pre-

transfusion and antibody investigations are completed, and this may

lead to HTR if the patient is alloimmunized. This is a risk that clinicians

need to be aware of when ordering emergency blood units.

Clinicians should be able to promptly recognize the typical clinical

symptoms and signs in patients experiencing an HTR.

In summary, in 17 years, we received 78 reports on HTRs corre-

sponding to 1 HTR per 47,000 RBC transfusions. The most fre-

quently identified antibody specificities were those in the Rh and

Kidd blood group systems. In 26% of all HTRs, the patient was

alloimmunized prior to the HTR, and the antibody specificity was

known, but errors led to an HTR in the patient. Even if these HTRs

could have been avoided, the low number of reported serious HTRs

reflects that the blood banks in Norway have adequate strategies for

antibody identification and selection of blood units. We strongly rec-

ommend the referral of blood samples to a reference laboratory

when the initial antibody identification is inconclusive at the local

blood bank.
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Abstract

Background and Objectives: Promotion in academic medicine requires evidence of

the creation and dissemination of scholarly output, primarily through peer-reviewed

publications. Studies demonstrate that scholarly activity and impact are lower for

women physicians than for men physicians, especially during the early stages of their

academic careers. This report reviewed physicians’ academic productivity after pass-

ing their Blood Banking/Transfusion Medicine (BBTM) subspecialty exam to deter-

mine if gender discrepancies exist.

Methods: A cross-sectional analysis was designed to determine trends in scholarly

activity for women physicians versus men physicians in BBTM. Indexed publications

were reviewed using iCite, the National Institutes of Health (NIH) Office of Portfolio

Analysis tool, from 1 January 2017 to 1 December 2021, for BBTM examinees who

passed the sub-speciality fellowship exam in the years 2016 through 2018.

Results: Overall, women physicians had statistically significant fewer total career

publications (median 6 vs. 9 cumulative papers, p = 0.03). Women published at a

lower rate after passing BBTM boards, which was not statistically significant (0.7

vs. 1.3 publications per year). Other statistically significant findings include fewer

early-career BBTM women physicians were first authors compared with men physi-

cians (p = 0.03) and impact as assessed by relative citation ratio was higher for

men (p = 0.01).

Conclusions: This study demonstrates that there are gender differences in scholarly

productivity and impact on early-career BBTM physicians. Given that this cohort of

BBTM physicians are early-career professionals, the significant difference in first

authorship publications between women and men physicians is especially concern-

ing. Publication metrics should be followed to ensure equitable research environ-

ments for early-career BBTM physicians.
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Highlights
• Among transfusion medicine physicians, women had lower bibliometric scores in the first

3 years after passing the subspecialty fellowship examination compared with men.

• Similarly to other medical specialties, fewer women physicians in blood banking/transfusion

medicine (BBTM) were attributed as first authors.

• Further studies into whether these disparities in early-career academic productivity hinder

academic promotion and career advancement of women physicians in BBTM are warranted.

INTRODUCTION

Physicians, when compared by gender, are not equitably promoted

to academic leadership positions in medicine [1]. The aetiology of

this disparity in promotion is multi-factorial. Early-career achieve-

ment in scholarship could help combat this inequity, as could under-

standing the factors related to early-career academic rank

promotion [2]. Competing demands can be identified for early-

career academic physicians—including patient care responsibilities,

education and scholarship—when junior faculty are at a vulnerable

career point with a myriad of additional non-academic responsibili-

ties such as child and elder care [3]. These factors have been shown

to disproportionately impact women physicians more than men

physicians [3].

Despite gender parity in many specialties in academic medicine

(men and women at 50:50 ratios), several studies have shown dis-

crepancies in scholastic bibliometric metrics of first author, senior

author, corresponding author and citation-based analyses between

genders [4–8]. For example, in ophthalmology, women physicians

had lower academic productivity than men physicians and were less

frequently identified in first- or senior-author positions [9]. These

findings have been replicated in many medical specialties. How-

ever, the aetiology behind and the timing of when gender-based

difference in academic scholarship/productivity emerges remains

undetermined.

In a critical analysis of academic scholarship, Merman et al. [10]

studied 28 medical specialties (excluding pathology) and highlighted

that authorship of clinical practice guidelines underrepresented female

physicians, the sex terminology used in the source publication. More

recently, pathology-specific bibliometric scholarship analyses have

shown similar gender inequities in academic productivity within clini-

cal practice guidelines, surgical pathology book chapters, surgical

pathology publications and pathology-based editorial board composi-

tion [11, 12]. Our prior work demonstrated that analysis of early-

career cohorts within the pathology-based subspecialty of blood

banking/transfusion medicine (BBTM) indicates considerable aca-

demic productivity; however, differences between genders in aca-

demic productivity among early-career BBTM physicians have not

been studied to date [13].

To determine if there is a difference in BBTM early-career aca-

demic productivity by gender, we assessed bibliometric outputs over

a 5-year period (2017–2021).

STUDY DESIGN AND METHODS

We performed subgroup analysis on our previously published cohort

of physicians who passed the American Board of Pathology Transfu-

sion Medicine/Blood Banking subspecialty board exam from 2016 to

2018 [13]. The group was assessed from 2017 to 2021. An a priori

decision was made to assess academic output related to gender based

on literature in other medical fields. Methods were based on a previ-

ously performed analysis characterizing the BBTM workforce [13].

The University of Texas Southwestern Human Research Protection

Program reviewed the project and determined that the study did not

require institutional review board approval or oversight as the infor-

mation used in this analysis is within the public domain.

Early-career physicians are typically defined by medical associa-

tions as physicians within 10 years of graduation from their terminal

fellowship programme or within 16 years of graduation from medical

school [14]. We assessed the academic productivity of transfusion

medicine physicians for 3 to 5 years of passing the boards.

Initial determination of gender was performed using the Gender

API website, which determines the probability of societal gender

based on name [15]. We used a threshold of >90% certainty for

assignment. Gender was ultimately determined by consensus agree-

ment among authors after a review of professional photos and avail-

able pronouns. There were no instances of they/them pronouns; all

physicians were categorized as she/her or he/him.

Two independent data coders (TSI and BDA) were used to assess

faculty ranking and authorship attribution. All discrepancies were eval-

uated by the research team. Individuals with common names whose

total publication count was greater than 100 manuscripts were

excluded in order to mitigate erroneous attribution of publications

because such errors impact calculated metrics and thus skew results.

Publication data were obtained from the NIH iCite platform, a

web-based portfolio tool that compiles author work and characterizes

bibliographic metrics. Academic impact was assessed using the rela-

tive citation ratio (RCR), a metric that takes into account citations for

similar contemporary works to normalize impact [16].

Statistical analyses were performed using GraphPad Prism

(Version 9.2.0, GraphPad Software, San Diego, CA, USA). Normality

was assessed using the Kolmogorov–Smirnov test. Descriptive sta-

tistics are reported as median values with interquartile ranges

unless otherwise specified. Continuous variables were assessed

using the Mann–Whitney test and categorical variables were
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assessed using the Fisher’s exact test. Statistical significance was

considered at p value <0.05.

RESULTS

A total of 133 individuals who passed the BBTM boards from 2016 to

2018 were included in the analyses. Five individuals were excluded

due to having common names.

Demographics

The cohort consisted of 55% (70/128) men and 45% (58/128)

women. The majority (66%, 85/128) of BBTM physicians worked in

academia. Of these physicians, similar proportions of men, 64%

(45/70), and women, 69% (40/58), worked within academic institu-

tions. More men held additional degrees—such as MPH, MBA, or

PhD—compared with women [31% (22/70) vs. 17% (10/58),

p = 0.07]. Academic rank as assistant professor was relatively similar

between genders. Eighty-four percent (38/45) of men were assistant

professors, whereas 82.5% (33/40) of women held the same faculty

rank. More women (17.5%, 7/40) were associate professors versus

men 13.3% (6/45) (p = 0.8). Additional demographic data are pre-

sented in the previous publication [13].

Academic productivity by gender

A total of 1651 publications were produced by the 128 BBTM physi-

cians. The median total career publications by men physicians was

9 (interquartile range [IQR]: 5–35), which was significantly higher than

women physicians at 6 (IQR: 2–15; p = 0.03; Figure 1). Both genders

in the BBTM cohort were academically productive since passing the

boards. The median publication per individual per year since passing

boards was 1.3 (IQR: 0.3–2.6) for men, whereas it was 0.7 (IQR: 0–

2.1) for women (p = 0.2).

Authorship attribution by gender

Men physicians had a higher median number of publications as first

authors than women physicians [3 (IQR 1–7.3) versus 2 (IQR: 0–5),

respectively] (p = 0.04; Figure 2). There was no statistical difference

in publications as middle author or senior author by gender.

Publication influence

The median total number of citations was higher for men compared

with women [103 (IQR: 16.5–279.8) and 32.5 (IQR: 6.8–195), respec-

tively], although this was not statistically significant (p = 0.08). Simi-

larly, the median citations per paper were also higher for men [8.5

(IQR: 4.6–20.2)] compared with women [7.7 (IQR: 3.1–16.9)]

(p = 0.33). The weighted RCR was significantly higher for men at 7.5

(IQR: 3.1–25.7) compared with 3.8 (IQR: 0.7–12.4) for women

(p = 0.01; Figure 3).

DISCUSSION

Our study shows gender disparities in scholarly productivity and influ-

ence in early-career BBTM board-certified physicians. This is the first

study to assess gender differences through the evaluation of biblio-

metric measures in peer-reviewed publications within BBTM. The

median total number of publications by early-career BBTM women

physicians was statistically significantly lower than that of men physi-

cians. In addition, women were less frequently serving as first authors.

The relative citation ratio which assesses scholarly impact was signifi-

cantly higher for men BBTM physicians. These discrepancies

F I GU R E 1 Publication data. (a) Cumulative publications (p = 0.03), (b) publications per year of academic activity (p = 0.08) and
(c) publications per year since passing board exams (p = 0.19). ***Statistical significance.
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emphasize the potential influence of gender on the contribution, rec-

ognition and visibility of scholarly work by women (Table 1). These

findings are consistent with results from other academic medical

specialties.

