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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 25TGD 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

reative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
he use is non-commercial and no modifications or adaptations are made.
Wiley & Sons Ltd on behalf of International Society of Blood Transfusion.
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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

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.

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

e 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.

e 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.

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

apply donor safety measures for nonbinary donors.

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.
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ADVANCING GENDER INCLUSIVITY FOR 2STGD DONORS

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 25TGD 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
guestion 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).
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Participant recruitment and data collection

Participants were recruited through the CBS donor database. Eligibil-
ity criteria included (1) self-identify as 25TGD, (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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TABLE 1 Characteristics of study sample and all known 2STGD donors.

Characteristics
Age
17-19
20-29
30-39
40-49
50+
Gender
Trans woman/transfeminine®
Trans man/transmasculine®
Nonbinary
Agender
Gender/SAAB®
Female
Male
Ethnicity
Indigenous/Aboriginal
Asian/E Asian/SE Asian
White/Caucasian
Filipino
Latin American/Hispanic
South Asian
Multi-ethnic
Arabic/Middle Eastern
Black/Black Caribbean
Other
No response
Number of donations
1
2-3
4-9
10-19
20-29
30-39
40+
Donor status
New donor (1 donation)

Return donor (>1 donation)

Study participants (n = 85)

Known 2STGD donors (N = 450)?

Number (%)

4(4.7)
40 (47.1)
26 (30.6)
10(11.8)
5(5.9)

23(27.1)
41 (48.2)
20 (23.5)
1(1.2)

6(1.3)
16 (18.8)
26 (30.6)
23(27.1)
7(8.2)
4(4.7)
3(3.5)

6(1.3)
79 (92.9)

Number (%)

30(6.7)
239 (53.1)
122 (27.1)
38(8.4)
21(4.7)

298 (66.2)
152 (33.8)

10(2.2)
33(7.3)
326 (72.4)
1(0.2)
4(0.9)
8(1.8)
15(3.3)
2(0.4)
4(0.9)
30(6.7)
17 (3.8)

190 (42.2)
260 (57.8)

2Donors 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.
Participants provided their gender in free text. Trans man/transmasculine also includes transgender man, trans male and ‘just M.

9The gender/SAAB categories provided here are the options provided by Canadian Blood Services.

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.
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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 | just tell them [l am trans],
or do | 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,
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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’ (PO7). 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 25TGD 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:

| don’t want to just randomly disclose to people my sex
assigned at birth. | don't have to do that in literally any
other setting... Even in a healthcare setting, | don't
need to randomly disclose my transness unless it's
related to my care, right? If | have a uterus, it's only rel-
evant if | 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 25STGD
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
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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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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

emphasizes that donor factors should continue to be considered for their potential

impacts on transfusion outcomes.

donor factors, RBC biological age profiling, RBC quality testing

e 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.

o 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.

e 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

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)
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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 (14,848xg,
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

2,2'-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
0-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,
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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
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preceding sentence were corrected.]

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-
(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

separated cells

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
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FIGURE 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
0O-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.]

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

increased resistance to

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 (Onyper Values) was significantly different with male

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

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
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TABLE 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.
Teens Seniors

Quality parameter Male Female Male Female RBC biological age
MCV ! ! 1 1 U-, Y- and O-RBCs throughout storage
MCHC T l — 1 U-, Y- and O-RBCs throughout storage
Oxidative haemolysis M T 1 1 U-, Y- and O-RBCs throughout storage
Osmotic haemolysis 1 1 — 1 U-, Y- but not O-RBCs throughout storage
p50 — l il — U-, O- but not Y-RBCs at day 5
p50 — 1 1 — 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.

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
challenge inflamed

erythrophagocytosis, could systemically

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.

85U8017 SUOIWIOD BAERID 3(edlidde 8y} Aq peusenoh ase SSpe YO ‘85N JO S9N 10} A%iqiT8UIIUQ AB|IAN UO (SUONIPUCD-PUR-SLLBYLIOD A 1M ARIq 1 BU1UO//SANY) SUORIPUOD PUe SWiB | 8L} 88S *[5202/20/vz] Uo Arigiauliuo A8|IM ‘Wewiedeq SeLRS 7 $801n0sey-3 AISRAIUN [BUI0D AQ ZO9ET XONTTTT 0T/I0P/WO0D A8 |imArelq1pul|uo// Sy WO1Y pepeolumod ‘G ‘¥20Z ‘0TYOEZT



MYKHAILOVA ET AL.

il_vox Sa n g u i n iS qg—jﬂ—) Lr;teEvlzzgoTna\ S?cwety

ACKNOWLEDGEMENTS

This work received support from Canadian Blood Services (Grant/
Award Number: 1G2018-JA). O.M. was supported by a Post-Doctoral
Fellowship from the Canadian Blood Services.

O.M. was responsible for study design, data collection, data analy-
sis and interpretation, in addition to drafting and reviewing the manu-
script. M.B.C. was involved with data analysis and interpretation in
addition to manuscript writing and reviewing. C.P. and M.Y. assisted
with data collection and manuscript writing. C.O. assisted with study
design, data collection, and manuscript reviewing. Q.L.Y. was involved
with the analysis and interpretation of the data collected in this study.
T.K. and J.A. were integral in study design, data interpretation, and
manuscript reviewing. We acknowledge Rafay Osmani and April Xu
for their assistance with data acquisition. We are grateful to Canadian
Blood Services' blood donors who made this research possible.

