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Abstract

Background and Objectives: Plasma has become an essential ingredient for various

medical treatments. Many blood collection agencies rely on voluntary non-

remunerated donation when collecting plasma, but at present many do not collect

sufficient plasma to meet domestic demands. This rapid review sought to explore the

factors that have been found to influence people’s decisions to donate plasma to

inform future research.

Methods: Searches were conducted in PubMed, PsycINFO, Social Sciences Citation

Index and CINAHL for peer-reviewed journal articles that discussed plasma donation

and the factors associated with donor behaviour. Pertinent information from

included articles was extracted and arranged in themes.

Results: In total, 33 articles were included in this review. Three main themes were

identified by the authors. The first focused on site-level factors related to blood col-

lection agencies’ engagement with plasma donors and their influence on plasma

donation experiences. The second theme considered how individual characteristics

and experiences influence willingness to donate plasma. The third theme examined

social and cultural-level factors, such as how social networks and community shape

perceptions and experiences with donation.

Conclusion: Our findings suggest that the current understanding of plasma donation

is focused mainly on converting whole blood donors and also centres on individual-

level factors to donation. Further research must examine what factors attract

non-whole blood donors to become plasma donors, focusing on broader social-level

influences. This review will inform policies and interventions for blood collection

agencies to increase plasma donors.

Keywords
donor motivation, donor retention, donors, plasma

Highlights
• This rapid review explores what influences people’s decision to donate plasma. Most studies

focus on existing whole blood donors, examining individual-level factors such as intention,

altruism and fear surrounding the donation process.
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• There is little literature on non-whole blood donors or exploring social and cultural factors

such as community influences and accessibility for diverse groups.

• Given that the findings show a lack of research on the influences of ethnicity, socioeconomic

status and gender on plasma donation, specifically with non-donors, future studies should

explore these factors in more depth.

INTRODUCTION

Plasma protein therapies are vital for patient recovery in clinical set-

tings [1]. Plasma forms the treatment for patients with autoimmune

disorders, immune deficiencies, rare blood disorders, various cancers,

tetanus infections, nervous system disorders and so forth [1]. It can

also be transfused directly into patients in hospitals or manufactured

into specialized medicines called plasma protein products [2]. Due to

the increasing use of these plasma protein products, the demand for

plasma collection has increased globally [3].

Many blood collection agencies worldwide rely on voluntary, non-

remunerated donations when collecting plasma. However, most fail to

collect sufficient plasma to meet demand. Therefore, many countries

purchase plasma from the international market, which often includes

plasma from countries where people are paid to donate. While interna-

tional purchasing allows countries to provide care, it raises concerns

about the security of the supply. These concerns have been exacerbated

during the COVID-19 pandemic, which has led to increasing costs of

plasma products and disruptions to the supply chain [4].

It is important to understand the factors that influence people to

either donate or not donate plasma to increase domestic plasma

donation. Since whole blood donation is dominant in donation litera-

ture, recognizing the work done in plasma donation literature is a

timely contribution. As discussed below, most plasma studies focus on

converting whole blood donors to plasma. Addressing plasma dona-

tions’ unique barriers and facilitators is vital to increase the plasma

donor pool with new, inexperienced donors to ensure the whole

blood donor pool remains stable. Thus, this review aims to summarize

current plasma literature to provide insight for future research on

improving plasma donor recruitment.

MATERIALS AND METHODS

A rapid review of plasma donation literature was done from February

to April 2022. A rapid review follows a similar strategy to a systematic

review but is more efficient due to limiting the search parameters and

aspects of the synthesis. By applying a more streamlined approach to

data collection and analysis, rapid reviews are best utilized in areas

where information needs are immediate. This is relevant for plasma

research, as the need for increasing supply is ever-growing; therefore,

we chose a rapid review to quickly disseminate knowledge on how this

demand can be met in a time of dire need. While there is no formal

rapid review guideline, we used reviews that discussed the various

approaches other authors have used [5–7], as well as supplemented

the preliminary findings of the unpublished PRISMA-RR protocol [8].

Information sources

The search was completed by one reviewer (M.B.). The databases that

we searched included PubMed, PsycINFO, CINAHL and Social Sci-

ences Citation Index. We searched for peer-reviewed journal articles

that discussed plasma donation and the factors associated with inten-

tion, motivation, facilitators and deterrents. The search term used was

‘plasma don*’ and was further specified using either [title/abstract] or

depending on the database. The search began on 25 February 2022

and was completed on 19 April 2022. Test searches were performed

before the official search using more specific terms alongside plasma

don* (e.g., willingness, intent, barriers). However, the search results

were too specific and did not provide a sufficient number of articles

necessary for the review’s aim. We searched Social Sciences Citation

Index using the search terms and parameters; however, no relevant or

new articles emerged. Therefore, we chose not to include any articles

found in this database.

Inclusion criteria

We included journal articles that focused on factors of plasma donation

that impact donors’ willingness to, or not to, donate. These factors

included motivation, intent, self-efficacy, barriers, facilitators, donor

identity and willingness. In addition, eligible studies included those dis-

cussing factors that impacted the amount people donated, recruitment

of new plasma donors, experiences of people who donated and percep-

tions surrounding plasma donation. More succinctly, we focused on the

donor experience and how their backgrounds influence their percep-

tions and attitude towards donating plasma.

Exclusion criteria

Articles were excluded if not written in English or based outside North

America, Europe or Australia. Articles outside of this geographic

region examine healthcare systems that are structurally different from

the Canadian system. Even with included countries varying in their

reliance on remunerated donations, they historically have collected

and distributed blood and plasma donations through a not-for-profit

Blood Collection Agency (BCA) or an entity separate from the public

health authority. Therefore, we examine countries with similarities in

procurement, as the collection agencies often determine the type of

people who donate [9]. We did not review any medical articles or let-

ters to the editor. We chose not to include articles that described

donor demographics (e.g., sex, age) alone as the review’s focus is on

818 BERGER ET AL.
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how to increase donations, and descriptions of donor demographics

are insufficient for this understanding. We also chose not to include

op-ed articles or letters to the editor that discussed the ethical impli-

cations of paying donors (Figure 1).

Synthesis

Articles were organized in an Excel spreadsheet using descriptions of

the studies, including methodology, sampling, study aims and findings.

The authors kept notes on the emergent themes. The wider study

team developed final themes by identifying each study’s main goals

and outcomes and grouping similar articles. In these groups, the

authors highlighted how key findings fit together to create common

trends across the articles, allowing for the development of broader

themes. Moreover, grouping articles in such a way allowed the

authors to find potential knowledge gaps explored in the discussion.

Preliminary themes were developed by one author (M.B.), and then

verified by another author (A.E.), with any disagreements resolved by

a third author (N.B.).

RESULTS

The electronic databases yielded 1403 articles. From these, 51 met

our inclusion and exclusion criteria. After eliminating repeat articles,

24 unique studies met the inclusion/exclusion criteria to review fully.

An additional nine articles were added from citation searches for a

total of 33 articles (Table S1). The year range is from 1999 to 2022, as

no articles appeared before 1999 in our search. Ten articles were

qualitative and nine were quantitative. Additionally, three were mixed

methods, and seven were experimental studies (e.g., randomized con-

trol trials). One article was a systematic review of whole blood donor

willingness to convert to another substance of human origin [10].

Three were narrative reviews of motivations and deterrents towards

plasma donation [11], motivations and compensation for plasma dona-

tion [12], and a summary of the current literature to provide strategies

for BCAs [13].

We grouped our findings into three broad themes (Figure 2).

The first theme focused on site factors, which include processes

related to accessing plasma donation sites. The second theme was

on individual-level factors, which focus on the motivations and

deterrents of people who are approached to donate or already

donate plasma. The third theme examined social/cultural-level

factors, which explore the broader influences communities and

social institutions have on individuals’ perceptions of donating

plasma.

Site and blood collection agency factors

Influence of BCA staff

To increase plasma donation, BCAs have explored both the recruit-

ment of new donors and the conversion of whole blood donors to

increase plasma donation [14–16]. The study by Thorpe et al. [16]

aimed to increase the retention of first-time donors by comparing four

strategies: calling donors, e-mailing donors, approaching donors to

make advanced appointments and a simple ‘thank you’ message (con-

trol group). Compared with the control group, all intervention groups

reported higher return rates and increased frequency of plasma dona-

tion. The most impactful strategy for getting donors to return included

a call from the BCA asking about their experiences. This intervention

demonstrated the importance of post-donation communication since
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retention and recruitment improved when staff took the time to

explain plasma donation and how to book an appointment.

Similarly, other studies [15, 17] compared the efficacy of different

strategies for converting whole blood donors to plasma donation and

found that in-person conversations with centre staff were more effec-

tive than call-centre phone conversations. Moreover, the relationships

donors create with staff strongly influence return donations. Bove

et al. [22] interviewed plasma donors on what triggered them to

donate and what made them continue. For many, their relationship

with the staff prompted them to switch from whole blood to plasma

and kept them returning.

Time to donate plasma

Plasma donation takes approximately 1 h due to the separation and

the return of the red blood cells, which is four times the length of

blood donation and is the primary barrier preventing people from

donating [11, 13, 18–21]. Bagot et al. [20] interviewed donors who

declined to convert to plasma from whole blood donation and found

that across all groups, the amount of time it took to donate plasma

was the most cited reason for not wanting to donate plasma.

Thorpe et al. [19] found that most plasma donors who lapsed did so

because of changes in life circumstances, such as changes to work

schedules, shifting family obligations and the ebb and flow of every-

day life, which causes plasma donation to get sidelined.

Individual-level factors

Incentives and compensation

There has been substantial research into financial compensation’s

impact on people’s willingness to donate plasma [12]; however, find-

ings remain mixed and contradictory. Two experimental studies found

that incentives did not influence willingness to donate [23] and return

rates [24]. Gyuris et al. [23] found that donor willingness did not differ

between the group given a monetary reward and the group that had

the social significance of plasma donation emphasized to them. How-

ever, those who were given the option to pay their monetary reward

forward to a non-governmental organization reported higher willing-

ness to donate. Chell et al. [24] provided participants with a voucher

for a local cafe and found that while nearly 70% of the sample took

the voucher, only 18% redeemed it. Moreover, the return rate

F I GU R E 2 An illustration of the themes that emerged from the review, beginning with the individual-level factors in the innermost circle, and
moving out to the site-level factors, and finally the larger social- and cultural-level factors that influence donation.
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between the control group that received no voucher and the experi-

mental group with a voucher was not significantly different.

Two non-experimental studies explored the motivations of paid-

plasma donors in the United States [25] and Hungary [26]. Anderson

et al. [25] found that university students who were paid to donate

their plasma were motivated by monetary incentives, not altruism.

These students used the funds on activities they otherwise could not

afford. Similarly, Trimmel et al. [26] surveyed paid plasma donors and

voluntary whole blood donors in Hungary and found that paid plasma

donors were motivated by monetary incentives and would not con-

tinue to donate if payment ceased. Moreover, paid donors had lower

altruistic thinking levels than voluntary whole blood donors. More

recently, France and France [27] surveyed university students on their

preference to donate plasma or whole blood. They found that stu-

dents’ willingness to donate plasma rose from 3.9% to 47.5% after

being informed that plasma donors are paid in the United States,

where the study was based.

Anxiety and fear about donating plasma

Anxiety is often higher for new plasma donors due to navigating the

apheresis machine and the unpleasant cold feeling experienced when

blood is returned [28]. The medical environment in which plasma

donation takes place appears to cause some unease and anxiety, espe-

cially for those new to the process.

A common factor for donor lapse is adverse events when donat-

ing, such as fainting. Vasovagal reactions (VVRs) are common for nov-

ice plasma donors [18, 28] and occur when individuals experience a

sudden drop in blood pressure due to an extreme emotional response

to a trigger, like seeing blood, and faint. Thijsen et al. [29] found that

those plasma donors who experienced a VVR took significantly longer

to return to donate and were more likely to experience another

adverse event. Similarly, Thijsen et al. [30] explored the impact of a

new policy in Australia, which allowed individuals to donate plasma

without a previous whole blood donation. Compared to experienced

donors, first-time plasma donors were the most likely to experience

an adverse event and were not as likely to return.