The gender-based disparities identified in this study are consis-

tent with previous studies in other academic medicine specialties. For

example, a study on sex-based authorship trends, sex terminology

used in source publication, in the highest-impact anaesthesiology jour-

nals over a 16-year period found that female physicians were less

likely to be first and senior authors than male, despite increases in

female representation in publications [17]. According to a 2013 publi-

cation, authorship attribution to females, sex terminology used in

source publication, only represent 20% of author attribution

in research publications [18]. Bibliometric analysis in specialties inside

and outside pathology confirms gender imbalances in publication out-

put and influence [5–7, 9, 11, 12, 17]. This is true despite the increas-

ing number of women physicians entering academic medicine and a

slightly higher proportion of women working in academia relative to

men in our cohort.

Given that the majority of the women in our study worked in aca-

demia as assistant professors, the gender gap in academic productivity

and publication influence may hinder the future academic promotion

and career advancement of women BBTM physicians; however, there

was a slightly higher proportion of women in associate professor

roles. Women had fewer total publications, but there was no statisti-

cal difference in publications after passing boards, suggesting that an

emphasis should be placed on involving women in research during

training. As most BBTM physicians go into academic careers, involving

women in an equitable fashion when working with trainees to contrib-

ute to or lead investigations should be considered as a possible inter-

vention moving forward. In spite of this, women BBTM physicians

often hold important departmental leadership roles or have a promi-

nent role in trainee education, which may contribute to earlier promo-

tion relative to men in our study. Further longitudinal analysis need to

be conducted to determine if leadership roles are contributing to ear-

lier promotion among women.

Overall, these findings suggest that there is a need to address

early gender disparities in academic medicine, as it takes time to foster

F I GU R E 2 Authorship position. (a) first author publications (p = 0.04), (b) middle author publications (p = 0.06) and (c) senior author
publications (p = 0.13). The median value for senior authorship was 0 for both groups. ***Statistical significance.

F I GU R E 3 Citation characteristics. (a) total citations (p = 0.08), (b) mean citations per paper (p = 0.33) and (c) weighted relative citation ratio
(RCR; p = 0.01). ***Statistical significance.
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academic success for early-career physicians. Bibliometrics such as

the number of publications, author line position and citations are pre-

dominantly used to determine the academic advancement of physi-

cians by promotion and tenure committees. Such metrics compete

with other responsibilities, such as patient care and education

required from academic physicians by their departments. These met-

rics may impede the academic progression, career advancements and

promotions of women physicians [5–7, 9, 11, 12, 17]. This slower rate

of academic advancement may help explain the gender disparity in

senior academic positions and the lack of women senior authors on

manuscripts or editors of books [5–7, 9, 11, 12, 17, 19, 20]. Although

there were more early-career promotions, it is unclear how these met-

rics affects progression to full professor or promotion to section or

departmental leadership. In addition, the lack of author attribution to

women BBTM physicians on manuscripts could be a reflection of

women underrepresentation on the specialty journal editorial boards as

editors and reviewers [21]. Having fewer women as editors contributes

to fewer women being invited to write author commentaries and edito-

rials in medical journals [22, 23]. Research shows that the lack of

women leaders and mentors, gender stereotyping through differences

in workplace expectations and disparity in career development oppor-

tunities impact the career advancement of women [19]. Addressing

these imbalances requires a multifaceted approach encompassing insti-

tutional support, women mentorship and targeted interventions, such

as increased NIH funding for women [24]. These solutions, along with

addressing biases in the editorial evaluation process, move us towards

creating a more equitable and inclusive academic environment [5].

There are several limitations to this study. We recognize the

inability to fully account for the gender spectrum as a limitation of this

study because of our binary use of the gender variable. Where appro-

priate, sex-based terminology utilized by the cited reference has been

maintained. In addition, subgroup analyses may falsely attribute signif-

icance based on small numbers; however, given significant historical

evidence showing disparities in academic support based on gender

and the fact that this subgroup was selected a priori, our findings are

not unanticipated [25].

In conclusion, our cross-sectional study sheds light on gender dis-

parities in academic productivity, publication impact and authorship

attribution among early-career BBTM physicians. By highlighting

these disparities, this study contributes to the ongoing dialogue sur-

rounding gender equity and prompts collective efforts to create a fair

and supportive environment for all genders within the field of aca-

demic medicine.
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T AB L E 1 Early-career transfusion medicine physicians demographic and bibliometric information.

Women Men

p valuePercentage [N or median (IQR)] Percentage [N or median (IQR)]

Gender 45% (58/128) 55% (70/128) -

Academia 69% (40/58) 64% (45/70) 0.7

Rank

Associate Professor 17.5% (7/40) 13.3% (6/45) 0.8**

Assistant Professor 82.5% (33/40) 84.4% (38/45)*

Additional degrees 17% (10/58) 31% (22/70) 0.07

RCR 3.8 (0.7–12.4) 7.5 (3.1–25.7) 0.01

Number of publications per year since boards 0.7 (0–2.1) 1.3 (0.3–2.6) 0.2

Cumulative paper 6 (2–15) 9 (5–25) 0.03

Total citations 32.5 (6.8–195) 103 (16.5–279.8) 0.08

Citations per paper 7.7 (3.1–16.9) 8.5 (4.6–20.2) 0.33

First author 2 (0–5) 3 (1–7.3) 0.04

Middle author 4 (1–8) 6 (2–11.3) 0.06

Senior author 0 (0–2) 0 (0–1) 0.1

Abbreviations: IQR, interquartile range; RCR, relative citation ratio.

*One individual was still in training at the time of evaluation.

**A contingency table evaluation of assistant versus associate professor level was non-significant, and the p value for the evaluation was 0.8.

494 IPE ET AL.

 14230410, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13606 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

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

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ORCID

Tina S. Ipe https://orcid.org/0000-0003-3554-5521

Yvette C. Tanhehco https://orcid.org/0000-0002-7800-3119

REFERENCES

1. Richter KP, Clark L, Wick JA, Cruvinel E, Durham D, Shaw P, et al.

Women physicians and promotion in academic medicine. N Engl J

Meds. 2020;383:2148–57.
2. Murphy M, Callander JK, Dohan D, Grandis JR. Women’s experi-

ences of promotion and tenure in academic medicine and potential

implications for gender disparities in career advancement: a qualita-

tive analysis. JAMA Netw Open. 2021;4:e2125843.

3. Jolly S, Griffith KA, DeCastro R, Stewart A, Ubel P, Jagsi R. Gender

differences in time spent on parenting and domestic responsibilities

by high-achieving young physician-researchers. Ann Intern Med.

2014;160:344–53.
4. Miyasaki JM, Maplethorpe E, Yuan Y, Keran C, Gross RA. Leadership,

recognition awards, and publication by men and women in the Amer-

ican Academy of Neurology. Neurology. 2020;95:e3313–20.
5. Ammann AM, Delman AM, Bethi M, Turner KM, Sedaghat AR,

Holm TM. Gender disparities in academic productivity and promo-

tion among endocrine surgery faculty. J Surg Res. 2022;277:335–41.
6. Bagga E, Stewart S, Gamble GD, Hill J, Grey A, Dalbeth N. Represen-

tation of women as authors of rheumatology research articles.

Arthritis Rheumatol. 2021;73:162–7.
7. Jagsi R, Guancial EA, Worobey CC, Henault LE, Chang Y, Starr R,

et al. The “gender gap” in authorship of academic medical

literature—a 35-year perspective. N Engl J Med. 2006;355:281–7.
8. Schrager S, Bouwkamp C, Mundt M. Gender and first authorship of

papers in family medicine journals 2006–2008. Fam Med. 2011;43:

155–9.
9. Lopez SA, Svider PF, Misra P, Bhagat N, Langer PD, Eloy JA. Gender

differences in promotion and scholarly impact: an analysis of 1460

academic ophthalmologists. J Surg Educ. 2014;71:851–9.
10. Merman E, Pincus D, Bell C, Goldberg N, Luca S, Jakab M, et al. Dif-

ferences in clinical practice guideline authorship by gender. Lancet.

2018;392:1626–8.
11. Nguyen MA, Yousef S, Gupta R, McKenzie C. Gender distribution in

surgical pathology journal publications and editorial boards. J Clin

Pathol. 2023;jcp-2023-208915. https://doi.org/10.1136/jcp-2023-

208915

12. Parra-Herran C, Khani F, Wobker SE. Gender distribution of editors

and authors of reference textbooks in anatomic pathology: further

edits are required. Mod Pathol. 2022;35:1784–90.
13. Tanhehco YC, Ipe TS, Booth GS, Adkins BD. Academic productivity

of early career transfusion medicine specialists: a workforce study.

Transfus Med Rev. 2023;37:36–40.

14. FACP DMMMM. 3 Secrets to Protect Your Time as an Early Career

Physician. Available from: https://womeninwhitecoats.com/3-

secrets-to-protect-your-time-as-an-early-career-physician/. Last accessed

31 Dec 2023.

15. Gender-API. Available from: https://gender-api.com/. Last accessed

31 Dec 2023.

16. Hutchins BI, Yuan X, Anderson JM, Santangelo GM. Relative citation

ratio (RCR): a new metric that uses citation rates to measure influ-

ence at the article level. PLoS Biol. 2016;14:e1002541.

17. Keim AA, Pelkey MN, Broadfoot JE, Folley TA, Kraus MB,

Maloney JA, et al. Women authorship trends in the highest-impact

anesthesiology journals from 2005 to 2021. J Womens Health

(Larchmt). 2023;32:592–7.
18. Larivière V, Ni C, Gingras Y, Cronin B, Sugimoto CR. Bibliometrics:

global gender disparities in science. Nature. 2013;504:211–3.
19. Bickel J, Wara D, Atkinson BF, Cohen LS, Dunn M, Hostler S, et al.