[Corrections added on 28 March 2024: After first online publica-
tion, legends of all figures and supporting information as well as fig-
ures 3 and 4 were corrected.]

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available on
request from the corresponding author. The data are not publicly

available due to privacy or ethical restrictions.

ORCID

Jason P. Acker "2 https://orcid.org/0000-0002-1445-827X

REFERENCES

1. Naeem U, Baseer N, Khan MTM, Hassan M, Haris M, Yousafzai YM.
Effects of transfusion of stored blood in patients with transfusion-
dependent thalassemia. Am J Blood Res. 2021;11:592-9.

2. Alshalani A, Uhel F, Cremer OL, Schultz MJ, de Vooght KMK, van
Bruggen R, et al. Donor-recipient sex is associated with transfusion-
related outcomes in critically ill patients. Blood Adv. 2022;6:3260-7.

3. Bruun-Rasmussen P, Kragh Andersen P, Banasik K, Brunak S,
Johansson Pl. Intervening on the storage time of RBC units and its
effects on adverse recipient outcomes using real-world data. Blood.
2022;139:3647-54.

4. Custer B, Zou S, Glynn SA, Makani J, Tayou Tagny C, el Ekiaby M,
et al. Addressing gaps in international blood availability and transfu-
sion safety in low- and middle-income countries: a NHLBI workshop.
Transfusion. 2018;58:1307-17.

5. Hod E, Zhang N, Sokol SA, Wojcyzyk BA, Francis RO, Ansaldi D,
et al. Transfusion of red blood cells after prolonged storage produces
harmful effects that are mediated by iron and inflammation. Blood.
2010;115:4284-92.

6. Flegel W, Natanson C, Klein HG. Does prolonged storage of red
blood cells cause harm? British Journal of Haemotology. 2014;165:
3-16.

7. Yoshida T, Prudent M, D’Alessandro A. Red blood cell storage lesion:
causes and potential clinical consequences. Blood Transfus. 2019;17:
27-52.

8. Lee J, Kim-Shapiro DB. Stored blood: how old is too old? J Clin
Invest. 2017;127:100-2.

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

Antonelou M, Seghatchian J. Insights into red blood cell storage
lesion: toward a new appreciation. Transfus Apher Sci. 2016;55:
292-301.

Koch CG, Duncan Al, Figueroa P, Dai L, Sessler DI, Frank SM, et al.
Real age: red blood cell aging during storage. Ann Thorac Surg. 2019;
107:973-80.

Chassé M, Tinmouth A, English SW, Acker JP, Wilson K, Knoll G,
et al. Association of Blood Donor age and sex with Recipient Survival
after red Blood Cell Transfusion. JAMA Intern Med. 2016;176:
1307-14.

Tinmouth A, Fergusson D, Yee IC, Hebert PC, Investigators A. Cana-
dian critical care trials G. Clinical consequences of red cell storage in
the critically ill. Transfusion. 2006;46:2014-27.

Kanias T, Stone M, Page GP, Guo Y, Endres-Dighe SM, Lanteri MC,
et al. Frequent blood donations alter susceptibility of red blood cells
to storage- and stress-induced hemolysis. Transfusion. 2019;59:
67-78.

Tzounakas VL, Georgatzakou HT, Kriebardis AG, Voulgaridou Al,
Stamoulis KE, Foudoulaki-Paparizos LE, et al. Donor variation effect
on red blood cell storage lesion: a multivariable, yet consistent, story.
Transfusion. 2016;56:1274-86.

Tzounakas VL, Anastasiadi AT, Drossos PV, Karadimas DG,
Valsami SE, Stamoulis KE, et al. Sex-related aspects of the red blood
cell storage lesion. Blood Transfus. 2021;19:224-36.

Grau M, Cremer JM, Schmeichel S, Kunkel M, Bloch W. Comparisons
of blood parameters, red blood cell deformability and circulating
nitric oxide between males and females considering hormonal con-
traception: a longitudinal gender study. Front Physiol. 2018;9:9.
Mykhailova O, Olafson C, Turner TR, D’Alessandro A, Acker JP.
Donor-dependent aging of young and old red blood cell subpopula-
tions: metabolic and functional heterogeneity. Transfusion. 2020;60:
2633-46.

Shahani S, Braga-Basaria M, Maggio M, Basaria S. Androgens and
erythropoiesis: past and present. J Endocrinol Invest. 2009;32:
704-16.

Price EA. Aging and erythropoiesis: current state of knowledge.
Blood Cells Mol Dis. 2008;41:158-65.

Murphy W. The sex difference in haemoglobin levels in adults —
mechanisms, causes, and consequences. Blood Reviews. 2014;28:
41-7.

Korolnek T, Hamza T. Macrophages and iron trafficking at the birth
and death of red cells. Blood. 2015;125:2893-7.

Maurer F