Attempts have been made to address the anxiety and fears of

new plasma donors. Gilchrist et al. [31] conducted an experimental

study with two treatment groups for new donors. They gave the first

group an informative brochure that normalized donor fear and pro-

vided stress reduction strategies—the second met with a trained

research assistant who discussed concerns about with process with

each donor. Both groups had fewer adverse events and higher posi-

tive support levels than the control.

Individual intention, motivation and self-efficacy

The most common framework for understanding individual intention

and motivation towards plasma donation is the Theory of Planned

Behaviour (TPB) [21, 32, 33]. The theory suggests that the best

predictor of behaviour is intention. Three factors determine the

strength of intention: perceived behavioural control, which is an indi-

vidual’s perception of how easily or not a behaviour can be per-

formed; attitude, which is the evaluation of the behaviour as a

positive or negative act; subjective norm, which is the perception of

others approval towards the enacted behaviour. Godin and Ger-

main [33] used TPB to evaluate which factors were the most impact-

ful when determining the intention of plasma donors. They found that

perceived behavioural control and attitude were the most significant

determinants of intention, as well as age (i.e., older adults) and donor

experience. Based on these findings, an individual’s intention to

donate plasma hinges on whether they believe they can do so

successfully.

In response to these findings, studies have begun to supplement

TPB with Bandura’s concept of self-efficacy [34]. In this context, self-

efficacy describes an individual’s belief in their ability to carry out a

behaviour well. Veldhuizen and van Dongen [32] used a modified TPB

to identify the most significant predictor of conversion to plasma

donation or the onset of a plasma donor career. Plasma donors had

stronger positive attitudes than whole blood donors.

However, the most significant difference was the higher levels of

self-efficacy reported in plasma donors. This result was mirrored in

Bagot et al. [21]. This study incorporated additional factors such as

moral norms and anticipated regret. Moral norms assess the individ-

ual’s perceptions of whether the behaviour is right or wrong. Antici-

pated regret drives people to perform a behaviour to avoid feeling

guilty if they fail to do so. Using these additional factors, Bagot

et al. [21] found that moral norms were a significant predictor of

intention to donate plasma; however, anticipated regret was only sig-

nificant if the individual reported high moral norms.

Donor role

Bagot et al. [21] found that those blood donors with a strong tie to

their ‘blood donor identity’ were less likely to convert to plasma

donation. However, Thorpe et al. [35] found that converted plasma

donors who felt whole blood donation was similar to plasma donation

believed their donor identity remained stable. For many, their donor

identity was also tied to the motivation to help as much as possible.

Thus, when informed of the dire need for plasma, those who switched

to plasma donation did not experience tension in the donor identity

since it was seen as helpful and did not conflict with their blood donor

identity [35].

Social and cultural-level factors

Donation frequency and supporting community

Several studies explored why people converted to plasma donation

and what made them stay [22, 36–40]. The increased frequency at

which donors could donate was a draw to plasma donation, as several
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researchers found that donors often wanted to donate as much as

possible to address the need for plasma and benefit the broader com-

munity [22, 36, 38]. Bagot et al. [39] examined underlying beliefs that

promote the intention to donate plasma and found that individuals

who made a second plasma donation reported a strong desire to help

others.

Family influences

A strong emotional connection to whole blood or plasma increased

donation likelihood. Charbonneau et al. [40] found that many plasma

donors had family members who had previously donated, knew of

someone close to them who needed whole blood or plasma, or had

someone close to them get ill or pass away. Thus, learning first-hand

the impact of plasma donation on people, whether it was a favourable

report of the experience from a loved one or witnessing its lifesaving

capabilities, is a powerful motivator for many plasma donors.

Discriminatory or stigmatizing practices

Programmes have been developed to mitigate the exclusion of

LGBTQ+ donors by Hema-Quebec in Canada. They proposed that

men who have sex with men (MSM) could donate plasma, but their

donation would be quarantined for 3 months and would require them

to return to be tested for blood-borne infections such as HIV [41].

Several studies explored how members of the community, specifically

MSM, felt about the plasma programme [41–43]. Using a TPB lens,

Veillette-Bourbeau et al. [42] found that study participants reported a

moderate level of perceived behavioural control, suggesting that the

MSM programme was something they could see themselves doing.

While some participants were keen to join the programme, a signifi-

cant number of people still felt that the programme reinforced dona-

tion as an exclusionary practice that perpetrated an ‘us vs. them’
mentality Grace et al. [43]. Therefore, while the study by Veillette-

Bourbeau et al. [42] found that MSM may feel they could donate, both

Grace et al. [43] and Caruso et al. [41] found that the programme per-

petuates the notion that the blood of MSM is ‘impure’ and reinforces

the stigmatizing and discriminatory practices of BCAs. Participants in

both studies did feel that the programmes were a step in the right

direction and were hopeful that they would aid in the reduction of

harmful prejudices held against them.

DISCUSSION

This rapid review of the plasma donor literature examined the various

factors influencing plasma donor behaviour. A primary finding is that

much of this research has focused on converting whole blood donors.

Given the shortages in the supply of whole blood donors, exacerbated

due to COVID-19 [44], this group will not sufficiently resolve plasma

supply issues meaningfully. Historically, recruiting whole blood donors

has been an effective way of collecting plasma, which was considered

secondary to whole blood donation, until the 1990s when demand for

plasma-derived products dramatically increased [45]. More research is

needed on people not currently donating blood, including diverse

populations who tend to be underrepresented amongst whole blood

donors [46, 47].

There was a gap in the literature surrounding how knowledge of

plasma donation and its uses influenced donor motivations. This was

surprising, considering in whole blood donation literature, knowledge

is discussed as an important factor [47–51]. Further research should

be implemented to understand knowledge’s influence on individuals

when deciding whether they will donate plasma.

We suggest a more thorough discussion of altruism as a motivator

within the context of blood plasma donation. In whole blood donation

literature, attempts to broaden definitions of altruism have included

influences like self-worth (warm glow) [52] and moral obligations

(reluctant altruism) [53]. However, these expanded definitions are not

found within plasma donation literature. Furthermore, because the

discussion of altruism is lacking in blood plasma literature, it is exam-

ined using individual-level factors that do not capture the nuance of

this socially driven behaviour. Based on this, we argue for having a

more nuanced exploration of altruism in blood plasma literature,

which may allow for more effective targeting strategies for specific

groups of people instead of general marketing approaches.

Exploring macro-level social factors would greatly increase the

understanding of the pushes and pulls people experience when decid-

ing whether or not to donate plasma. Although some studies have

examined how ethnicity and cultural background influence whole

blood [46, 54, 55] and organ [56] donation, this literature remains

scant and other influences, such as gender, socio-economic status,

disability status and language, remain largely under-explored. Greater

attention to larger social influences such as immigration status and

socio-economic status should be explored to improve understanding

of the pushes and pulls towards plasma donation.

It is important to note the strengths and limitations of this rapid

review. The strengths of this article include a strict inclusion/exclusion

criterion created before the initial search. Moreover, throughout the

search and writing this review, the primary reviewer (M.B.) collabo-

rated with other authors to negotiate and determine the best way to

organize the data and reinforce the rigour of the review. The limita-

tions are the nature of the rapid review and the method’s efficiency,

which means the review’s scope is limited. For example, we omitted

scholarship on COVID-19 convalescent plasma donation, as this

donor base has different motivations that were irrelevant for future

non-convalescent donation. However, this area would likely inform

future plasma collection strategies and should be examined with non-

convalescent donation [57]. As such, limiting the search terms and the

databases may have resulted in publications being missed. Further,

excluding grey literature, op-ed articles and publications in languages

other than English may have created a potential publication bias.

Overall, the main message across the literature is that the need

for plasma donors is dire, and the plasma supply must be increased to

ensure people get the treatment they need. Future research should
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look at how to recruit new donors from a diverse population and the

larger structural- and cultural-level factors that influence people’s

desire to donate plasma or not.
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Abstract

Background and Objectives: On-site haemoglobin deferral for blood donors is

sometimes necessary for donor health but demotivating for donors and inefficient

for the blood bank. Deferral rates could be reduced by accurately predicting donors’

haemoglobin status before they visit the blood bank. Although such predictive

models have been published, there is ample room for improvement in predictive per-

formance. We aim to assess the added value of ferritin levels or genetic markers as

predictor variables in haemoglobin deferral prediction models.

Materials and Methods: Support vector machines with and without this information

(the full and reduced model, respectively) are compared in Finland and the

Netherlands. Genetic markers are available in the Finnish data and ferritin levels in

the Dutch data.

Results: Although there is a clear association between haemoglobin deferral and both

ferritin levels and several genetic markers, predictive performance increases only

marginally with their inclusion as predictors. The recall of deferrals increases from

68.6% to 69.9% with genetic markers and from 79.7% to 80.0% with ferritin levels

included. Subgroup analyses show that the added value of these predictors is higher

in specific subgroups, for example, for donors with minor alleles on single-nucleotide

polymorphism 17:58358769, recall of deferral increases from 73.3% to 93.3%.

Conclusion: Including ferritin levels or genetic markers in haemoglobin deferral pre-

diction models improves predictive performance. The increase in overall performance

is small but may be substantial for specific subgroups. We recommend including this

information as predictor variables when available, but not to collect it for this

purpose only.
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• Inclusion of ferritin levels or genetic markers in haemoglobin deferral prediction models only

marginally increases the predictability of blood donor deferrals.

• For donors with minor alleles on SNP 17:58358769, or donors with ferritin levels between

30 and 50 μg/L, the predictability of donor deferral increases considerably.

INTRODUCTION

Deferral of blood donors with low haemoglobin levels is necessary to

prevent iron depletion. Currently, in Finland and the Netherlands, hae-

moglobin is measured before donation, which leads to on-site deferral

if haemoglobin is below the donation threshold of 7.8 mmol/L (125 g/L)

for women or 8.4 mmol/L (135 g/L) for men. On-site deferral is demoti-

vating for donors and can be a reason to drop out of the donor pool per-

manently [1]. Haemoglobin deferral prediction models can help reduce

the on-site deferral rate: for invitation-based donations, predictions can

be included in the decision-making process of which donors to invite; for

walk-in donations, the prediction could be communicated to the donor

(e.g., shown on a donor dashboard or app that many blood banks offer),

who can use this information to decide when to visit the blood bank.

Currently, haemoglobin deferral prediction models are not very

accurate at predicting deferral on the specific day a donor may visit the

blood bank. Although it is possible to correctly predict most deferrals as

such (and therefore prevent them), this comes at the cost of incorrectly

predicting some non-deferrals to be deferrals, which results in a large

net loss of donations if these donors are then not invited to the blood

bank based on this incorrect prediction. However, in a previous study

we showed that predicting haemoglobin deferral at different time points,

and inviting a donor once the predicted outcome is ‘non-deferral’,
results in non-deferred donors to be invited earlier and deferred donors

to be invited later, thereby eliminating the loss of successful dona-

tions [2]. This tells us that haemoglobin deferral prediction models are

useful, and it is worth the effort of trying to improve the predictions.

Multiple studies [3–5] have shown previous haemoglobin levels to

be the most important predictor of future haemoglobin deferral.

Researchers from blood services in different countries have investi-

gated many different potential predictors of haemoglobin deferral, to

assess whether the inclusion of these predictors improves prediction

performance. Most of these predictors were found to not substantially

improve the models: information on menstruation, diet, ethnicity and

smoking all only slightly improve model performance, even though they

are known to be associated with iron stores [4]. One small-scale study

on 261 donors did show that ferritin, soluble transferrin receptor and

hepcidin were associated with subsequent anaemia [5].