Increasing women’s leadership in academic medicine: report of the

AAMC project implementation committee. Acad Med. 2002;77:

1043–61.
20. Monroe AK, Levine RB, Clark JM, Bickel J, MacDonald SM,

Resar LM. Through a gender lens: a view of gender and leadership

positions in a Department of Medicine. J Womens Health (Larchmt).

2015;24:837–42.
21. Jacobs JW, Adkins BD, Woo JS, Lally K, Booth GS. Analysis of

gender representation on transfusion medicine journal editorial

boards: comparison between 2019 and 2022. Vox Sang. 2023;

118:93–7.
22. Loder E, Burch R. Underrepresentation of women among authors of

invited commentaries in medical journals-where are the female edi-

torialists? JAMA Netw Open. 2019;2:e1913665.

23. Thomas EG, Jayabalasingham B, Collins T, Geertzen J, Bui C,

Dominici F. Gender disparities in invited commentary authorship in

2459 medical journals. JAMA Netw Open. 2019;2:e1913682.

24. Nguyen M, Gonzalez L, Chaudhry SI, Ahuja N, Pomahac B,

Newman A, et al. Gender disparity in National Institutes of Health

funding among surgeon-scientists from 1995 to 2020. JAMA Netw

Open. 2023;6:e233630.

25. Burke JF, Sussman JB, Kent DM, Hayward RA. Three simple rules to

ensure reasonably credible subgroup analyses. BMJ. 2015;351:

h5651.

How to cite this article: Ipe TS, Tanhehco YC, Booth GS,

Adkins BD. Gender differences in scholarly productivity of

early-career transfusion medicine physicians. Vox Sang. 2024;

119:490–5.

GENDER DIFFERENCES IN TM SCHOLARLY PRODUCTIVITY 495

 14230410, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13606 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

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

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0003-3554-5521
https://orcid.org/0000-0003-3554-5521
https://orcid.org/0000-0002-7800-3119
https://orcid.org/0000-0002-7800-3119
https://doi.org/10.1136/jcp-2023-208915
https://doi.org/10.1136/jcp-2023-208915
https://womeninwhitecoats.com/3-secrets-to-protect-your-time-as-an-early-career-physician/
https://womeninwhitecoats.com/3-secrets-to-protect-your-time-as-an-early-career-physician/
https://gender-api.com/


OR I G I N A L A R T I C L E

Evidence that CD36 is expressed on red blood cells and
constitutes a novel blood group system of clinical importance

Abdul Ghani Alattar1,2 | Jill R. Storry1,2,3 | Martin L. Olsson1,2,3

1Division of Hematology and Transfusion

Medicine, Department of Laboratory

Medicine, Lund University, Lund, Sweden

2Lund Stem Cell Center, Lund University,

Lund, Sweden

3Department of Clinical Immunology and

Transfusion Medicine, Office for Medical

Services, Lund, Sweden

Correspondence

Martin L. Olsson, Division of Hematology and

Transfusion Medicine, Department of

Laboratory Medicine, Lund University, BMC

C14, Klinikgatan 28, 221 84 Lund, Sweden.

Email: martin_l.olsson@med.lu.se

Funding information

Vetenskapsrådet; Knut och Alice Wallenbergs

Stiftelse, Grant/Award Number: 2020.0234;

Swedish governmental ALF grants to

university healthcare, Grant/Award Numbers:

ALFSKANE-446521, 2022-Projekt0287;

Swedish Research Council, Grant/Award

Number: 2019-01683

Abstract

Background and Objectives: Polymorphic molecules expressed on the surface of cer-

tain blood cells are traditionally categorized as blood groups and human platelet or

neutrophil antigens. CD36 is widely considered a platelet antigen (Naka) and anti-

CD36 can cause foetal/neonatal alloimmune thrombocytopenia (FNAIT) in

CD36-negative pregnant women. CD36 is used as a marker of differentiation in early

erythroid culture. During the experimental culture of CD34+ cells from random

blood donors, we observed that one individual lacked CD36. We sought to investi-

gate this observation further and determine if CD36 fulfils the International Society

of Blood Transfusion criteria for becoming a blood group.

Materials and Methods: Surface markers were monitored by flow cytometry on devel-

oping cells during the erythroid culture of CD34+ cells. Genetic and flow cytometric

analyses on peripheral blood cells were performed. Proteomic datasets were analysed,

and clinical case reports involving anti-CD36 and foetal anaemia were scrutinized.

Results: Sequencing of CD36-cDNA identified homozygosity for c.1133G>T/p.Gly378Val

in the CD36-negative donor. The minor allele frequency of rs146027667:T is 0.1% glob-

ally and results in abolished CD36 expression. CD36 has been considered absent from

mature red blood cells (RBCs); however, we detected CD36 expression on RBCs and

reticulocytes from 20 blood donors. By mining reticulocyte and RBC datasets, we found

evidence for CD36-derived peptides enriched in the membrane fractions. Finally, our liter-

ature review revealed severe cases of foetal anaemia attributed to anti-CD36.

Conclusions: Based on these findings, we conclude that CD36 fulfils the criteria for

becoming a new blood group system and that anti-CD36 is implicated not only in

FNAIT but also foetal anaemia.

Keywords
blood group antigens, CD36, erythropoiesis, Naka

Highlights
• CD36 constitutes a new blood group system.

• CD36 is expressed at low level on reticulocytes and erythrocytes.

• Anti-CD36 can cause severe foetal anaemia due to its expression on erythroid progenitors.
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INTRODUCTION

The transmembrane glycoprotein CD36 (Figure 1) exhibits a broad

distribution across various tissues. It is expressed in adipose tissue,

mammary gland, epithelial cells, the membrane of placenta and many

cancer cell lines [2]. Additionally, it is expressed in haematopoietic

cells, including monocytes, platelets, and during the maturation of

erythroid progenitors to red blood cells (RBCs) [3]. Individuals lack-

ing CD36 may develop antibodies against the CD36 protein. The

first case of CD36-related immunisation was reported from Japan, in

a thrombocytopenic woman who became refractory to platelet

transfusions [4]. Her antibody, anti-Naka, defined a platelet antigen

with a prevalence of 97% among Japanese. Several family studies

showed that Naka antigen was inherited as an autosomal codomi-

nant trait [4] and Naka was later shown to be carried on CD36

(Glycoprotein IV) [5]. CD36 deficiency is divided into two groups:

type I deficiency, which is characterized by lack of CD36 expression

on platelets and all other cells [6, 7] and type II, in which CD36

expression is lacking from platelets only [8, 9]. CD36 deficiency

type I, while rare in Europeans, occurs with a prevalence of approxi-

mately 3% in Africans [10], 0.5%–1% among the Japanese [11, 12]

and 0.5% in China [13], as recently summarized by Xu et al. [14].

Type I deficiency is of clinical significance since it can be considered

a null phenotype associated with the development of antibodies

against CD36. These antibodies have been implicated in various clin-

ically important conditions, including platelet transfusion refractori-

ness [4, 15, 16], post-transfusion purpura (PTP) [17], foetal-neonatal

alloimmune thrombocytopenia (FNAIT) [18], and transfusion-related

acute lung injury (TRALI) [19]. Testing haematopoietic progenitor cell

donors for CD36 type I has also been proposed due to the risk of

incompatible transplantation [20].

Early work investigated the biochemistry, distribution and immu-

nological characteristics of CD36 on different haematopoietic lineages

in the adult and foetal settings [21, 22]. In line with this, CD36 now

serves as a key cell surface marker in studies of human erythropoiesis

using haematopoietic stem and progenitor cells (HSPCs). It is typically

used in combination with CD34 to define the two earliest forms of

erythroid progenitors, burst-forming unit-erythroid (BFU-E) and

colony-forming unit-erythroid (CFU-E) [23]. During the culture of

HSPCs obtained from adult peripheral blood or other sources, CD36

expression increases progressively and reaches its highest level in

early erythroblasts at the end of the erythroid expansion phase

in vitro. Subsequently, CD36 decreases during the terminal stages of

erythroid differentiation [24].

During erythropoiesis culture experiments performed in our labo-

ratory using peripheral HSPCs from random blood donors, we

observed that one donor did not express the CD36 marker as other-

wise expected, making it challenging to characterize the early stages

of erythroid development. We therefore wanted to investigate the

genetic basis behind the absence of CD36, which lasted throughout

the culture but did not appear to affect erythroblast maturation com-

pared with other donors positive for CD36. Since anti-CD36 is known

to cause platelet-related clinical effects, we asked the question if the

presence of CD36 on various stages of erythroid cells may be targets

for these antibodies in a similar way known for blood groups

expressed on early during erythropoiesis. Foetal anaemia due to sup-

pression of erythroid progenitors has been found to be caused by

immunisation against the KEL, GE, MNS and JR blood groups [25].

Indeed, reports implicating anti-CD36 in cases of hydrops fetalis and

severe foetal anaemia have been described [26, 27]. Taken together,

CD36 appears to have certain properties resembling a blood group

molecule but the controversy regarding its presence or not on mature

RBCs challenges the current dogma of how a blood group antigen is

defined. Based on in vitro erythroid-culturing results from a blood

donor that turned out to lack CD36, we performed additional experi-

ments and scrutinized available datasets to evaluate if CD36 formally

fulfils International Society of Blood Transfusion (ISBT) requirements

to become a blood group system.

MATERIALS AND METHODS

In silico analysis of CD36 expression

HSPC and other haematopoietic cell microarray data were obtained

from the Bloodspot website (https://servers.binf.ku.dk/bloodspot) [3]

using the normal human haematopoiesis (DMAP) dataset [28]. RNA

and protein expression data in erythroid cells from cultured HSPCs

were downloaded from the supplement of Gautier et al. [24]. A search

for peptides derived from the seven glycoproteins that bear the

35 reported human platelets antigens (HPA) listed in the HPA gene

database (https://www.versiti.org/products-services/human-platelet-

antigen-hpa-database/hpa-gene-database) was performed on the

proteomics data from reticulocytes and RBCs, both membrane and

soluble fractions [29, 30].

(a) (b)

F I G U R E 1 Structure of CD36 glycoprotein. (a) Schematic
presentation of CD36 highlighting the transmembrane domains, nine
confirmed N-linked glycosylation sites (N) (positions 79,102,
134, 205, 220, 231, 235, 247 and 417), two phosphorylation sites
(P) (positions 92 and 237) and disulphide bonds between the
extracellular cysteines (C) (positions 243–311, 272–333 and
313–323). (b) AlphaFold model of the structure of CD36 [1].
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Blood samples and ethics

RBCs, peripheral blood mononuclear cells (PBMCs) and platelets from

donated whole blood units prepared in the Reveos automated blood

processing system were obtained from anonymized leucocyte waste

bags. Citrate-anticoagulated blood samples (n = 20) obtained as part

of the routine blood donation procedure were anonymized and pro-

vided by the Department of Clinical Immunology and Transfusion

Medicine, Office for Medical Services, Region Skåne, Sweden, follow-

ing approval (ref. no. 2022:19) in accordance with the Swedish

research law.

Isolation and culture of CD34-positive HSPCs

PBMCs were obtained following Lymphoprep (Fresenius Kabi) gradi-

ent separation and further enriched for CD34 expression using mag-

netic beads (Miltenyi Biotec) according to the manufacturer’s

protocol. Equal numbers of CD34+ cells (starting with triplicates of

5000 cells/well in flat-bottomed 96-well plates) (Sarstedt) from each

donor were cultured in a three-phase erythroid culture system and

maintained at a concentration of 1–2 � 106 cells/mL throughout the

culture as described previously [31].

Flow cytometry

Erythroid progression of differentiating HSPCs was analysed by flow

cytometry at different days of culture as indicated, after labelling with

a combination of the following antibodies: anti-CD34 (clone 581, Bio-

Legend), anti-CD71 (clone L01.1, BD Biosciences), anti-CD235a (gly-

cophorin A [GPA]; clone HIR2 (GA-R2), Thermo Fisher Scientific),

anti-CD49d (clone 9F10, BioLegend), anti-CD233 (Band 3; clone

BRIC6, IBGRL Research Products, Bristol UK) and anti-CD36 (clone

5-271, raised against human platelets as immunogen, BioLegend) with

the corresponding IgG2a, κ isotype control (clone MOPC-173, BioLe-

gend). Debris and dead cells were omitted by forward scatter and side

scatter in combination with DAPI or 7-AAD staining (1:100 dilution

before analysis). For peripheral blood analysis of reticulocytes, RBCs

and platelets, the following combination was used: anti-CD235a, anti-

CD61, Thiazole Orange (Retic-Count™, BD Biosciences) and either

anti-CD36 or the same isotype control as above. Platelets from

donors 1 and 2 were diluted 1:100 in PBS and counted in a haematol-

ogy analyser (Sysmex kH3; Sysmex). Equal number of platelets from

each sample was centrifuged at 800g and washed twice with PBS.

Each sample was stained with monoclonal anti-human CD36

(BioLegend, clone 5-271) and isotype control (cloneMOPC-173, Bio-

Legend). Platelets were washed with PBS and analysed by flow cyto-

metry using the BD FACSCanto II (platelet analysis of donors 1 and 2),

BD LSRFortessa (erythroid culture) or BD LSRFortessa X-20 (the

blood samples from 20 random donors) instruments (BD Biosciences).

FACSDiva software (v8.0-9.0, BD) was used for acquisition and

FlowJo (FlowJo, LLC) for analysis of all the data.

RNA isolation and molecular analysis

Total RNA was extracted from cultured erythroblasts using the Mini-

RNeasy Kit (Qiagen) following the manufacturer’s protocol. Genomic

DNA was removed using DNase I on-column digestion (Qiagen), then

complementary DNA from the isolated RNAs was synthesized using

Superscript IV VILO Master Mix (Thermo Fisher Scientific). CD36

primers encompassing exons 2-14 (CD36_cDNA22_43: 50CCTGC

AGAATACCATTTGATCC30; CD36_cDNA1771_1752: 50TTGGCCA

CCCAGAAACCAAT30) were designed using Primer BLAST based on

the reference NCBI transcript NM_001001548.3 and synthesized by

Thermo Fisher Scientific. PCR was performed using Phire Hot Star II

DNA polymerase (Thermo Fisher Scientific) in a 20 μL reaction vol-

ume as follows: 98�C for 10 s, 35 cycles of 98�C for 10 s, 62.2�C

30 s, 72�C 90 s, then 72�C for 60 s, then hold at 4�C. PCR products

were gel-purified using GeneJET Gel Extraction Kit (Thermo Fisher

Scientific). Sanger sequencing was performed by Eurofins Genomics

(Gottfried-Hagen) with the PCR primers. Sequence analysis was made

with CodonCode Aligner v1.2.6 (CodonCode).

Statistical analysis

Statistical significance was calculated using Student t-test (two-tailed)

with GraphPad Prism software. Statistical significance is indicated by

asterisks: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 in the

figures. Error bars indicate the standard error of the mean (SEM).

Graphics software

Figures were partly generated in Servier Medical Art (Servier, France),

licenced under a Creative Commons Attribution v3.0 unported licence

(https://creativecommons.org/licenses/by/3.0). Colours were modi-

fied using Affinity Designer v2.

RESULTS

Erythroid culture reveals a CD36-deficient
blood donor

During routine culture of HSPCs towards erythroid differentiation

(Figure 2a) from random, anonymized blood donors, we observed a

donor that appeared to exhibit a complete lack of CD36 expression

at all stages of erythropoiesis. This finding was confirmed by parallel

culture of HSPCs from a CD36-expressing donor with the CD36-

deficient donor, here designated donors 1 and 2, respectively

(Figure 2a). This finding presented a challenging situation as it made it

difficult for us to separate the erythroid progenitor cells BFU-Es and

CFU-Es based on their cell surface antigen expression [23] (Figure 2a-

day 7). However, donor 2 cells showed an otherwise unremarkable

antigen profile as maturation progressed (Figure 2a-days 14–21).
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Moreover, the CD36-negative cells throughout the erythroid culture

(Figure 3a) underwent normal erythroid commitment by upregulating

GPA and transferrin receptor (CD71) (Figure 3b-day 14). Donor

2 cells also underwent apparently normal terminal erythroid differ-

entiation later in the culture, as characterized by the expected down-

regulation of CD49d and upregulation of band 3, the latter being a

marker specifically associated with the maturing erythroblast

(Figure 3b-days 18–21). These results suggest that lack of CD36

antigen expression does not affect human erythroid cell differentia-

tion in vitro, and the absence of CD36 did not have a detectable

impact on upregulating erythroid-specific cell surface markers during

erythroblast maturation.

We also investigated the CD36 expression on platelets from

both donors and showed that while the platelets from donor

1 expressed the expected, high levels of CD36, those of donor

2 lacked CD36 completely, consistent with the in vitro culture

results (Figure 2b,c).

Genetic basis of CD36 deficiency in donor 2

DNA sequencing showed that donor 2 was homozygous for the SNV

c.1133G>T (rs146027667) in exon 12 of the CD36 gene on chromo-

some 7 (Figure 4a), encoding p.Gly378Val (Figure 4b). This SNV is pre-

dicted to have a deleterious effect based on scores from both Sorting

Intolerant From Tolerant (SIFT) [32] and Polymorphism Phenotyping

v2 (PolyPhen-2) algorithms [33] (Figure 4c). Analysis of gnomAD fre-

quencies showed that this SNV is common in individuals originating

from Middle Eastern countries and those of Latino/Admixed American

origin (Table 1) [34]. The fact that CD36 is missing on both platelets

and erythroblasts in donor 2 due to a germline variant previously

implicated in CD36 deficiency in two other individuals [15], indicates

that this variant indeed leads to CD36 deficiency but the latter study

did not investigate CD36 on other cells than platelets. However, in

line with the study by Toba et al. where all type I donors had

CD36-negative erythroblasts [35], we conclude that the CD36

(a)

(b) (c)

F I GU R E 2 Lack of CD36 expression on HSPCs, erythroid cells and platelets. (a) Flow cytometry pseudocolor analysis plots showing
CD36-positive cells (donor 1, top panel) and CD36-negative cells (donor 2, bottom panel) during erythroid culture (days 7–21). (BFU-E), (CFU-E),
Pro-Erythroblast (Pro-E) and Early-Late-Erythroblast (E-L-Erythroblast). The timeline at the top represents the three stages of the erythropoiesis
culture system used in this study. (b) Flow cytometry pseudocolor analysis plots showing the gating strategy and lack of CD36 expression on
platelets from donor 2 (bottom panel) compared to those of donor 1 (top panel). (c) A histogram of platelets from donors 1 and 2 stained with
anti-CD36 shows the complete absence of CD36 on donor 2 cells, comparable to the unstained control, while donor 1 cells are clearly
CD36-positive.

CD36 AS A NEW BLOOD GROUP 499

 14230410, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13595 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

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

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



deficiency in donor 2 is most likely of type I, despite the absence of

monocyte data.

CD36 has broad tissue distribution including
erythroid cells

Analysis of publicly available mRNA and protein datasets showed that

CD36 expression has a diverse tissue distribution (www.

proteomicsdb.org) [36] and almost all haematopoietic cells express

CD36 at different levels. Notably, it is significantly higher in the mye-

loid, megakaryocyte and erythroid lineages (Figure S1A). When differ-

entiating HSPCs towards the erythroid lineage, the expression of

CD36 is upregulated during culture and reaches its highest level

around day 14 and then is downregulated during terminal erythroid

differentiation (Figure 3a). In line with these data from our erythroid

culture, similar expression patterns are observed for CD36-mRNA and

CD36 protein at different stages of differentiation in other erythroid

culture systems [24] (Figure S1B,C).