In this study, we investigate the added value of including ferritin

levels and genetic information in haemoglobin deferral prediction

models. Ferritin is routinely measured at Sanquin, the Dutch national

blood service, and therefore available for all donors. Genetic informa-

tion for several iron-related single-nucleotide polymorphisms (SNPs) is

collected for many donors by the Finnish Red Cross blood service.

Because the information in both countries is collected without target-

ing specific donors, our results provide a realistic indication of how

much predictions would be improved if the prediction model was to

be used in practice. Our results will therefore be useful for blood ser-

vices that would like to collect additional donor information to

improve haemoglobin deferral predictions.

METHODS

Data

Data on blood donation attempts by whole-blood donors from

(almost) five recent years were extracted from the eProgesa database

(MAK-SYSTEM, Paris, France) in Finland and the Netherlands. Only

data from donors who explicitly provided informed consent for the

use of their data for scientific research were used. This consent is

given by more than 99% of all Dutch donors. All Finnish blood donors

studied provided informed consent for biobank research in accor-

dance with the Finnish Biobank Act and the study was approved by

the Blood Service Biobank (project 004_2019). In Finland, �23% of

active blood donors have given this consent since the founding of the

Blood Service Biobank in 2017.

Finnish data reflect data entries from January 2016 through April

2020 and Dutch data from January 2017 through December 2021.

For each visit, the following information was collected in both coun-

tries: donor sex, donor age, donation date and haemoglobin level.

Additionally, ferritin level is measured at every new donor intake and

upon every fifth donation in repeat donors in the Netherlands.

In Finland, only donors participating in the Blood Service Biobank

are included, as only for these donors, genetic information related to

iron metabolism is available [6]. Four SNPs were identified as signifi-

cantly associated with higher prevalence of iron deficiency anaemia in

an iron deficiency anaemia meta-analysis on Finnish and UK data.

Polygenic risk scores were derived for three related endpoints: iron

deficiency anaemia, ferritin and haemoglobin [7].

In total, complete information on the predictor variables (see

Table 1) was available for 172,508 donation attempts by 42,255

donors in Finland and 456,384 donation attempts by 157,423 donors

in the Netherlands.

The variable of interest is ‘HbOK’, a dichotomous variable that

indicates whether the result of the donation attempt was deferral

(i.e., haemoglobin [Hb] level below the eligibility threshold for dona-

tion) or non-deferral (i.e., Hb level equal to or above the threshold).

Donor deferral due to low haemoglobin is similar in Finland and

the Netherlands. Haemoglobin is measured using a capillary skin-prick

device before each donation, and eligibility thresholds for donation

are 7.8 mmol/L for women and 8.4 mmol/L for men. However, in case
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the measurement is below the eligibility threshold in Finland, haemo-

globin is measured again (using the same device) in a venous sample,

and this measurement is used for the deferral decision. In the

Netherlands, two additional capillary haemoglobin measurements are

taken when the first measurement outcome is below the eligibility

threshold, and the donor is allowed to donate if any of the three mea-

surement outcomes is above the eligibility threshold.

Analyses

For both countries, two models were fitted for each sex: one with all pre-

dictor variables available (the full model), and one with only those predic-

tor variables that are available in both countries (the reduced model). By

comparing the full model with the reduced model in both countries, the

added value of the extra predictor variables (i.e., genetic information in

Finland and ferritin information in the Netherlands) can be assessed.

The prediction models used were based on models developed for

an earlier study considering Dutch data only [2]. All models are based

on support vector machines (SVMs), supervised machine learning

models that learn a separation between outcome classes from a train-

ing set, after which the model can be used to predict donor deferral

for observations in an unseen test set. Here, the training set consists

of blood bank visits in the first 4 years of data, whereas the test set

consists of data collected in the final year.

Given a dataset and a set of predictor variables, a model consists

of 10 SVM sub-models. The sub-models are named SVM-sex-n, where

sex indicates donor sex (m for male, f for female donors) and

n indicates the number of previous blood bank visits that are used for

prediction. That is, each sub-model includes HbPrevi and DaysSin-

ceHbi for i ranging from 1 to n as predictor variables. If sex is omitted

in the sub-model name, it refers to the combination of two sex-

specific sub-models. The number of blood bank visits (n) considered in

this study varies from 1 to 5, and so five sub-models per sex are cre-

ated. Donors can be included in the SVM-sex-n sub-model only if they

have at least n previous visits; therefore, the sizes of the datasets

used for both training and testing decrease from SVM-1 to SVM-5.

Hyperparameters were optimized separately for each sub-model using

stratified (on the outcome variable) fivefold cross-validation within

the training set data only. Hyperparameters were optimized using grid

search, using the balanced accuracy (defined as the weighted average

of recall in both classes) as scoring method, which is suitable for data-

sets with imbalanced outcome sizes, as mistakes in the minority class

are penalized more than those in the majority class.

During model training, the classification threshold is chosen again

by optimizing the balanced accuracy. The predictive performance of

the models is assessed using precision (also known as positive predic-

tive value) and recall (also known as sensitivity) at this classification

threshold. For non-deferral prediction, precision is defined as the pro-

portion of true non-deferrals out of all predicted non-deferrals; recall

is defined as the proportion of predicted non-deferrals out of all true

non-deferrals. In this context, the complement of the precision is the

hypothetical new deferral rate if the model would be used to choose

which donors to invite, and the complement of the recall is the

T AB L E 1 Predictor variables used in each country.

Variable used Unit or values Description
Country/Countries where
data are available

Sex {male, female} Biological sex of the donor; separate models are

trained for men and women

Both

Age Years Donor age at time of donation Both

Month {1–12} Month of the year that the visit took place Both

NumDon Donations Number of successful (collected volume >250 mL)

whole-blood donations in the last 24 months

Both

DaysSinceFirstDon Days The number of days since the donor visited the blood

bank for the first time

Both

HbPrevi mmol/L Haemoglobin level at ith previous visit, for i between

1 and 5

Both

DaysSinceHbi Days Time since related Hb measurement at ith previous

visit, for i between 1 and 5

Both

FerritinPrev μg/L Most recent ferritin level measured in this donor The Netherlands

SNP 1:169549811 {0, 1, 2} Number of minor alleles in SNP rs6025 Finland

SNP 6:32617727 {0, 1, 2} Number of minor alleles in SNP rs3129761 Finland

SNP 15:45095352 {0, 1, 2} Number of minor alleles in SNP rs199138 Finland

SNP 17:58358769 {0, 1, 2} Number of minor alleles in SNP rs199598395 Finland

PRS_anaemia Standard deviations Standardized polygenic risk score for anaemia Finland

PRS_ferritin Standard deviations Standardized polygenic risk score for ferritin Finland

PRS_haemoglobin Standard deviations Standardized polygenic risk score for haemoglobin Finland

Abbreviation: SNP, single-nucleotide polymorphisms.
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proportion of successful donations that would be missed by the model

because the donors are incorrectly predicted to have a low haemoglo-

bin level. Precision and recall can be calculated for both outcome clas-

ses (‘deferral’ and ‘non-deferral’).
The precision–recall (PR) curve is a graph in which the recall and

the precision of a prediction model at varying classification thresholds

are shown. The area under this curve (AUPR), is a number between

0 and 1, where 1 would indicate a perfect classifier. By subtracting

the deferral rate from the AUPR, we get an adjusted AUPR, which

reflects the improvement by the model over a strategy that would

always predict non-deferral. Without this correction, the improvement

made by the model would be biased by the difference in deferral rate.

AUPR represents the ability of the model to distinguish between

two classes at differing classification thresholds. It is possible for

model A to have a higher AUPR than model B even if precision and

recall at the optimal classification threshold are the same in both

models.

Model explanations

Because SVMs do not provide model coefficients that can be

directly interpreted, we use Shapley Additive exPlanations (SHAP)

values to investigate the importance of different predictor vari-

ables [8]. SHAP is a model agnostic explainer that shows the con-

tribution of each predictor variable to the predicted outcome. This

contribution is calculated for each individual observation sepa-

rately (in a subsample of the test set) and is therefore very

informative.

Subgroup analysis

To further investigate the value of including ferritin and genetic infor-

mation in the models, we perform additional analyses in which donors

are placed in groups defined by ferritin level or genotype. Deferral

rate, model performance and the difference between reduced and full

model performance are calculated and compared to assess whether

there are subgroups of donors for whom including the extra variables

results in better predictions.

Software

All analyses were performed in Python 3.10 using packages numpy

and pandas for data processing, scikit-learn for model training and pre-

dictions, shap for calculating SHAP values and matplotlib for creating

graphs. All code is available on GitHub and is indexed on Zenodo at

https://doi.org/10.5281/zenodo.7780718.

RESULTS

Table 2 shows the number of donation attempts used for each model

in both countries. Deferral counts and rates are given in brackets.

Sample sizes are much larger in the Netherlands than in Finland. This

is because the total number of blood donations is much higher in the

Netherlands than in Finland, which is due to a larger population

(17.4 million vs. 5.5 million in 2020), but also because genetic informa-

tion is available in Finland in only a subgroup of donors, whereas

ferritin measurements are available for all Dutch donors.

Deferral rates are very similar in both countries, around 3% for

women and 1% for men. The biggest difference in deferral rates is

found in men with at least one previous haemoglobin measure-

ment, where the deferral rate is 0.57 percentage points higher in

Finland. In most cases, deferral rates go down whenever more pre-

vious visits are included; this is most likely the result of self-

selection, where donors with lower haemoglobin levels are less

likely to return for subsequent donations than donors with higher

haemoglobin levels. Surprisingly, for Dutch men this pattern seems

to some extent to be reversed as their deferral rate goes up with

an increasing number of donations.

Table S1 shows the marginal distribution of the predictor vari-

ables, combined for all sub-models. Donors in Finland are older than

T AB L E 2 Number of donation attempts available per model for both countries; number of deferrals and deferral rates are given in brackets.

Women Men

Model Finland Netherlands Finland Netherlands

SVM-1 83,628

(3216; 3.85%)

236,994

(7724; 3.26%)

88,880

(1480; 1.67%)

219,390

(2411; 1.10%)

SVM-2 68,718

(2494; 3.63%)

166,640

(5875; 3.53%)

78,268

(1264; 1.61%)

179,465

(2114; 1.18%)

SVM-3 55,011

(1859; 3.38%)

123,171

(4370; 3.55%)

68,225

(1054; 1.54%)

150,396

(1889; 1.26%)

SVM-4 43,164

(1307; 3.03%)

93,868

(3149; 3.35%)

58,951

(896; 1.52%)

127,807

(1667; 1.40%)

SVM-5 33,179

(868; 2.62%)

72,165

(2112; 2.93%)

50,540

(749; 1.48%)

108,832

(1424; 1.31%)

Abbreviation: SVM, support vector machines.
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donors in the Netherlands (median age 46 vs. 30 years in women,

52 vs. 34 years in men) and the number of donations in the past

2 years (‘NumDon’) is also higher, with a difference in median dona-

tions of 2 for both sexes. This difference can be explained by the sam-

ple composition: the Finnish dataset consists of participants of the

Blood Service Biobank, who have given consent for medical research

and are typically regular, committed blood donors. Genetic informa-

tion is available only for these donors.

Haemoglobin levels are slightly higher in Finland for both sexes

for all variables HbPrevi, by 0.1–0.3 mmol/L. The time between sub-

sequent donation attempts (variables DaysSinceHbi) is slightly shorter

for Finnish women than for Dutch women, but almost identical for

men. This difference can be partly explained by a difference in

minimum donation interval between blood donations: for women,

91 days in Finland versus 122 days in the Netherlands; for men,

61 days in Finland versus 57 days in the Netherlands.

Predictive performance

Predictive performance can be assessed for individual sub-models, or

for all sub-models combined, by using the most complex sub-model

possible to predict each outcome. When more previous blood bank

visits are taken into consideration, more predictor variables are used,

and we expect the performance of the sub-model to increase. Figure 1

shows that this is the case for both the full and reduced model in both

countries. The adjusted AUPR increases from SVM-1 to SVM-5 almost

everywhere. An exception is the AUPR for class deferral in SVM-m-5,

where the reduced model for Finnish donors shows an unexpected drop

in the adjusted AUPR. For male donors, class non-deferral, the adjusted

AUPR does not seem to change from SVM-m-1 to SVM-m-5.

Overall model performance and the difference in model perfor-

mance between the full and reduced models are assessed by PR curves

and adjusted AUPR values as described in Section 2. Figure 2 shows

the PR curves for various models (SVM-1 through SVM-5, using the

model with the most predictor variables possible for each donation

attempt) by sex and true outcome class. In general, models are better at

identifying non-deferrals (the most common outcome) than deferrals,

even with scoring methods that weigh mistakes in both outcome clas-

ses proportionally. However, all curves are well above the baseline, indi-

cating a structural improvement as compared to random guessing.

When comparing the reduced models with each other, one can

observe that the performance is very similar in both countries. For

women the AUPR is higher in Finland than in the Netherlands for the

class deferral, but lower for the class non-deferral. This indicates that

deferrals are more likely to be predicted correctly, but at the cost of

more inaccuracies when predicting non-deferrals.

Moving from the reduced to the full model has virtually no effect

on the AUPR for the class non-deferral: the AUPR of the full model is

almost identical to that of the reduced model for both countries and

sexes. For the class deferral, however, there is a difference: in Finland,

AUPR increases by 58% (from 0.066 to 0.104) for men and by 8.5%

(from 0.106 to 0.115) for women. In the Netherlands, AUPR remains

the same for women (0.086 for both) but increases by 8.3% (from

0.072 to 0.078) for men.

Table 3 provides the confusion matrices of model predictions by

the reduced and full models for both countries. In the Finnish data,

going from the reduced to the full model causes 7 (1.9%) more

F I GU R E 1 Adjusted area under precision–recall curve (AUPR) by sub-model for the Netherlands (NL) and Finland (FI) for both sets of
predictor variables. SVM, support vector machines.
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deferrals to be predicted correctly, while 59 (0.3%) more non-

deferrals are predicted correctly. These improvements were all for

female donors; at the chosen threshold values, no net changes in

the confusion matrix were seen for male donors. In the Dutch data,

13 (0.3%) more deferrals, as well as 1473 (1.0%) more non-

deferrals, are predicted correctly by the full model as compared

with the reduced model.

Note that the large increase in AUPR for Finnish male donors,

class deferral, is not reflected in the confusion matrices. The PR curve

in Figure 2 shows that the AUPR increase is due to higher precision in

the full model between a recall of 0 and 0.2. However, the optimal

classification threshold that is used by the models corresponds to a

recall of 0.7, at which point precision in the full model is exactly equal

to precision in the reduced model.

F I GU R E 2 Precision–recall curves for the prediction models. For the Netherlands (NL) and Finland (FI), the curve is shown for the reduced
and full prediction models. The baseline (proportion of observations belonging to this outcome class, i.e., for class deferral, the deferral rate) is
shown as a dotted horizontal line. AUPR, adjusted area under precision–recall.

T AB L E 3 Confusion matrices of predictions by the reduced and full models.

Finnish donors: Reduced-model Finnish donors: Full model

Predicted deferral Predicted non-deferral Predicted deferral Predicted non-deferral

True deferral 363 166 True deferral 370 (+7) 159 (�7)

True non-deferral 4573 18,713 True non-deferral 4662 (�59) 18,624 (+59)

Dutch donors: Reduced model Dutch donors: Full model

Predicted deferral Predicted non-deferral Predicted deferral Predicted non-deferral

True deferral 3762 957 True deferral 3775 (+13) 944 (�13)

True non-deferral 56,676 145,549 True non-deferral 55,203 (�1473) 147,022 (+1473)

Note: Numbers are summed over both sexes and over all sub-models SVM-1 through SVM-5. Observations that can be predicted with multiple sub-models

are included in the most complex sub-model.

Abbreviation: SVM, support vector machines.
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Variable importance

For all sub-models, SHAP values show the importance of the different

predictor variables on the predicted outcome. Figure 3 shows SHAP

plots of the sub-model SVM-5 of the full model, separately for both

sexes and countries.

These plots show that in both countries and for both sexes, the

most important predictor variable is HbPrev1, that is, the most recent

haemoglobin measurement. The direction of the association between

the impact on the model output and the feature value for all HbPrevi

variables is sensible: a lower haemoglobin measurement is predictive

of deferral. Age is a more important predictor variable for women than

F I GU R E 3 Shapley Additive exPlanations (SHAP) plots for the full models on Dutch (top row) and Finnish (bottom row) data, for women (left
column) and men (right column) separately. SVM, support vector machines.
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for men in both countries, which is known from previous studies:

young women have the highest probability of being deferred because

of low haemoglobin, due to monthly iron loss with menstruation.

The additional genetic and ferritin variables for either country

end up rather low in the variable importance ranking. The importance

of all polygenic risk score and SNP variables in the Finnish models is

very low. However, having the minor allele present in either SNP

6:32617727, SNP 15:45095354 or SNP 17:58358769 impacts the

model output negatively. This effect is more pronounced in male than

female donors.

Subgroup analysis in Finnish data

To further investigate the effect of the SNPs on deferral prediction,

model performance was calculated for groups of donors with the

same value for one SNP at a time. Donors with values 1 and 2 are

grouped together, as the proportion of donors with value 2 is

extremely low, except for the SNP on chromosome 6.

Table 4 shows that for the SNPs on chromosomes 1, 6 and

17, deferral rates are higher among donors with one or two minor

alleles than in donors with only major alleles. As these SNPs are

selected because of their association with iron deficiency or anae-

mia, this is to be expected. Additionally, precision and recall of

class deferral are generally higher for donors with minor alleles

than for those without, for both the reduced and full models. The

SNP 17:58358769 shows this same trend, but the difference

between donors with and without minor alleles is much larger. Pre-

cision in this subgroup is about twice as high as the overall preci-

sion in both the reduced and full model. The increase in recall

between the full and reduced model (which changes from 0.733 to

0.933) is the highest of all subgroups.

An additional analysis on the distribution of haemoglobin mea-

surement per donor showed that the higher deferral rate among

donors with minor alleles on SNP 17:58358769 can be explained

through a combination of a slightly lower average haemoglobin level

and a slightly higher variance. This causes these donors to have a

slightly higher deferral probability (median 32.6% for donors without

minor alleles, median 36.6% for those with minor alleles). This differ-

ence was not observed for the other SNPs.

Subset analysis in Dutch data

Similar to the subset analysis in Finnish data, model performance was

calculated for groups of donors with similar ferritin levels: <15, 15–30,

30–50, 50–100 and >100 μg/L. The first two groups are those that

would be deferred for 12 or 6 months, respectively, in accordance with

Sanquin’s ferritin deferral policy.

Table 5 shows that precision and recall are highest for donors

with ferritin levels between 30 and 50 μg/L. This is also the group of

donors with the highest deferral rate: 3.2%, versus an overall deferral

rate of 2.3%. The fact that this group has the highest deferral rate,

and not donors with lower ferritin levels, can be explained by the fact

that donors with ferritin levels below 30 μg/L were deferred for

6 months (12 months for ferritin levels below 15 μg/L) in accordance

with Sanquin’s ferritin deferral policy. This delay for the next donation

provides the donors with sufficient time to replenish their iron stores

and therefore reduces the deferral probability. Hence, donors with

ferritin levels just above the ferritin-deferral threshold will have the

highest haemoglobin-deferral rate, as they have neither the advantage

of the donation break nor that of a very high ferritin level, which also

protects against low haemoglobin levels.

DISCUSSION

Predicting deferral for low haemoglobin levels is a topic of interest to

many blood banks, as accurate predictions could aid in decreasing

deferral rates. This study investigates the added value of including

T AB L E 4 Sample sizes, deferral rates and precision and recall of outcome class deferral for subsets of donors based on values for four SNPs
(single-nucleotide polymorphisms).

SNP Minor alleles N Deferral rate
Precision (class deferral) Recall (class deferral)

Reduced model Full model Reduced model Full model

SNP 1:169549811 0 22,810 0.022 0.073 0.073 0.686 0.702

SNP 6:32617727 1 or 2 1005 0.026 0.087 0.095 0.692 0.692

0 7268 0.021 0.063 0.067 0.573 0.587

1 11,908 0.022 0.072 0.074 0.704 0.742

2 4639 0.026 0.092 0.081 0.790 0.756

SNP 15:45095352 0 20,831 0.022 0.073 0.073 0.676 0.691

1 or 2 2984 0.022 0.080 0.080 0.758 0.773

SNP 17:58358769 0 23,427 0.021 0.071 0.071 0.683 0.687

1 or 2 388 0.077 0.156 0.129 0.733 0.933

Total - 23,815 0.022 0.074 0.074 0.686 0.701

832 VINKENOOG ET AL.

 14230410, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13517 by N

at Prov Indonesia, W
iley O

nline L
ibrary on [26/02/2025]. 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



information on the donor’s ferritin level or iron-related genetic infor-

mation to improve haemoglobin deferral prediction. This is done by

comparing prediction models with and without information on genetic

markers and ferritin levels for the Finnish and Dutch blood bank,

respectively. The reduced models (i.e., without the additional informa-

tion) use the exact same predictor variables in both countries. The

increase in AUPR is larger for adding genetic markers than it is for

adding ferritin levels. Especially for the Finnish male donors, including

genetic markers in the prediction model improves the ability of the

model to distinguish between the two outcome classes, although at

the optimal classification threshold precision and recall do not

increase from the reduced model. The SHAP values of the predictions

by the full models in both countries show that both genetic markers

and ferritin levels have a much smaller impact on the prediction than

the variables included in the reduced models, as confirmed by the

modest increase in AUPR between the reduced and full models.

Overall, including either genetic or ferritin information has little

effect on the predictions made by the models. Both increase the pro-

portion of deferrals that are predicted correctly: 1.9% and 0.3% more

deferrals are correctly identified in the Finnish and Dutch setting,

respectively, when the full model is used rather than the reduced

model. However, we found that in both countries, there is a subgroup

of donors for which the full model performs substantially better than

the reduced model. These are Finnish donors with minor alleles on

SNP 17:58358769 and Dutch donors with ferritin levels between

30 and 50 μg/L. In both cases, these are subgroups of donors with a

higher than average deferral rate. Performance for these subgroups is

already higher than average in the reduced model, but when using the

full model this difference increases even further.

Other studies have shown that previous haemoglobin measure-

ments are the most influential predictors for haemoglobin deferral.

Including lifestyle behaviour, smoking, ethnicity or menstruation in

prediction models also improves performance, but only marginally [4].

A Finnish study showed that genetic information does not improve

the predictive performance of haemoglobin levels (as opposed to hae-

moglobin deferral) [9]. This study confirms that the performance of

prediction models increases slightly when either ferritin or genetic

information is added. Still, considering the large number of donation

visits blood banks receive yearly, even a small increase could

potentially prevent hundreds of deferrals. It should be noted that the

Finnish population is more genetically homogenous than in other

countries and that they are also genetically distinct from other coun-

tries due to several historic population bottlenecks and geographical

isolation [10]. According to the Genome Aggregation Database

(gnomAD) [11], the SNP 17:58358769 minor allele frequency in the

Finnish population is 0.0147 but only 0.0007 in the European

(non-Finnish) population. It is not found in any other populations and

was discovered by an iron deficiency GWAS in the FinnGen pro-

ject [7]. This means that findings on Finnish genetic data may not be

representative for other countries, but analyses in other populations

may discover similar population-specific variations that may make the

use of genetic data more beneficial.