CD36 is expressed on reticulocytes and erythrocytes
in peripheral blood

Currently, there is a controversy based on the limited data available

regarding whether CD36 is expressed on the RBC surface or not. To

further investigate the expression of CD36 on erythroid cells in

peripheral blood, we conducted a study using 20 peripheral blood

samples from random blood donors. To avoid a potentially false posi-

tive result due to platelets contaminating the evaluated erythroid cell

population, we stained cells from peripheral blood with a combination

of erythroid- and platelet-specific cell surface markers, GPA and

CD61, respectively, then gated the cells as shown in Figure 5a. Inter-

estingly, we identified and excluded from the analysis gate a subset of

cells double-positive for these two markers (Figure 5a). Their size

resembles that of normal RBCs and shares characteristics with both

RBCs and platelets (Figure S2), indicating that they may represent

platelets adhering to RBCs. Gating on the GPA + CD61–cells and

adding a dye for RNA content further enabled the separation of retic-

ulocytes from mature RBCs (Figure 5a). By using this gating strategy,

we demonstrated that CD36 is highly expressed on platelets as

expected (Figure 5b,c). Moreover, we could show a distinct but signifi-

cant right shift both on reticulocytes and RBCs, indicating that CD36

is indeed expressed on these cells, albeit at low levels (Figure 5b,c).

In line with this, mass spectrometric approaches have been used

to assess the overall proteome of highly purified reticulocytes and

mature RBCs [29, 30]. We analysed these two datasets for the pres-

ence of CD36-derived peptides. One study identified six unique pep-

tides specific for CD36 and found approximately five times higher

levels of CD36-derived peptides in reticulocytes compared with RBCs.

F I GU R E 3 Lack of CD36 expression on HSPCs did not alter the erythroid lineage commitments nor the expression of erythroid-specific cell
surface markers. (a) CD36 expression histogram overlay of donor 1 and donor 2 during the erythroid culture. (b) Flow cytometry pseudocolor
plots showing CD36-negative donor cells (bottom panel) are differentiating towards erythroid cells like CD36-positive donor cells (top panel).
CFU-E, (I) pro-erythroblast, (II) early-erythroblast, (III) late-erythroblast and (IV) orthochromatic-erythroblast.

(a)

(b)

(c)

F I GU R E 4 Genetic analysis of CD36 in donor 2. (a) Chromosomal
location of CD36: the gene is distant from other known blood group
genes on chromosome 7. (b) Sanger sequencing of CD36 transcripts
from donor 2 revealed homozygosity for the SNV c.1133G>T in exon
12. (c) This SNV is predicted to have a deleterious effect based on
SIFT and Polyphen-2 scores.
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Notably, CD36 peptides were only found in the membrane fractions

but not in the soluble phase [29]. The other study also reported six

unique peptides from CD36 in mature RBCs, the vast majority in the

membrane fraction of white ghosts [30]. Importantly, we analysed

these two datasets for the presence of peptides corresponding to the

seven reported HPA-carrying proteins but were unable to detect any

such peptides, suggesting the data are indeed erythroid-specific. In

summary, our investigation clearly shows that CD36 is present in the

reticulocyte and RBC membrane.

CD36 fulfils the ISBT criteria to become a blood group
system

Based on experimental data from this study, as well as analysis of data

from the literature, we asked the question if CD36 fulfils the formal

ISBT requirements to form a novel blood group system. As shown in

Table 2, we conclude that this is now the case.

DISCUSSION

With every challenge comes opportunity. We encountered a donor

lacking CD36 expression on erythroid progenitor cells, which provided

us with a unique opportunity to address a question that is both simple

yet controversial in the field of transfusion medicine. Can CD36 be

considered a blood group antigen?

Traditionally, blood group antigens are defined by polymorphisms

found on RBC surface molecules. Some, such as RH and MNS, anti-

gens are mainly erythroid-specific, while ABO and KEL show broader

tissue distribution [40]. Not unexpectedly, some blood group systems

are shared between blood lineages. The Choline Transporter-Like pro-

tein 2 (CTL2; SLC44A2) is such an example that both underlies a

blood group system on RBCs [41] and carries the HNA-3 antigens on

neutrophils [42, 43]. Furthermore, several blood-group-carrying glyco-

proteins are expressed early during erythropoiesis [44, 45]. For exam-

ple, antibodies targeting blood group antigens in the KEL and GE

systems can cause antibody-mediated anaemia in the foetus and may

even result in fatal hydrops [25]. In such cases, antibodies target the

erythroid progenitors, which leads to suppression of foetal erythropoi-

esis and decreased RBC production. Since onset of CD36 expression

occurs at the CFU-E stage, a similar mechanism is at play in pregnan-

cies complicated by maternal anti-CD36, which could lead to sup-

pressed erythropoiesis [26]. Reviewing the literature on anti-CD36,

we found that it not only causes platelet-related disease including

FNAIT but was also reported as implicated in several cases of foetal

hydrops in pregnant women lacking CD36 [26, 27].

We show in Table 2 that CD36 fulfils the current criteria for a

new blood group system according to the ISBT Working Party for Red

Cell Immunogenetics and Blood Group Terminology (WP-RCIBGT). As

discussed above, antibodies have long been known to occur in

CD36null individuals. Whether these antibodies are defined as alloanti-

bodies or isoantibodies is less relevant to the WP-RCIBGT because

existing blood group systems display examples of both. In analogy

with CD36, antibodies against the A, B and RhD antigens are pro-

duced in the absence of the corresponding antigen carrier molecules,

which has not prevented them from becoming the archetypes among

blood groups. Additionally, the genetics underlying the absence of

CD36 are already well-defined, including the proven independence

from the other three blood group loci currently residing on chromo-

some 7. Thus, CD36 meets all the ISBT criteria regarding inheritance

and being an independent locus (Figure 4a and Table 2).

The categorisation of donor 2 as likely CD36-deficient type I

relies here on the absence of CD36 from both platelets and cells of

various stages of erythroid differentiation. Traditionally, lack of CD36

on monocytes has been used to define type I, partially due to their

easy access in peripheral blood. Since monocytes were not available

to us once we realized donor 2 lacked CD36, this can be considered a

weakness of our study. It should, however, be noted that the classifi-

cation of CD36 as a new blood group system does not depend on the

definition of the deficiency type status of this donor.

Interestingly, the ISBT criteria have assumed but do not for-

mally require a blood group antigen to be present on RBCs. This

becomes particularly challenging in a case like CD36 where earlier

erythroid cell stages express the glycoprotein at high levels while

it has been difficult to detect on RBCs and reticulocytes in periph-

eral blood. In this study, we demonstrate that CD36 is expressed

at low but significant levels on both reticulocytes and RBCs

(Figure 5). The WP-RCIBGT may have to revisit its criteria regard-

ing how much and where blood group antigens need to be

expressed. Nevertheless, the WP-RCIBGT approved our proposal

to make CD36 a new blood group system on 17 June 2023, sub-

stantiated not only by our experimental work [46] but also by a

case report by Canals et al. in which anti-CD36 was reported to

cause a weak panagglutination in routine RBC antibody testing.

T AB L E 1 Population frequencies of the CD36 missense variant
(rs146027667) identified in this study, in falling order of allele
frequency, as reported in the Genome Aggregation Database
(gnomAD v3.1.2, https://gnomad.broadinstitute.org/ [34]).

Population

Allele

count

Allele

number

Number of

homozygotes

Allele

frequency

Middle Eastern 3 316 0 0.009494

Latino/Admixed

American

43 15,240 1 0.002822

Other 5 2086 0 0.002397

European

(non-Finnish)

40 67,784 0 0.0005901

African/African

American

4 41,376 0 0.00009667

European

(Finnish)

0 10,594 0 0

Amish 0 910 0 0

East Asian 0 5198 0 0

South Asian 0 4834 0 0

Ashkenazi

Jewish

0 3460 0 0
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The antibody was identified in a woman of African origin whose

newborn was diagnosed with NAIT [37]. More recently, Peyrard

et al. also reported anti-CD36 in the plasma of more than

100 patients during routine antibody identification and showed that

the antibody could be neutralized with soluble recombinant

CD36 [38] giving unequivocal support for CD36 expression on nor-

mal RBCs. It is noteworthy that such reactivity has not been

reported previously, particularly from Asian countries where most

cases of anti-CD36 have been identified. It appears to stand in stark

contrast to the serious erythroid consequences reported by

Japanese and Chinese groups [26, 27]. We can only speculate about

the reasons behind this apparent discrepancy, but it is possible that

differences in immunohematological methodology may constitute an

explanation, as well as underreporting of foetal anaemia, especially

in the presence of thrombocytopenia due to anti-CD36. Interest-

ingly, Kieffer et al. noted a size difference between platelet and ery-

throid CD36, which they suggested could be cell-lineage-specific

and possibly an effect of differential glycosylation [22]. However,

this has not been investigated further. No matter what, this and

other reports will bring CD36 into the focus required for further

study of these interesting questions.

In conclusion, we encountered a CD36-negative blood donor

that prompted us to conduct a study including in vitro experiments,

literature review and mining of publicly available proteomics data

(a)

(b)

(c)

F I GU R E 5 CD36 expression on reticulocytes and RBCs. (a) Pseudocolor plot showing the gating strategy used to identify platelets,
reticulocytes and RBCs from peripheral blood samples using a combination of anti-GPA, anti-CD61 and thiazole orange. GPA + CD61� gated
cells were further fractionated using thiazole orange, positive (reticulocytes) versus negative (RBCs). (b) Representative histograms displaying
CD36 expression on platelets, reticulocytes and RBCs. (c) Bar graphs showing CD36 expression as mean fluorescence intensity (MFI) for the
different cell populations. Unstained and isotype-stained cells were included as negative controls. Unpaired t-test analysis was used for statistical
analysis (**** denotes p < 0.0001).
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that resulted in acknowledgement of CD36 as a new blood group

system.
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Abstract

Background and Objectives: Blood services manage the increasingly tight balance

between the supply and demand of blood products, and their role in health research

is expanding. This review explores the themes that may define the future of blood

banking.

Materials and Methods: We reviewed the PubMed database for articles on emerg-

ing/new blood-derived products and the utilization of blood donors in health

research.

Results: In high-income countries (HICs), blood services may consider offering these

products: whole blood, cold-stored platelets, synthetic blood components, convales-

cent plasma, lyophilized plasma and cryopreserved/lyophilized platelets. Many low-

and middle-income countries (LMICs) aim to establish a pool of volunteer, non-

remunerated blood donors and wean themselves off family replacement donors; and

many HICs are relaxing the deferral criteria targeting racial and sexual minorities.