The main limitation of this study is that the effect of including fer-

ritin and genetic information is studied in two different countries,

rather than in a single population. By comparing against the reduced

model and reporting the relative increase in performance, we attempt

to mitigate this limitation. The very similar adjusted AUPRs of the

reduced models and the similarity in SHAP values of the models indi-

cate that the countries are rather comparable. A second limitation is

that all Dutch donors could be included in this study but only Finnish

donors from the Blood Service Biobank, as genetic information is not

available for other donors.

In general, we again confirm that accurately distinguishing defer-

rals from non-deferrals by predictive modelling is a complex task that

comes at the cost of losing a substantial number of successful dona-

tions by incorrectly predicting them to be deferrals. A major reason

for the low performance of our prediction models is the measurement

variability, partly caused by the (pre-) analytical variability of the capil-

lary haemoglobin measurements [12]. As long as we try to predict an

outcome that is highly variable, the performance of any prediction

model will remain unsatisfactory, regardless of the number of predic-

tor variables included.

However, in the absence of a better measurement or decision

strategy, it is worthwhile investigating which information would lead

to better haemoglobin deferral predictions, as it still leads to a better

understanding of the underlying process(es). Based on our results, we

would recommend including ferritin and genetic information in

prediction models in case these are readily available. Compared

T AB L E 5 Sample sizes, deferral rates and precision and recall of outcome class deferral for various subsets of donors based on their ferritin
level.

Ferritin level N Deferral rate
Precision (class deferral) Recall (class deferral)

Hb only model All variables Hb only model All variables

<15 μg/L 7172 0.022 0.054 0.054 0.700 0.681

15–30 μg/L 19,903 0.022 0.058 0.056 0.744 0.783

30–50 μg/L 62,140 0.032 0.082 0.079 0.815 0.833

50–100 μg/L 65,141 0.024 0.064 0.063 0.798 0.799

>100 μg/L 52,588 0.010 0.033 0.040 0.801 0.730

Total 206,944 0.023 0.062 0.064 0.797 0.800

Abbreviation: Hb, haemoglobin.
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with the reduced model, including genetic information would have

resulted in 7 fewer deferrals and 59 more donations in 1 year, at a

cost of genotyping approximately 24,000 donors. Including ferritin

levels results in 13 fewer deferrals and 1473 more donations in

1 year, and although measuring ferritin levels is less expensive

than genotyping, this measurement must be repeated regularly

whereas genotyping has to be performed only once for each

donor. We would therefore not recommend collecting this infor-

mation explicitly for the use in haemoglobin deferral prediction, as

the marginal increase in performance is not likely to be worth the

investment of both time and money.
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Abstract

Background and Objectives: Cold-stored whole blood (CSWB) is increasingly used in

damage control resuscitation. Haemostatic function of CSWB seems superior to that

of reconstituted whole blood, and it is sufficiently preserved for 14–21 days. To pro-

vide evidence for a yet insufficiently studied aspect of prehospital CSWB use, we

compared in vitro haemostatic properties of CSWB and currently used in-hospital

and prehospital blood component therapies.

Materials and Methods: Blood was obtained from 24 O RhD positive male

donors. Three products were prepared: CSWB, in-hospital component therapy

(red blood cells [RBCs], OctaplasLG and platelets 1:1:1) and prehospital compo-

nent therapy (RBCs and lyophilized plasma 1:1). Samples were drawn on days

1 and 14 of CSWB or RBC cold storage. On day 14, platelet concentrates at

their expiry (5 days) were used for 1:1:1 mixing. Conventional clotting assays,

rotational thromboelastometry, thrombin formation and platelet function were

assessed.

Results: Haemoglobin, platelet count, fibrinogen and coagulation factor levels

remained closest to physiological in CSWB. Factor VIII activity decreased markedly

by day 14 in CSWB. The decline in platelet function was prominent in CSWB. How-

ever, CSWB on day 14 yielded physiological EXTEM MCF, suggesting haemostati-

cally sufficient platelet function. Despite haemodilution and lower coagulation factor

levels, in-hospital component therapy was haemostatically adequate. Prehospital

component therapy formed the weakest clots. Thrombin formation potential

remained comparable and stable in all groups.

Conclusion: Current prehospital component therapy fails to offer the clotting poten-

tial that CSWB does. CSWB and current in-hospital 1:1:1 component therapy show

similar haemostatic potential until 14 days of storage.
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Highlights
• Cold-stored whole blood retains physiological coagulation factor levels during storage,

except for factor VIII and von Willebrand factor activities.

• Platelet count and function declined during storage but remained haemostatically sufficient

in cold-stored whole blood.

• Although coagulation factor levels were lower in reconstituted whole blood, it provides over-

all similar haemostatic potential to cold-stored whole blood.

INTRODUCTION

The most common preventable cause of death of trauma patients is

massive haemorrhage [1]. Most deaths occur before reaching the hospi-

tal. A fifth of all trauma deaths could be prevented by better haemostatic

control [1]. In developed countries, prehospital blood products are rou-

tinely used in damage control resuscitation (DCR). Blood products, typi-

cally red blood cells (RBCs) and fresh frozen plasma or lyophilized plasma

(LP), may decrease mortality, although data are contradictory [2, 3].

Cold-stored whole blood (CSWB) has gained increasing interest in

civilian DCR. CSWB, with easier logistics and thus potentially faster trans-

fusions, can provide haemostatically active cold-stored platelets for pre-

hospital transfusions. CSWB, compared to component therapy, contains

less anticoagulant and additive solutions and may, therefore, reduce hae-

modilution in massive transfusion. CSWB may thus be superior to con-

ventional component therapy in DCR. However, mortality and morbidity

data are lacking as randomized controlled trials are still underway [4–6].

In previous studies [7–13], haemostatic function of CSWB has

been superior to that of reconstituted whole blood (RWB) and suffi-

ciently preserved up to 14–21 days. However, to the best of our

knowledge, no studies have compared the haemostatic properties of

CSWB to current prehospital and in-hospital component therapies for

DCR. Here, prior to introducing CSWB to clinical use, we compared

in vitro haemostatic properties of CSWB and the current component

therapies used in massive haemorrhage.

MATERIALS AND METHODS

Twenty-four adult male O RhD positive regular donors were recruited

through Finnish Red Cross Blood Service (FRCBS) electronic newsletter

for blood donors. Standard FRCBS donor eligibility criteria were used,

including haemoglobin level above 135 g/L. Use of non-steroidal anti-

inflammatory drugs and herbal medications was prohibited 2 weeks prior

to donation. Blood was collected following FRCBS standard procedures.

The study was approved by the ethics committee for Helsinki and

Uusimaa Hospital District (HUS/699/2021). All participants signed an

informed consent prior to donation.

Blood product preparation

We compared three different products (Figure 1), with eight dona-

tions allocated to each group: CSWB group, RWB mimicking hospital

massive transfusion protocol with 1:1:1 blood product ratio (RWB

group) and RBCs and LP with 1:1 ratio used in prehospital setting

(RBC+LP group). To determine baseline parameters, control samples

were drawn from eight random study participants before donation. All

donated units were stored at +22�C prior to processing.

In the CSWB group, whole blood was collected with a Terumo

Imuflex® WB-SP collection set (Terumo Europe N.V., Leuven, Belgium)

containing 63 mL of citrate phosphate dextrose (CPD). Whole blood

was leukoreduced 18–24 h after donation with a platelet-sparing filter.

One CSWB donation coagulated in the collection bag due to erroneous

placing of the bag on the mixer scale and was discarded. CSWB units

were stored at +5�C after leukoreduction.

In the RWB and RBC+LP groups, whole blood was collected with

Fresenius CompoFlow® Quadruple T&B collection set (Fresenius Kabi

AG, Bad Homburg, Germany) containing 63 mL of CPD and 100 mL

of SAGM. Whole blood was leukoreduced 18–24 h after donation

with a platelet-sparing filter, then separated into RBC, plasma and

buffy coat. RBC units were stored at +5�C. Plasma was discarded, as

only solvent/detergent-treated pooled plasma is used in Finland.

F I G U R E 1 Preparation of blood products. Donated whole blood
was leukoreduced 18–24 h after donation. Cold-stored whole blood
(CSWB) and packed red blood cells (RBC) were stored at +5�C and
PLT at +22�C. Unit volumes: CSWB 445 mL, RBC 260 mL, LP
200 mL, OctaplasLG® 200 mL and PLT 244 mL. Created with
BioRender.com. LP, lyophilized plasma; PLT, buffy coat platelets;
RWB, reconstituted whole blood, WB, whole blood.
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Buffy coats from four donors were pooled to form one platelet unit,

stored in PAS-IIIM at +22�C.

In the RWB group, RBCs were mixed with blood group AB

OctaplasLG® (Octapharma Nordic AB, Vantaa, Finland) and platelets

in 1:1:1 ratio. On day 1 (d1), platelets were from the donations for this

study. On day 14 (d14), platelets were O RhD positive buffy coat

platelets from FRCBS surplus stock at unit expiry (5 days or within

12 h afterwards). In the RBC+LP group, RBCs were mixed with

single-donor blood group AB LP (LyoPlas N-w®, DRK-

Blutspendedienst West, Hagen, Germany) in 1:1 ratio.

Blood sampling and laboratory analyses

Control samples were drawn before blood donation to tubes with

appropriate anticoagulants (BD Vacutainer® 3.2% Citrate and BD

Vacutainer K2 EDTA, Becton Dickinson Finland, Vantaa, Finland;

Vacuette Lithium Heparin, Greiner Bio-One GmbH, Kremsmünster,

Austria). Samples from CSWB, RWB and RBC+LP groups were col-

lected in test tubes without anticoagulants (Vacuette® Z No Additive,

Greiner Bio-One GmbH, Kremsmünster, Austria).

Samples for laboratory analyses were obtained on d1 and d14

after donation. Samples were analysed within 3 h from collection.

Citrated blood was centrifuged at 2500 g for 10 min before coagula-

tion assays. For thrombin generation assay, citrated plasma was addi-

tionally centrifuged at 2500 g for 10 min, aliquoted and frozen at

�80�C until analysis.

The blood count was analysed using Sysmex XN-9000® analy-

ser (Sysmex Corporation, Kobe, Japan). Coagulation tests were

done using routine analysers and methods; for fibrinogen, pro-

thrombin time (PT), activated partial thromboplastin time (APTT),

factor (F)V, FVIII, FIX, antithrombin, thrombin time (TT), D-dimer

and von Willebrand factor glycoprotein Ib activity (VWF:Act) and

antigen (VWF:Ag) with ACL TOP 500® (Instrumentation Laboratory,

Werfen, Barcelona, Spain), for FII, FVII, FX, FXI, FXII, protein C,

protein S free antigen with BCS XP® (Siemens Healthineers,

Erlangen, Germany).

Platelet function analyser (PFA-200®, Siemens Healthineers,

Erlangen, Germany) assay was performed from whole blood with col-

lagen/epinephrine (PFA-EPI) and collagen/ADP (PFA-ADP) cuvettes

in duplicate.

Multiple electrode aggregometry (MEA) for adenosine diphos-

phate (ADPtest) at 6.5 μM and thrombin receptor associated

peptide-6 (TRAPtest) at 32 μM was done in duplicate from whole

blood with Multiplate® analyser (Roche, Basel, Switzerland).

Thromboelastometry was done from whole blood using ROTEM®

sigma analyser (Werfen, Barcelona, Spain), with cassettes containing

extrinsic pathway (EXTEM), intrinsic pathway (INTEM) and fibrin for-

mation (FIBTEM) tests. Clotting time (CT), clot formation time (CFT),

amplitude at 5 min (A5), maximum clot firmness (MCF) and lysis index

at 30 min (LI30) were reported.

Calibrated automated thrombogram® (CAT, Diagnostica Stago,

Asnieres, France) was performed with 5 pM tissue factor, without

thrombomodulin addition. Lag time, time to peak, thrombin peak and

endogenous thrombin potential (ETP) were reported.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics, version

26. Non-parametric tests were used. As the control samples were not

drawn from all donors, controls were treated as an independent group

in statistical analyses. To quantify differences between the groups,

ratios of group medians were calculated. Differences between the

groups were tested with Kruskal–Wallis test. Time-dependent

changes within groups were tested with Wilcoxon signed-rank test.