Blood services in HICs could achieve plasma self-sufficiency by building plasma-

dedicated centres, in collaboration with the private sector. Lastly, blood services

should expand their involvement in health research by establishing donor cohorts,

conducting serosurveys, studying non-infectious diseases and participating in clinical

trials.

Conclusion: This article provides a vision of the future for blood services. The intro-

duction of some of these changes will be slower in LMICs, where addressing key

operational challenges will likely be prioritized.

Highlights
• In the future, blood services may offer new products, improve access to blood donation,

implement new technologies and establish research partnerships with local health

authorities.

• The pace of introduction of these changes will be slower in low- and middle-income coun-

tries, where addressing key operational challenges will likely be prioritized over implementing

more costly and recent technologies.
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• Blood services should expand their involvement in public health research by establishing

donor cohorts, conducting serosurveys, studying non-infectious diseases and even participat-

ing in clinical trials.

INTRODUCTION

Blood services manage the increasingly tight balance between the

supply and demand of blood products. In high-income countries

(HICs), the demand for red blood cells (RBCs) has substantially

declined over the last decade [1]. In low- and middle-income countries

(LMICs), the demand for blood products largely exceeds supply, thus

severely limiting access to transfusion [2].

Moreover, the global demand for plasma derivatives and the pro-

duction of source plasma have increased by >300% between 2000

and 2017 [3]. Yet, most countries largely depend on commercial

plasma-derived medicinal products (PDMPs), which are manufactured

from imported source plasma donated by remunerated donors.

Lastly, blood services are also increasingly involved in health

research—especially since the pandemic [4]. They have conducted ser-

osurveys, established biobanks, developed and validated diagnostic

tests and participated in serosurveillance efforts and clinical tri-

als [4–6].

These trends will affect the activities of blood services in the

years to come. In this review, we explore how blood services may

offer new products, achieve plasma and PDMP self-sufficiency,

improve access to blood donation, participate in research activities to

diversify and preserve their core business, and transition towards a

personalized approach called precision transfusion medicine (PTM).

EMERGING AND NEW PRODUCTS

Whole blood

In many LMICs, whole blood remains the predominant blood product,

given the lack of resources for multicomponent therapy. In HICs,

whole blood has disappeared from the civilian setting with the advent

of multicomponent therapy [7].

However, there is renewed interest for this product. In high-risk

trauma patients, whole blood supports blood volume, oxygen delivery

and haemostasis, thus helping achieve balanced resuscitation [7].

Moreover, whole blood is more convenient than multicomponent

therapy in the trauma setting [7], where timely administration is

key [8]. In two meta-analyses of patients with trauma-induced hemor-

rhagic shock, the risk of 24-h mortality and in-hospital/30-day mortal-

ity was similar among recipients of whole blood and multicomponent

therapy [9, 10].

Nonetheless, these advantages must be weighed against some

logistical pitfalls. To begin, reintroducing whole blood in a system opti-

mized for multicomponent therapy will be challenging. This challenge

may be further compounded in countries that largely rely on whole-

blood-derived platelets, as reintroducing whole blood would reduce

platelet availability. Another logistical pitfall is the shorter shelf-life of

whole blood compared with red cell concentrates (RCC; 14–21

vs. 35–42 days) [11]—although waste can be minimized by reproces-

sing unused whole blood into RCC after 10 days [12]. Nonetheless, at

least some HICs will likely make whole blood available in certain set-

tings (e.g., trauma).

Cold-stored platelets

More than 50 years ago, cold-stored platelets (CSPs) were found to

exhibit poorer viability than room-temperature (RT)-stored platelets

(RTSPs) after infusion [13]. At that time, platelets were generally

administered to prevent bleeding in patients with cancer, and so via-

bility and duration of circulation trumped other quality parame-

ters [14]. This evidence underlies today’s practice of storing platelets

at RT [14].

However, CSPs may offer benefits over RTSPs. To begin, they are

less prone to bacterial contamination than RTSPs and hence have a

longer shelf-life [15], which minimizes waste and (possibly) the risk of

sepsis [16]. CSPs also release fewer pro-inflammatory mediators than

RTSPs and exhibit a better metabolic and haemostatic profile [17].

Moreover, CSPs are better suited than RTSPs for therapeutic (but not

for prophylactic) purposes [14, 18], and therapeutic platelet transfu-

sions now account for a more significant proportion of recipients than

they did 50 years ago [14].

Despite these advantages, maintaining a dual inventory of CSPs

and RTSPs might be costly and logistically challenging. This limitation

may be addressed through a new approach: storing platelets at 20–

24�C for 4 days and transferring them to 2–6�C for an additional

17 days [19]. These ‘delayed CSPs’ were found to exhibit largely simi-

lar parameters as standard CSPs [19]. Another study successfully used

this approach to address anticipated shortages amid the COVID-19

pandemic [20]. Evidently, where feasible, blood services should

explore the possibility of introducing CSPs.

Cryopreserved platelets

Platelets are primarily used to prevent bleeding and control active

bleeding. However, the storage of RTSPs for 5–7 days is logistically

challenging, as it requires monitoring shelf-life and expiration while

maintaining a stable temperature under continuous agitation. More-

over, supply shortages are regularly encountered and can be detri-

mental in remote environments or when large product quantities are

mobilized.
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Cryopreserved platelets (CPPs) address many of these limitations.

CPPs may be preserved for several years—typically in dimethyl sulfox-

ide, although newer protocols might be superior [21]. Thus, they can

be mobilized on demand, potentially in large quantities [22], which is

particularly useful for massive transfusions [23]. The risk of bacterial

growth is also reduced, as cryopreservation obviates the need for RT

storage. Moreover, studies evaluating the safety and efficacy of CPPs

have demonstrated their potential haemostatic benefits [24, 25], nota-

bly in actively bleeding patients with thrombocytopenia [25]. Many

studies have shown that CPPs are at least non-inferior to liquid-stored

platelets for major bleeding (Table S1), and many HICs already use

CPPs routinely in various contexts or have initiated evaluation and

development programs [26].

Stem-cell-derived synthetic blood components

The production of stem-cell-derived products may address many chal-

lenges in transfusion medicine. Such synthetic blood products may

greatly reduce—if not eliminate—the risk of transfusion-transmitted

infections (TTIs). Synthetic blood products would also alleviate the

pressure of a rising demand for conventional components.

In particular, synthetic RBCs could become valuable treatments.

Alloimmunized patients and those with rare blood groups may signifi-

cantly benefit from synthetic RBCs, as this supply would not depend

on donor availability. Although the cost of synthetic RBCs will likely

be prohibitive, part of it will be offset by the fact that the need for

screening and extensive testing of donors for specific and rare RBC

phenotypes would be considerably reduced.

Synthetic RBCs may also help spur the development of new treat-

ments. Indeed, their long lifetime in the circulation may make them

effective drug carriers [27]. For example, Rubius therapeutics devel-

oped synthetic RBCs expressing phenylalanine hydroxylase to treat

phenylketonuria, a rare recessive disorder (although the company dis-

continued its ongoing trial) [27].

In vitro platelets are also promising to reduce the risk of alloim-

mune platelet transfusion refractoriness. They can be generated by

differentiating induced pluripotent stem cells (iPSCs) into immortal-

ized megakaryocytes progenitor cells, which subsequently mature and

produce platelets [28]. One patient has received such iPSC-derived

platelets and did not experience any significant adverse events after

receiving three doses [29].

Cord-blood-derived red blood cells

The criteria for assessing the suitability of cord blood (CB) units for

transplantation have become more stringent (e.g., higher thresholds

for total nucleated cells and CD34+ cells) [30]. Although these

changes have improved transplant outcomes, they have also reduced

the number of CB transplants, resulting in more discarded donations.

However, such a waste of biological material could be alleviated if

CB donations were repurposed for neonatal transfusion, which is

especially common in preterm neonates [31]. Recent advances sug-

gest that CB-derived RBCs could be transfused to neonates, and that

their therapeutic effect might even be superior to that of standard

adult RBCs. CB-derived RBCs can be fractionated from whole CB, and

their characteristics are comparable to those of standard RBCs from

adults [32]. In preterm neonates, the transfusion of CB-derived RBCs

may be preferred to standard adult RBCs to increase the levels of hae-

moglobin F [33], whose levels must be elevated at this developmental

stage to prevent retinopathy of prematurity (ROP). The BORN study

is under way to compare the efficacy of CB-derived RBCs and stan-

dard adult RBCs for the prevention of severe ROP in extremely low-

gestational-age neonates [34].

Other products

Convalescent plasma (CP) confers passive immunity and can be life-

saving until more effective treatments are developed for a new or

emerging infection. The value of CP may be even greater in LMICs,

where the cost of newer treatments can be prohibitive [35]. The

SARS-CoV-2 pandemic has emphasized the importance of contin-

gency plans to offer CP amid a major crisis [36]. In response to the

SARS-CoV-2 pandemic, many blood services worldwide established a

CP collection program that included protocols on how to recruit CP

donors [37, 38]. Although CP proved relatively inefficacious for SARS-

CoV-2 [6], blood services may build on these experiences for rapid CP

collection.

Another product that may be considered is lyophilized plasma,

which can expedite plasma infusion in patients with severe coagulopa-

thy or major bleeding [39]. French lyophilized plasma (FLyP) is a uni-

versally compatible product that can be reconstituted in less than

6 min [40]. Relative to fresh frozen plasma, FLyP can increase fibrino-

gen levels, shorten the time to transfusion, and improve prothrombin

time ratio and factor II and V levels [40]. However, in patients with

trauma-related hemorrhagic shock, lyophilized plasma plus RCCs was

found not superior to 0.9% sodium chloride with respect to the com-

posite outcome of episode mortality or impaired lactate clearance [41].

More studies are needed on the effectiveness of lyophilized plasma.

The production of lyophilized platelets could also be explored to

extend shelf-life and expedite product administration in field settings.

Lyophilized platelets are, however, not well characterized, with only

two Phase 1 dose-escalation studies conducted to date [42, 43]. Some

studies have also explored the feasibility of producing lyophilized

RBCs [44–48], but this product is still in its infancy.

EMERGING TECHNOLOGIES AND
INNOVATIONS

Pathogen reduction technologies

Pathogen reduction technologies (PRTs) encompass processes that

reduce the risk of transmission of certain blood-borne infections [49].
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Current PRTs inactivate pathogens through UV illumination, interca-

lating agents or photosensitizers, or both [49]. PRTs inactivate a much

wider range of pathogens than those currently screened by blood ser-

vices in HICs. Their appeal thus stems in part from their potential to

safeguard the blood supply against new infections. Another benefit of

PRTs is the inactivation of passenger leukocytes, which raises the pos-

sibility that PRTs may eventually replace irradiation to prevent

transfusion-associated graft-versus-host disease (TA-GvHD) [50].

However, most blood services consider PRTs unsuitable as a stan-

dalone pathogen mitigation strategy, that is, without other nucleic

acid and serologic tests. As a result, their cost can be prohibitive.

Nonetheless, the future applications of PRTs are promising. The

pathogen reduction capacity of an amotasalen/ultraviolet A system

(for plasma and platelets) and an amustaline/glutathione (S-303) sys-

tem (for RBCs) was recently shown to exceed or be comparable to the

highest infectivity titres of West Nile virus, Babesia microti, dengue

virus, Zika virus and chikungunya virus [51]. PRTs might therefore

safely replace donor deferral and reduce the rate of donation with-

drawal for these pathogens [51]. Should more effective PRTs emerge,

the prospect of eliminating all pathogen-related deferral criteria may

therefore not be unrealistic.

Point-of-care screening

Iron deficiency (ID) can be caused by frequent blood donation [52]

and must be addressed to prevent anaemia and donor deferral. Ferri-

tin testing is an appealing solution to prevent ID among blood donors.

However, current tests are labor intensive and time consuming, and

hence cannot inform iron reserves before donation. Therefore, blood

services in HICs could develop or implement a point-of-care (POC)

ferritin test to further improve donor care (see section ‘Access to

blood donation’).
In LMICs, where some pathogens are highly prevalent, POC tests

could be implemented for the most common infections leading to

donor deferral or product withdrawal. Therefore, POC testing may

alleviate the burden associated with asymptomatic carriers and reduce

time-to-treatment initiation for test-positive donors. For example, in

China, where hepatitis B virus (HBV) infections account for >70% of

permanent deferrals [53], rapid pre-donation testing for hepatitis B

surface antigen has been gradually implemented since 2010

(in addition to alanine transaminase testing) [54, 55]. Such a test was

found to effectively capture HBV-infected donations [54].

A data-driven approach to collecting blood

The availability of comprehensive data on donors, donations and

recipients has improved our understanding of the factors that affect

donors’ and recipients’ health. In the United States, the domestic pro-

grams of the REDS III (Recipient Epidemiology and Donor Evaluation

Study) and REDS IV-Paediatric studies link donor-, donation- and

recipient-related variables to understand how their interplay

influences recipient outcomes [56, 57]. In Sweden and Denmark, the

second iteration of the SCANDAT databases (‘SCANDAT2’) offered
nearly 50 years of donor–recipient follow-up data [58]. For the Swed-

ish portion, a third iteration (‘SCANDAT3-S’) additionally includes

routine blood chemistry results, thus allowing for studies on transfu-

sion effectiveness and thresholds [59]. Blood services in other HICs

should strive to implement similar initiatives to identify areas of

improvement in donor or recipient outcomes.

ACCESS TO BLOOD DONATION

Blood services have significantly improved donor care over the past

decades. For example, measures have been implemented to mitigate

the risk of vasovagal reactions, and haemoglobin thresholds and inter-

donation intervals have been adjusted to reduce the risk of anaemia

and ID. Such progress is necessary to ensure a high rate of donor

return, which helps maintain adequate reserves and might even lower

the risk of TTIs (as repeat donors have a lower risk than first-time

donors).

Another goal has been to make blood donation more accessible

to racial and gender minorities. The sections below describe how

blood donation could be made more accessible.

Cross-country disparities in blood donation access

Access to blood donation varies across jurisdictions. Several LMICs

heavily rely on family replacement donors (FRDs), who tend to be

first-time donors and, as a result, exhibit a higher risk of TTIs [60, 61].

However, many are committed to establishing a pool of volunteer,

non-remunerated blood donors (VNRDs) and to converting first-time

donors (FRDs and VNRDs) to repeat donors and have had some

success [62].

Gender and racial disparities in blood donation access

In response to pressures from advocacy groups in HICs, blood ser-

vices and regulatory authorities have sought to improve the inclusive-

ness of blood donation—a morally and rationally desirable goal that

must be weighed against potential risks. Until recently, most countries

indefinitely deferred gay, bisexual, and other men who have sex with

men (gbMSM) from giving blood. In many HICs, this ban was progres-

sively relaxed to time-based deferrals, without any safety impact [63].

Subsequently, many HICs have moved to a more inclusive, individual-

ized approach that does not rely on sexual orientation. However,

other countries have maintained the gbMSM deferral, given their local

epidemiology of human immunodeficiency virus (HIV) and other path-

ogens, their culture and stakeholder input.

Nonetheless, some groups still face barriers to blood donation.

Despite recruitment efforts, racial minorities remain underrepresented

among blood donors in HICs, at least in part due to eligibility
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criteria [64]. For minority recipients, this limits access to compatible

blood and must therefore be addressed. Some donors (e.g., gbMSM)

also remain deferred because of their sexual behaviours or orienta-

tions. In particular, transgender persons may feel uncomfortable

answering questions regarding past behaviours or experiences when

they had their sex assigned at birth.

Blood services may explore some avenues to remove these bar-

riers. The enrollment rate of racial minorities might be improved by

educational approaches and multifaceted, community-based interven-

tions, although the studies evaluating these strategies lacked robust-

ness [65]. The known motivators and barriers among racial minorities

may be used to design new interventions. Of note, blood services may

consult the European Blood Alliance’s ‘Action Plan’ developed by the

Missing Minorities group [66]. Lastly, in many countries, more mem-

bers of sexual minorities could be enrolled if advances in PRTs or diag-

nostic tests enabled the relaxation of deferral criteria for sexually

transmitted diseases. Further, transitioning to an individualized,

gender-neutral policy may significantly improve the inclusiveness of

blood donation to sexual minorities.

PLASMA SELF-SUFFICIENCY

Few countries produce enough plasma to meet domestic needs. As a

result, almost 90% of the global plasma supply is produced by the few

countries that allow compensated plasma donations. Moreover,

plasma demand has grown substantially over the past years [3], while

supply has fallen amid the COVID-19 pandemic, leading to shortages.

Therefore, many blood services must explore new means of

enrolling plasma donors to meet their self-sufficiency targets

(although not all blood services are responsible for the collection and

distribution of plasma, e.g., China). Compensating plasma donors may

be one way to achieve self-sufficiency; however, in some jurisdictions,

this would necessitate regulatory changes. Blood services may also

collaborate with private sector partners to collect plasma from com-

pensated donors (e.g., Canadian Blood Services). Additional plasma

donation facilities may also be built to increase the plasma supply

from VNRDs—an approach that has had some success in Canada and

the Netherlands. In Europe, the SUPPLY project has been launched to

improve the resilience of the chain of plasma processing and plasma

collection from VNRDs, to enable a stable and adequate supply of

PDMPs. Lastly, some blood services may consider increasing the

allowed frequency of plasma donation, which varies widely from one

country to another [67].

INVOLVEMENT IN RESEARCH EFFORTS

Outside the scope of the SARS-CoV-2 pandemic

Many blood services have a long history of working on pathogens

alongside public health authorities (outside the scope of COVID-19).

A number of studies have been conducted among blood donors to

understand the seroprevalence and the rate of active infection of sev-

eral pathogens (Table S2). Notably, one study evaluated the risk of

B. microti based on an active tick surveillance program and donor

serological testing [68].

Some blood services have also established donor cohorts to spur

research on various conditions. For example, the Danish Blood Donor

Study (DBDS) aims to identify genetic and environmental determi-

nants of health among blood donors and the broader population

[69, 70]. DBDS donors have, for instance, been used to study the col-

onization of Staphylococcus aureus in healthy individuals [71] and to

explore the association between obesity and infections [72]. A subset

of the DBDS, termed the DBDS Genomic Cohort [70], has been used

to identify loci associated with various conditions [73, 74]. Setting up

similar cohorts elsewhere holds promise to better understand diseases

and determinants of health in various populations.

The contribution of blood services to research extends beyond

serosurveys and longitudinal donor cohorts. For example, Hughes

et al. documented the prevalence of obesity, hypertension, hypercho-

lesterolemia and anaemia in young, first-time U.S. blood donors [75].

The estimates were aligned with those in the general adolescent

U.S. population [75], suggesting blood donors are a valid data source

to study these conditions. The authors also suggested that the role of

blood centres may be expanded to include the detection, counselling

and referral of donors with abnormal biomarkers [75], citing

U.S. blood centres that provide such services. Another example is

INTERVAL, a randomized controlled trial that originally aimed to iden-

tify the optimal frequency of whole-blood donation [76]—and whose

data and samples have also been used to study conditions unrelated

to blood donation [77, 78]. Clearly, blood services in HICs should

strive to reproduce similar initiatives to expand their service offering.

During the SARS-CoV-2 pandemic

In HICs, the COVID-19 pandemic has expanded the role of blood ser-

vices in research. Blood services have partnered with public health

authorities to conduct SARS-CoV-2 serosurveys [5], which have

helped inform public health decisions throughout the pandemic. Fur-

thermore, blood services have helped expand our knowledge of

COVID-19 immunity through the development of new tools [79] and

the conduct of fundamental research [80, 81] and clinical trials [6].