Bonferroni correction was used to control the familywise error rate. A

p-value of <0.05 was considered statistically significant.

RESULTS

Haemoglobin and haematocrit levels

Compared to controls, haemoglobin and haematocrit levels on d1 in

the CSWB group were similar (p = 0.094), and in the RWB and RBC

+LP groups significantly lower (p < 0.001) (Figure 2, Table S1). In the

CSWB group, haemoglobin and haematocrit remained steady, and no

clinically relevant changes occurred during storage. In the RWB and

RBC+LP groups, haemoglobin concentrations and haematocrits were

similar on d1 and d14 and were significantly higher in the CSWB

group than in the RWB group.

Plasma coagulation factor levels

Compared to controls, coagulation factor levels on d1 in the CSWB

group were similar (p = 0.305–0.903), except for lower FVIII activity

(p = 0.042) (Figure 2, Table S2). All coagulation factor levels on d1

were significantly lower in the RWB (p ≤ 0.010) and RBC+LP

(p ≤ 0.001) groups than in the controls.

In the CSWB group, coagulation factor levels decreased during

storage, reflected in significantly decreased PT and increased APTT

(Figure 2, Table S1). The storage effect was most prominent in

FVIII levels (median 87 IU/dL on d1 and 43 IU/dL on d14,

p = 0.018), which, in turn, prolonged APTT (Figure 2, Table S2).

Fibrinogen level decreased during storage, but remained normal.

Although FXII, FXI, FX, FV and FII levels decreased during storage,

they remained within physiological range (Table S2). In the RWB

and RBC+LP groups, the variation in coagulation factor levels

between d1 and d14 was minimal. In the RBC+LP group, the FVIII

level was significantly lower and thus APTT longer on d14

(Figure 2, Table S2). This was possibly due to variation in the

single-donor LP composition.

Both on d1 and d14, coagulation factor levels were generally

two-fold higher in the CSWB group than in the RWB and RBC+LP
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groups (Figure 2, Table S2). In these groups, coagulation factor levels

were approximately 50–70 IU/dL and thus below the physiological

range. FVIII levels were significantly higher in the RWB group than in

the RBC+LP group both on d1 (p = 0.036) and d14 (p < 0.001).

Thrombin generation

Compared to controls, CAT parameters on d1 in the CSWB group

were similar, except for longer time to peak (p = 0.010) (Figure 3). In

the RWB and RBC+LP groups, CAT parameters on d1 were compara-

ble to controls, except for shorter lag time in the RBC+LP group

(p = 0.006).

In the CSWB group, lag time increased during storage (Figure 3).

Concomitantly, time to peak slightly decreased and peak height

slightly increased. However, ETP in the CSWB group was similar to

that in controls and did not change during storage, indicating overall

normal thrombin generation in CSWB. In the RWB and RBC+LP

groups, the variation in CAT parameters between d1 and d14 was

minimal (Figure 3).

F I GU R E 2 Blood count and coagulation assays. Individual measurements with median are shown. Laboratory reference range is shown in
grey. Statistical comparison between groups is shown in Tables S1 and S2. CSWB, cold-stored whole blood; RBC+LP, packed red blood cells and
lyophilized plasma; RWB, reconstituted whole blood.
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Both on d1 and d14, time to peak was significantly longer in the

CSWB group than in the RWB (p = 0.007 and p = 0.004, respec-

tively) and RBC+LP (p = 0.001 and p = 0.002, respectively) groups

(Figure 3). Likewise, on d14, lag time was significantly longer in the

CSWB group than in the RWB (p = 0.038) and RBC+LP (p < 0.001)

groups. However, ETP was similar in all groups on d1 and d14, indicat-

ing similar thrombin generation.

Viscoelastic properties

Compared to controls, EXTEM CT (p < 0.001) and INTEM CT

(p = 0.011) on d1 were longer in the CSWB group (Figure 4). In the

RWB and RBC+LP groups, viscoelastic properties were generally

inferior compared to controls (p ≤ 0.018, except for EXTEM CT in the

RWB group p = 0.168).

In the CSWB group, clotting times and EXTEM CFT increased dur-

ing storage (Figure 4, Table 1). EXTEM A5 decreased significantly, but

FIBTEM A5 and EXTEM MCF were comparable on d1 and d14. In the

RWB group, EXTEM A5 and EXTEM MCF increased during storage.

FIBTEM A5 was comparable on d1 and d14. In the RBC+LP group, clot-

ting times increased and clot strength decreased during storage. These

effects were likely due to variation in the single-donor LP composition.

Both on d1 and d14, EXTEM CT was longer in the CSWB than in

the RWB group, and on d14 also, EXTEM CFT was longer (Figure 4,

Table 1). EXTEM A5 and EXTEM MCF were the lowest in the RBC

+LP group, explained by the fact that RBC+LP samples contained

only some residual platelets.

F I GU R E 3 Thrombin generation assessed with Calibrated automated thrombogram. Individual measurements with median are shown.
Control sample range is shown in grey. AUC, area under the curve; CSWB, cold-stored whole blood; ETP, endogenous thrombin potential; RBC
+LP, packed red blood cells and lyophilized plasma; RWB, reconstituted whole blood.

HAEMOSTATIC FUNCTION OF WHOLE BLOOD 527

 14230410, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13441 by N

at Prov Indonesia, W
iley O

nline L
ibrary on [26/02/2025]. 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



Platelet counts, function and VWF levels

Compared to controls, platelet count on d1 was lower in both the

CSWB (p = 0.011) and RWB (p < 0.001) groups (Figure 2), whereas

VWF:Ag and VWF:Act were similar (Table 2, Table S1). Compared to

controls, platelet function on PFA and MEA on d1 was reduced

both in the CSWB (p ≤ 0.029) and RWB (p < 0.001) groups. Interest-

ingly, in controls, collagen/ADP closure time was slightly above labo-

ratory reference.

Platelet count in the CSWB group decreased during storage but

remained at an adequate haemostatic level (Figure 2, Table S1). Both

on d1 and d14, platelet counts were slightly, yet not significantly,

higher in the CSWB than in the RWB group (Figure 2, Table S1). In

the RWB group, platelet counts achieved adequate haemostatic levels

(>100 � 10E9/L) both on d1 and d14.

The platelet function declined significantly during storage in the

CSWB group. In PFA, collagen/ADP closure time prolonged (Table 2).

In MEA, the platelet function in both ADP and TRAP channels

declined. In the RWB group, storage had no effect on the platelet

function. On d1, the platelet function was comparable in CSWB and

RWB groups. On d14, the platelet function was better preserved in

the RWB than in the CSWB group.

VWF:Ag levels remained stable during storage in the CSWB

group, whereas VWF:Act decreased significantly (Table 2). In the

RWB group, both VWF:Ag and VWF:Act remained stable during stor-

age. Both on d1 and d14, VWF:Ag levels were slightly, yet not signifi-

cantly, higher in the RWB group than in the CSWB group. On d14,

VWF:Act was higher in the RWB group.

DISCUSSION

CSWB is considered a superior prehospital blood product due to the

availability of platelets and easier logistics. Most in vitro research has

focused on how storage time influences CSWB haemostatic potential.

To the best of our knowledge, only a few such studies compare

CSWB and RWB, and none compare CSWB and the current common

prehospital practice of RBC+LP. We, therefore, studied the haemo-

static potential of CSWB, RWB and RBC+LP with up to 14 days of

CSWB and RBC storage time.

F I GU R E 4 Viscoelastic properties assessed with rotational thromboelastometry (ROTEM). Individual measurements with median are shown.
Laboratory reference range is shown in grey. Statistical comparison between groups is shown in Table 1. CFT, clot formation time; CSWB, cold-
stored whole blood; CT, clotting time; RBC+LP, packed red blood cells and lyophilized plasma; RWB, reconstituted whole blood.
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In line with previous data [14], we demonstrated that platelets are

essential for well-maintained in vitro haemostatic function. CSWB platelet

count depends primarily on storage time and leukoreduction, and in the

latter case, whether a platelet-sparing filter was used [7–10, 12, 14–18].

In our study, median platelet count was slightly higher in CSWB (leukore-

duced with a platelet-sparing filter) than in RWB despite the decrease in

platelet count in CSWB over time. Due to the single-donor nature of

CSWB, the variance in platelet count is wide and CSWB units may dis-

play divergent haemostatic function, which may be clinically relevant.

Platelet function was abnormal in both CSWB and RWB groups.

As fibrinogen concentration and FIBTEM A5 remained stable

throughout storage in CSWB, the observed increase in EXTEM CFT

and decrease in EXTEM A5, both clearly outside the reference range

on day 14, are likely due to impaired platelet function in CSWB.

Indeed, in line with previous studies [9, 10, 16, 18], both ADP- and

TRAP-induced platelet aggregation in CSWB decreased already dur-

ing 14-day storage. As platelets in CSWB are exposed to cold stor-

age, this impaired aggregation is seemingly in contradiction with

increased platelet activation and enhanced haemostatic capacity of

cold-stored platelet concentrates [19, 20], but in accordance with

the finding of attenuated aggregation responses to ADP and TRAP

in CSWB as compared to cold-stored platelet concentrates [10]. This

implies that other CSWB components, namely, RBCs and plasma,

may influence platelet functionality. We observed a significant

decrease in VWF activity, which possibly contributed to decreased

CFT and firmness (EXTEM A5) through impaired platelet-to-platelet

adhesion. Nevertheless, the platelet function in CSWB seemed hae-

mostatically sufficient, as MCF remained within the physiological

range throughout storage. This also supports that, instead of mea-

suring coagulation factor concentrations or platelet function sepa-

rately, whole blood-based assays such as viscoelastic tests probably

give the most accurate estimate of the total CSWB haemostatic

capacity.

Although CSWB can provide platelets for prehospital DCR, plate-

let concentrates are commonly used for in-hospital DCR. We demon-

strated that platelet count in RWB, in contrast to CSWB, was more

uniform and achieved good haemostatic levels (median 121 � 10E9/L)

even when RWB was prepared with platelets at the end of their

shelf life. Interestingly, in RWB with stable fibrinogen content and

older platelets, we detected enhanced CFT and MCF, suggesting

platelet activation during traditional storage contributed to

enhanced haemostasis [21].

An unwanted but unavoidable by-product of blood product storage

is dilution due to anticoagulant and additive solutions. We demonstrated

that CSWB, with retained physiological haematocrit, is less diluted than

in-hospital (RWB) or prehospital (RBC+LP) component therapy. Accord-

ingly, despite individual variation in CSWB units, coagulation factor

levels were generally twice as high in CSWB than in RWB or RBC+LP.

However, both in the RWB and RBC+LP groups, fibrinogen concentra-

tion, APTT and PT were within the currently recommended levels in

traumatic bleeding [22]. FVIII is labile and, affirming previous studies

[8, 12, 14, 15, 23], decreased considerably during CSWB storage.

This, and the decrease in other intrinsic pathway coagulation factors,

was reflected in prolonged APTT, INTEM CT and thrombin generation

lag time. Despite this, overall thrombin generation in CSWB remained

robust and similar to that of RWB and RBC+LP. Finally, FXIII and natu-

ral anticoagulants were well preserved in CSWB compared to RWB and

RBC+LP, which may be beneficial in maintaining the stability of the

formed clots and limiting hypercoagulation after traumatic bleeding.

Blood group affects haemostasis, a feature largely undiscussed in

the CSWB literature. Surprisingly, few in vitro studies clearly state

having used universal donor group O CSWB [8, 9, 11, 14]. Group O

T AB L E 2 Platelet function assessed by platelet function analyser (PFA), multiple electrode aggregometry (MEA) and VWF assays.

Parameter
Laboratory
reference range Controls CSWB RWB

CSWB versus
RWB

Day 1 PFA ADP (s) 62–100 106 (89–110) 150 (126–165)* >300 (>300–>300) N/A†††

PFA EPI (s) 82–150 118 (114–144) >300 (270–>300) >300 (>300–>300) N/A

Multiplate ADP (U) 40–110 67 (62–80) 19 (11–22)* 14 (12–20) 1.36

Multiplate TRAP (U) 70–130 92 (88–99) 30 (16–43)* 23 (18–30) 1.33

VWF:Ag (IU/dL) 50–190 110 (98–112) 99 (90–118) 119 (114–120) 0.83

VWF:Act (IU/dL) 50–190 97 (84–104) 87 (75–99)* 87 (85–88)* 1.01

Day 14 PFA ADP (s) >300 (>300–>300)* >300 (>300–>300) N/A

PFA EPI (s) >300 (>300–>300) >300 (>300–>300) N/A

Multiplate ADP (U) See above See above 5 (4–11)* 11 (7–17) 0.48

Multiplate TRAP (U) 10 (4–16)* 25 (21–28) 0.40††

VWF:Ag (IU/dL) 99 (85–110) 118 (117–119) 0.84

VWF:Act (IU/dL) 54 (42–58)* 93 (90–97)* 0.58††

Note: Median values and interquartile range are shown. Values outside laboratory reference are in grey. *(p < 0.05) between days 1 and 14 within each

group. Comparison between groups is shown as ratio of medians. †† (p < 0.01) and †††(p < 0.001) between the groups at each time point.

Abbreviations: ADP, adenosine diphosphate; CSWB, cold-stored whole blood; EPI, epinephrine; N/A, not applicable; RWB, reconstituted whole blood;

TRAP, thrombin receptor activating peptide-6; VWF:Act, von Willebrand factor activity; VWF:Ag, von Willebrand factor antigen.
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blood has lower VWF [24] and FVIII [25] levels and longer PFA clo-

sure times [26]. Indeed, this effect on the platelet function is evident

in our control group, where ADP response in PFA was attenuated.

The clinical haemostatic effects of transfusing group O, as opposed to

group-specific, CSWB remain unclear.

There are several limitations to this study. First, the storage time

was only 14 days. Although we show that CSWB retains haemo-

static potential for at least 14 days, the effects of continued storage

up to 21–28 days cannot be predicted. Studies with longer storage

times have reported stable haemoglobin and fibrinogen concentra-

tions but continued decrease in platelet count and function and clot

firmness after 14 days [7–10, 12, 15–17]. Based on these studies, a

CSWB shelf life of 14 [9] to 21 [7, 10] days has been suggested. The

length of storage in this study was based on the planned 14-day

storage time for the FRCBS CSWB product. Second, the sample size

of eight donors per group is relatively small but likely sufficient to

detect major differences between groups and time points. We con-

sidered it unethical to recruit a large number of donors for research

purposes only. The small sample size is reflected in the marked varia-

tion in especially the CSWB platelet count. However, this accurately

mimics clinical transfusion of non-pooled blood products, where the

achieved response may vary significantly between units. A third,

intrinsic limitation is that in vitro conditions do not imitate in vivo

circumstances. Effects of acidosis, hypothermia, inflammation and

endotheliopathy, all important in haemostasis and trauma-induced

coagulopathy, were not addressed in this study. Also, post-

transfusion platelet function remains unclear, as storage-induced

platelet dysfunction may be restored after transfusion [21]. Similarly,

this study cannot elucidate whether the patient’s own platelets

along with transfused RBC and LP are able to support haemostasis

sufficiently.

Taken together, our study suggests that the coagulation proper-

ties of CSWB are superior to those of RWB or RBC+LP and supports

its use in prehospital care where platelets are otherwise unavailable.

Leukoreduced CSWB retains its haemostatic function over storage

time of 14 days and is comparable with that of RWB. After initial DCR

in prehospital care, in-hospital RWB seems a viable option when con-

tinued blood product use is warranted.
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Abstract

Background and Objectives: Implementing a ferritin testing policy for whole blood

(WB) donors may prevent iron deficiency (ID, ferritin <26 ng/mL) and anaemia, but may

induce donation losses. As part of a national prevention plan in France, we aimed to esti-

mate its impact on ID, anaemias and WB donations among donors at high risk of ID.

Materials and Methods: A micro-simulation model was developed to evaluate different

scenarios compared to the current situation without ferritin testing as a reference sce-

nario. The following scenarios were simulated: a minimum scenario with a 6-month defer-

ral for donors with absent iron store (AIS, ferritinemia <15 ng/ml), a main scenario with

additional delayed invitations for donors with ferritinemia 15–25 ng/ml and a supplemen-

tation scenario with additional iron supplementation for 50% of the donors with AIS.

Results: In the main scenario, 52,699 WB donations per year were estimated to be

lost after 1 year (�8%), falling to 27,687 (�4.7%) after 5 years. IDs and anaemias

were reduced by 13.6% and 29.3%, respectively, after 1 year. The supplementation

scenario increased the number of prevented IDs and anaemias to 24.1% and 35.4%,

respectively, after 1 year, and halved the number of anaemias at 5 years. The latter

scenario also had the least impact on the number of donations (�3.2% after 5 years).

Conclusion: A ferritin testing policy resulting in delayed donations for ID donors is

effective in reducing IDs and anaemias, but significantly impacts the number of dona-

tions, thereby posing a self-sufficiency challenge.

Keywords
blood collection, blood donation testing, donor health

Highlights
• A ferritin testing policy resulting in delayed donations for iron-deficient donors is effective in

reducing iron deficiencies (IDs) and anaemias.

• Iron supplementation in 50% of high-risk donors has a substantial positive impact.
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• Donations recovered from donors in whom ID and anaemia have been prevented do not

compensate for the loss of donations resulting from extended inter-donation intervals, pro-

longed deferral periods and changes in donor behaviour.

INTRODUCTION

Approximately 3 million blood donations are carried out annually by

Etablissement Français du sang (EFS) to treat 1 million patients. As

whole blood (WB) donation leads to a 1 g/dl decrease of haemoglobin

(Hb) levels [1], various measures are implemented in France to pre-

vent anaemia in WB donors: (1) a mandatory 8-week inter-donation

interval; (2) donations limited to four per year for women and six per

year for men; (3) investigation into anaemia history and symptoms

during the pre-donation interview; (4) pre-donation Hb testing in

defined cases (initial donation or no donation in the previous 2 years,

past donation Hb <12.5 g/dl for women or 13.5 g/dl for men, history

or symptoms of anaemia) and (5) systematic post-donation Hb testing.

Below a Hb threshold of 13 g/dl for males and 12 g/dl for females,

defining anaemia, donors are deferred for 6 months. These thresholds

are 0.5 g/dl below the European thresholds considering French West

Indies donors whose Hb values are lower than those of the Caucasian

populations [2].

Each donation of a WB unit results in an iron loss of 200–250 mg

[1]. Iron stores are a key element in efficient erythropoiesis to com-

pensate for red blood cell losses. Post-WB donation anaemia is due

not only to direct Hb loss but primarily to iron loss.

The prevention of iron deficiency (ID), defined by ferritinemia

<26 ng/ml [3], is expected to improve donor retention and donations.

The Canadian Blood Services and the Dutch national blood ser-

vice Sanquin questioned blood product availability further to the

implementation of a ferritin monitoring policy and subsequent donor

deferral. The introduction of a ferritin monitoring policy to mitigate

the effects of repeat donations on iron stores led to a significant

decrease in donor availability and reduced donations in the

Netherlands [4, 5]. A simulation model assessed the impact of ferritin

testing on Canadian WB donors and concluded there would be a

strong likelihood of a decline in WB donations [5].

ID in French WB donors was investigated in the FERRIDON

research study. The prevalence was estimated to be 39.5% for women

and 18.0% for men [6]. Four subgroups of donors at high risk of ID

were determined (Table 1). Ferritin testing in these high-risk sub-

groups was implemented in early 2022 to further prevent ID in WB

donors in France.

The aim of this study was to estimate in these subgroups the

number of IDs and anaemias detected and the impact on the number

of WB donations arising from these new measures with a specific

focus on the long-term impact on WB availability to ensure national

self-sufficiency.

MATERIALS AND METHODS

Overview

A patient-level micro-simulation model was designed using Visual

Basic for Applications. The model was structured to run different sce-

narios focusing on WB donation, ID, absent iron store (AIS) and anae-

mia following the implementation of ferritin testing in the high-risk

donor population. AIS was defined by ferritinemia <15 ng/ml. Donors

with AIS were deferred for 6 months and advised to consult their

general practioner (GP) for follow-up and possible iron supplementa-

tion. A moderate ID (15–25 ng/ml ferritinemia) led to delayed dona-

tion invitations, from 8 weeks to 3 months for male and to 4 months

for female donors.

T AB L E 1 Definition of groups of whole blood donors at high risk of iron deficiency (<26 ng/ml)

Group Population Definition of high-risk subgroups
Proportion among
all donors (%)

G1 Repeat female donors Women with last donation under 4.5 months ago,

TCMH at last donation ≥30 pg and aged

<31.5 years old

1.21

G2 Women with last donation under 4.5 months ago and

TCMH at last donation <30 pg

9.65

G3 New female donors Women aged <29.5 years old and with a pre-donation

Hb level <13.7 g/dl

2.37

G4 Repeat male donors Men with at least two donations within last year and:

• Last donation under 3.5 months ago and TCMH at

last donation <29.5 pg

• Or last donation more than 3.5 months ago and

TCMH at last donation <27.4 pg

7.23

Abbreviation: Hb, haemoglobin; TCMH, mean corpuscular hemogobin content.
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Several scenarios were compared, with and without ferritin test-

ing, to determine the impact of changes in inter-donation interval and

deferrals as a result of ferritin testing.

Simulation model

The micro-simulation model was an open cohort model comprising

donors simulated individually and independently on a weekly basis. The

model allowed new donors to enter the cohort and current donors to

drop out of the cohort each week. Donors could exit the cohort if they

did not return to donation before 24 months. Entry cohorts were

assumed to encompass several subgroups of donors, such as repeated

donors who transit from low-risk to high-risk, persistent AIS and drop-

out donors returning to donation. Every new donor was assigned to a

risk group and to different time-dependent states following the initial

donation (at-risk for testing, ID, anaemia and drop out for the next dona-

tion). Pre-donation Hb testing was simulated, and donors with anaemia

were deferred for 6 months. A fall in ferritin levels was assumed post-

donation with a return to levels ≥26 ng/ml after several weeks, depend-

ing on risk factors for ID, such as gender, pre-donation ID and time to

the next donation [7]; an ID occurred in the model when a donation

was given before ferritin levels had returned to normal. Donors with

anaemia were counted once, and the model did not count them for ID.

The model was structured with two loops: a weekly cohort loop,

simulating new high-risk donors every week and updating results

(Figure 1a), and an individual donor loop, simulating the course of

donations and various time-dependent states (Figure 1b) for each

donor. New high-risk donors were followed until their next donation,

unless they dropped out and were included in the new weekly repeat

donors for their additional donations thereafter. The model assessed

total donations, total IDs at the time of donations and pre- and post-

donation anaemias per week for each risk group over the model

period for each scenario.

Once a donor was assigned to a risk group, time-dependent

states, interval to the next donation and ferritin level recovery

period were simulated. Donors no longer at risk for testing were

kept in the cohort; the model accounted for their next donations

so that they could switch to high-risk groups again at any time.

Time-dependent states were simulated from the uniform distribu-

tion, donation intervals from gamma distributions and ferritin

recovery periods from normal distributions (Table S1). An ID was

assumed when the time to donation occurred before the ferritin

recovery period. Two classes of ID were considered: <15 ng/ml

and 15–25 ng/ml distributed according to the prevalence

observed in the FERRIDON study. The ferritin recovery period

was assumed to be longer for a level of ferritin <15 ng/ml com-

pared to 15–25 ng/ml.