Lastly, many blood services have established or plan to establish a lon-

gitudinal cohort of blood donors or a biobank, mainly for SARS-CoV-2

and TTIs [4]. It is hoped that these experiences will set the stage for

more research partnerships involving blood services.

Strengths of using blood donors in health research

Partnering with blood services offers a number of strengths in health

research. To begin, blood donors enable a disease’s natural history to

be studied before the onset of symptoms, since blood donors repre-

sent a healthy segment of the population [69]. Indeed, blood donors
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should be healthy at the time of donation but may become ill as they

age; blood samples collected longitudinally—before the appearance of

symptoms—may prove instrumental to identify early disease markers,

which may in turn improve clinical outcomes. Moreover, the upfront

cost of research initiatives involving blood donors (e.g., setting up a

cohort) is minimal, since blood services already have the personnel,

infrastructure and donor base in place to collect and screen

samples [69].

Limitations of using blood donors in health research

Nonetheless, researchers must bear in mind some caveats associated

with blood donor cohorts. To begin, many groups are either underrep-

resented among blood donors or outright excluded from blood dona-

tion [82], thus potentially limiting the extrapolation of results to the

general population.

Despite this limitation, blood donors are a valid data source to

study at least some diseases. In Japan, for example, the age-specific

prevalence of hepatitis C virus (HCV) was similar in first-time blood

donors and adults ≥40 years who were screened for HCV [83]. Fur-

thermore, the ‘healthy volunteer’ bias typically observed in blood

donors (i.e., the fact that blood donors tend to represent a healthy

segment of the population) may not be addressed by alternative data

sources or study designs, such as setting up a cohort from the general

population (e.g., UK Biobank) [84]. The representativeness of blood

donors may be improved by removing some donor selection criteria

or conducting blood drives in rural areas or areas with underrepre-

sented racial groups. Various statistical adjustments (e.g., inverse

probability weighting) may also address this limitation.

Another limitation is that most donations collected by blood ser-

vices consist of whole blood, for which the minimum interval between

donations is significantly longer than that for apheresis donations. As

a result, longitudinal studies on RBCs—but not on other blood

components—may be limited by longer intervals between donations.

PRECISION TRANSFUSION MEDICINE

PTM is an innovative approach that considers individual patient attri-

butes to improve outcomes and safety. This novel approach has been

enabled by advances in data analytics and bioinformatics. Specifically,

PTM considers a patient’s genetic factors (e.g., blood type compatibil-

ity, genetic markers), medical background (e.g., patient with chronic

anemias, surgical patient) and immune status (e.g., alloimmunization)

to select the most appropriate blood components and transfusion

strategies.

In addition to enhancing transfusion efficacy, PTM helps under-

stand the interplay between patient factors and transfusion outcomes.

For example, the storage and transfusion of RBCs are currently guided

by simplistic workflows (i.e., ‘first-in-first-out’ principle to avoid wast-

age); however, the recent studies that have used a PTM framework

have shown that the quality of stored RBCs (as measured by

haemolysis) is influenced by donor characteristics (including genetics)

as well as temporal and process-specific factors [85]. This suggests

that the post-transfusion functional integrity of RBCs and patient out-

comes could be enhanced with careful donor selection and storage

policies.

OUTLOOK FOR LOW-INCOME AND MIDDLE-
INCOME COUNTRIES

Clearly, the path to improving access to (and the quality of) blood

products will significantly differ among HICs and LMICs. The timeline

for implementing the vision laid out in this article should therefore be

adapted to a country’s resources, healthcare system and culture.

Many LMICs will prioritize other operational goals—such as establish-

ing a national blood service to oversee the centralized blood collection

system of VNRDs—before tackling the challenges encountered

by HICs.

Rather than introducing new products, blood services in some

LMICs may instead prioritize improving the quality of current prod-

ucts and implementing multicomponent therapy. This may reduce the

rate of product waste, which remains high primarily because of

TTIs [86].

The emerging technologies discussed herein will also be intro-

duced later (and perhaps differently) in LMICs. For example, LMICs

that do not routinely perform nucleic acid testing (NAT) may need to

choose between NAT and PRT. According to a modelling study in

Uganda, PRT combined with rapid diagnostic tests may be superior to

serological testing (alone) to reduce the incidence of HIV, HBV, HCV

and malaria [87]. Moreover, PRTs inactivate passenger leukocytes and

may thus be particularly effective at reducing the incidence of

TA-GvHD in LMICs [50], where non-leukoreduced whole-blood com-

ponents are commonly transfused. Clearly, more cost-effectiveness

analyses are needed to assess the costs and benefits of PRT in LMICs.

Similarly, in LMICs, achieving plasma self-sufficiency may not be a

realistic short-to-medium-term goal. Limitations to improving plasma

access include the prohibitive cost of plasma fractionation, imported

PDMPs and plasmapheresis kits, and the suboptimal quality

(e.g., presence of infectious disease markers) and processing

(i.e., unmet recognized standards) of recovered plasma [88]. In some

LMICs (e.g., Indonesia), minimizing the waste of imported PDMPs may

be a more practical short-term goal [89].

Moreover, establishing donor cohorts may not be a high, short-

term priority in LMICs. Many of these countries currently lack the

molecular tests (e.g., NAT) to detect TTIs, and so devoting resources

to other tests (unrelated to transfusion safety) would not be a sound

strategy.

This article laid down a vision of the future for blood services.

Specifically, blood services may offer new products (e.g., whole blood

[in HICs], cold-stored platelets), improve access to blood donation

(e.g., for gbMSM), implement new technologies (e.g., PRTs) and estab-

lish research partnerships with local health authorities. The pace of

introduction of these changes will be slower in LMICs, where

510 LEWIN ET AL.

 14230410, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13590 by C

ornell U
niversity E

-R
esources &

 Serials D
epartm

ent, W
iley O

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

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



addressing key operational challenges (e.g., reducing reliance on fam-

ily/replacement donors) will likely be prioritized over more costly and

recent technologies. Blood services in LMICs may interpret our vision

as a long-term complement to some of their more pressing objectives.
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OB I T UA R Y

Dirk de Korte (1955–2024)

On March 22, 2024, Dirk de Korte, PhD, passed away at the age of 68.

Dirk started his career in 1981, when he studied the purine and pyrimi-

dine metabolism of normal and leukaemic blood cells at the Central Labo-

ratory of the Blood Transfusion Service from the Netherlands Red Cross

(CLB, Amsterdam, the Netherlands, currently Sanquin Blood Supply).

After the defence of his thesis, in the early days of development of the

buffy coat method to produce platelet concentrates, he started working

on optimisation of blood component transfusion medicine together with

Hans Loos. Dirk performed studies on overnight hold of whole blood,

development of butane-1,4-diol cooling plates, and leukocyte removal,

ultimately resulting in a production method that could easily be executed

in day-to-day routine blood banking. He worked on formulation of the

early platelet additive solutions, later commercialised as PAS-D. Also,

Dirk invented PAG3M for storage of red cells, succeeding in the mainte-

nance of crucial storage parameters ATP and 2,3-DPG. To examine their

clinical effectiveness, he developed a biotin labelling method that is now

routinely applied. Associated with this, Dirk worked on changing the plas-

ticisers in blood bags in order to remove DEHP, which will be banned

from being used in medical devices in Europe in 2030.

Dirk’s most significant contribution to the field of transfusion medi-

cine was the development of a ‘diversion pouch’. The idea was based

on the notion of Prof. Blajchman that the skin plug contains many bac-

teria. It was indeed shown by Dr. Olthuis and colleagues that the first

millilitres of collected blood have a high level of bacteria. Dirk used this

information to develop a bag system that contained a diversion pouch

in the collection tubing so that the first 20 millilitres of whole blood,

containing the skin plug, could be diverted. This reduced the infectious

risk of the blood collected in the main blood bag. At the time, it was

estimated that 1:3000 platelet units contained bacteria, leading to mor-

bidity in 1:50,000 units transfused with an associated mortality rate of

1:500,000. Dirk showed that introduction of the diversion pouch more

than halved the infection rate of platelet units. This practical solution to

a clinically relevant problem quickly found acceptance in other blood

centres. Considering that millions of platelet concentrates are trans-

fused per year, many lives have been saved by this invention.

Dirk retired from his position as manager of the department of Prod-

uct and Process Development of Sanquin Blood Bank in 2021. However,

he remained engaged and was always available to answer questions.

He was internationally recognised as an expert on blood components

and standardisation thereof. He was a member of various international

advisory boards, chair of the Dutch blood products guideline committee

and the Dutch representative for the European Union committee that sets

the guidelines for blood products. Dirk gave many presentations all over

the world and thoroughly enjoyed passing on his knowledge to younger

generations. He published over 200 papers and assisted six PhD students.

In November 2023, Dirk received the message that he was termi-

nally ill. His faith led him through this difficult time. Rejoicing in hope,

patient in tribulation, continuing steadfastly in prayer (Romans 12:12), it

said on his mourning card. He was a loving husband, a great father

and a wonderful grandfather to his grandchildren. He will be missed

by his peers as senior adviser and thoughtful, knowledgeable, but

most of all, a warm human being.
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E V EN T S

See also https://www.isbtweb.org/events.html

14–15 May 2024 5th Iran International Congress of Transfusion Medicine. https://ibtc5.com/

15–16 May 2024 IPFA/PEI 30th International Workshop on Surveillance and Screening of Blood-borne Pathogens. https://ipfa.nl/

events/ipfa-pei-30th-international-workshop-on-surveillance-and-screening-of-blood-borne-pathogens/

29 May–1 June 2024 ISCT Vancouver. https://www.isctglobal.org/isct2024/registration

23–27 June 2024 38th International ISBT Congress, Barcelona, Spain. https://www.isbtweb.org/events/isbt-barcelona-2024.html

11–13 September DGTI & DGI 2024. https://immungenetik.de/index.php/veranstaltungen/dgi-jahrestagungen/jahrestagung-2024

27–29 September 2024 ESPGI 2024 - Platelet and Granulocyte Immunobiology. https://sanquinacademy.nl/en/offers/espgi-2024/
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