F I GU R E 1 Structure of the patient-level micro-simulation model. *Only in scenarios with ferritin testing: <15 ng/ml: 6 months deferral. 15–
25 ng/ml: informed by letter advising them to consult their GP and to postpone their next donation for at least 3 months for men and 4 months
for women. Hb, haemoglobin; ID, iron deficiency

26 RICHARD ET AL.
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Model data

ID prevalence was derived from a national, cross-sectional, multicen-

tre study (FERRIDON study) that estimated ID risk factors in French

WB donors [6]. Four groups of donors at high risk of ID were deter-

mined based on the following independent risk factors: gender, age,

donor status (new or repeat donor), mean corpuscular haemoglobin,

Hb level, number of donations in the previous 12 months and interval

since previous donation (Table 1). Model inputs from the FERRIDON

study are presented in Table 2.

In the FERRIDON study, ID donors (<26 ng/ml) received a letter

advising them to consult their GP and to postpone their next donation

for at least 6 months. Their follow-up in the EFS database provided

inter-donation interval data according to donor status, with and with-

out ID and risk group. Gamma distributions were used and calibrated

to reproduce the empirical distribution of donation intervals observed

in the FERRIDON study for each risk group by ID status (Figure S1).

The time required for ferritin to revert to normal levels (>26 ng/ml)

was taken from the HEIRS study published by Kiss et al. [7]. The study

aimed to determine the effect of oral iron supplementation on the recov-

ery of iron stores in donors with ‘low ferritin’ (≤26 ng/ml) and ‘higher
ferritin’ (>26 ng/ml) levels. It was found that, following a 500-ml dona-

tion of WB, ferritin levels fell by approximately 30 and 8 ng/ml over a

30-day period in the high and low ferritin groups, respectively. Among

blood donors with normal Hb levels, low-dose iron supplementation ver-

sus no supplementation reduced the ferritin recovery period to approxi-

mately 1 month in the low ferritin (≤26 ng/ml) or higher ferritin

(>26 ng/ml) groups. Another study showed that without iron supplemen-

tation, iron stores were not replenished for approximately 84 and

168 days plus in the high and low ferritin groups, respectively [8]. Normal

distributions were used to simulate recovery intervals for each risk group

according to ID status (Table S1).

Internal validation

Model validation was conducted by calibrating the scenario without

ferritin testing, which is the current situation in France, using annual

data for each risk group (Figure S2). The model was calibrated to

reproduce the overall annual number of donations from donors at

high risk of ID, for whom a 20,000 reduction in annual donations was

considered to reflect the donation trend. IDs and anaemias were cali-

brated for each risk group and were stable over time. Simulated model

data were compared to historical data (Figure S2).

Statistical analysis

Four scenarios were simulated for each risk group:

1. A reference scenario: current situation without ferritin testing and a

minimum inter-donation interval of 8 weeks.

2. Minimum scenario: implementation of ferritin testing for every

donor of each risk group, involving a 6-month deferral period only

for donors with ferritin levels <15 ng/ml. No specific intervention

is planned for donors at 15–25 ng/ml.

3. Main scenario: minimum scenario, plus an additional intervention

for donors at 15–25 ng/ml, involving a minimum return interval of

3 and 4 months for male and female donors, respectively.

4. Supplementation scenario: main scenario, plus an oral iron supple-

mentation for 50% of donors with ferritin levels <15 ng/ml.

The model was simulated over a 5-year period. Results were calcu-

lated separately for each risk group and aggregated for the first, second

and fifth year in terms of WB donations, IDs and anaemias. The disper-

sion was measured with the half-width used to estimate the confidence

interval, which measures the error in the estimate of the true mean and

is defined as the 95% confidence coefficient times the standard deviation

over the square root of the sample size. A sampling rule of 1:10 donors

was simulated to reflect monthly donations from high-risk donors.

Sensitivity analyses were conducted to assess uncertainty relating

to various data sources for the following outcomes: rates of anaemia,

ferritin recovery period, time to next donation and drop-out rate.

Deterministic sensitivity analyses were performed for each type of

input by applying �25% of the reference input value to all risk groups

(the error margin was assumed to be similar between the risk groups).

RESULTS

Reference scenario

For the first year, the model estimated around 660,000 donations in

the high-risk population for the reference scenario, with 230,000 AISs

(<15 ng/ml), 140,000 IDs of 15–25 ng/ml and 60,000 anaemias. Esti-

mated changes over time for these high-risk groups are presented in

Figure S2 and Table 3.

T AB L E 2 Clinical inputs from FERRIDON study

Variables G1 G2 G3 G4

Prevalence of ID

15–25 ng/ml 32.2% 26.0% 22.1% 25.5%

<15 ng/ml 38.9% 45.6% 24.0% 31.2%

Prevalence of anaemia at initial donation, by ID status

15–25 ng/ml 6.6% 11.5% 5.7% 4.0%

<15 ng/ml 9.1% 16.5% 9.3% 6.8%

No ID 3.0% 2.0% 3.9% 0.5%

Prevalence of anaemia at subsequent donations, after ID

15–25 ng/ml 0.0% 2.0% 7.1% 0.5%

<15 ng/ml 0.0% 2.0% 7.1% 0.5%

Drop out, by ID status

No ID, no anaemia 35.0% 20.4% 56.6% 20.0%

15–25 ng/ml 35.0% 20.4% 56.6% 20.0%

<15 ng/ml 49.7% 32.1% 65.0% 27.8%

Anaemia 49.7% 32.1% 65.0% 27.8%

Abbreviation: ID, iron deficiency.
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T AB L E 3 Estimated results in high-risk donors eligible for ferritin testing over a 5-year timeline

Reference scenario Minimum scenario Main scenario Iron supp. <15 ng/ml

WB donations

First year 662,286 615,973 609,587 632,122

Second year 651,431 607,795 607,352 620,153

Fifth year 594,627 567,209 566,940 575,394

Difference versus reference scenario (loss of WB donations)

First year change - �46,313 �52,699 �30,164

% Change - �7.0% �8.0% �4.6%

Second year change - �43,636 �44,079 �31,278

% Change - �6.7% �6.8% �4.8%

Fifth year change - �27,418 �27,687 �19,232

% Change - �4.6% �4.7% �3.2%

ID

Total (<26 ng/ml)

First year 369,847 328,114 319,532 280,612

Second year 316,828 265,229 258,428 235,498

Fifth year 296,411 250,459 243,078 222,006

<15 ng/ml

First year 228,094 200,828 196,256 173,168

Second year 195,806 162,586 158,727 145,551

Fifth year 184,774 154,308 150,266 137,750

15–25 ng/ml

First year 141,753 127,286 123,276 107,445

Second year 121,022 102,643 99,701 89,947

Fifth year 111,637 96,151 92,813 84,256

Difference versus reference scenario (prevented ID)

Total

First year change �41,733 �50,315 �89,235

% Change �11.3% �13.6% �24.1%

Second year change �51,599 �58,400 �81,330

% Change �16.3% �18.4% �25.7%

Fifth year change �45,952 �53,333 �74,406

% Change �15.5% �18.0% �25.1%

<15 ng/ml

First year change �27,266 �31,838 �54,927

% Change �12.0% �14.0% �24.1%

Second year change �33,220 �37,079 �50,256

% Change �17.0% �18.9% �25.7%

Fifth year change �30,466 �34,508 �47,024

% Change �16.5% �18.7% �25.4%

15–25 ng/ml

First year change �14,466 �18,476 �34,308

% Change �10.2% �13.0% �24.2%

Second year change �18,378 �21,321 �31,075

% Change �15.2% �17.6% �25.7%

Fifth year change �15,486 �18,825 �27,381

% Change �13.9% �16.9% �24.5%

(Continues)
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Minimum scenario

The expected number of donations, IDs and anaemias for the mini-

mum scenario and the estimated difference compared to the current

scenario are presented in Table 3. Following the extended 6-month

deferral for donors with ferritin <15 ng/ml, a loss of approximately

46,000 donations was estimated in the first year compared to 27,000

in the fifth year, corresponding to a reduction of 7.0% and 4.6%,

respectively.

This scenario could prevent around 42,000 IDs in the first year

(�11.3%) and 46,000 in the fifth year (�15.5%) (of which 65% AIS). An

overall reduction of around 16,000 anaemias (�27.3%) was estimated

for the first year and 11,000 (� 24.2%) for the fifth year.

Main scenario

When the delayed donation was applied for donors with ferritin levels

ranging from 15 to 25 ng/ml, losses ranging from approximately

53,000 donations (�8.0%) in the first year to 28,000 (�4.7%) in the

fifth year were estimated, with the highest impact being observed for

G2, followed by G4 (Figure 2).

Around 50,000 IDs (�13.6%) could be prevented in the first year

and 53,000 (�18.0%) in the fifth year. An overall reduction of around

18,000 anaemias (�29.3%) was estimated in the first year and 11,000

(�25.9%) in the fifth year.

Compared to the minimum scenario, the additional extended defer-

ral period increased losses by one point (6500 donations) in the first year,

with quite no differences in the fifth year. This scenario could prevent

almost 10,000 additional IDs per annum over the 5-year period.

Supplementation scenario

In addition to the main scenario, this scenario assumed that 50% of

donors with ferritin levels <15 ng/ml received iron supplements. A

loss of around 30,000 donations (�4.6%) was estimated in the first

year, falling to 19,000 (�3.2%) in the fifth year.

The supplementation could prevent 40,000 additional IDs and

4000 anaemias in the first year compared to the main scenario and

20,000 IDs and 2000 anaemias in the fifth year.

Sensitivity analyses

Deterministic sensitivity analyses are presented (Figure S3) and high-

light the impact on WB donations during the first year of ferritin test-

ing and the fifth year on a cumulative basis. In cases where the normal

ferritin level recovery period was increased by 25%, additional losses

of 35% and 39% were observed in the first and fifth years, respec-

tively; conversely, when it fell by 25%, 20% and 32% of WB donations

were saved. Decreasing inter-donation intervals and drop-out rates

had a substantial impact, with additional losses ranging from 24% to

43% in the first year and 28% to 33% in the fifth year.

DISCUSSION

ID is a common issue in the general population. Of the 18–74-year-

old French adults, 6.9% present AIS, mostly affecting women (11.9%)

rather than men (1.5%) [9]. Donors at high risk of ID were investigated

in France. AIS was found to be more prevalent in WB donors, with

women being affected in 19.3% of cases and men in 6.4% of cases,

this figure increasing to 45.6% in the high-risk group of repeat female

donors [6].

This study aimed to assess the impact of a ferritin testing policy

on WB donations, IDs and anaemias through patient-level simulation

and data observed in the real-world setting.

Our simulation showed encouraging results: between 15% and

25% of IDs could be prevented in high-risk ID groups depending on

the scenario. Regardless of the scenario, approximately one third of

anaemia cases were prevented during the first year (Table 3).

T AB L E 3 (Continued)

Reference scenario Minimum scenario Main scenario Iron supp. <15 ng/ml

Anaemia

First year 60,215 43,755 42,589 38,876

Second year 49,121 35,849 35,004 32,786

Fifth year 44,115 33,449 32,709 30,820

Difference versus reference scenario (cases of anaemia prevented)

First year change - �16,460 �17,626 �21,339

% Change - �27.3% �29.3% �35.4%

Second year change - �13,272 �14,117 �16,335

% Change - �27.0% �28.7% �33.3%

Fifth year change - �10,666 �11,406 �13,295

% Change - �24.2% �25.9% �30.1%

Abbreviations: ID, iron deficiency; WB, whole blood.
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Compared to the current situation, the number of anaemia cases in

these groups fell to almost 50% after 5 years. These figures are under-

estimated since they only refer to ID and anaemia prevented among

WB donors who return to donation, while data are censured for

donors lost to follow-up.

Our study highlighted the fact that, after 5 years, donations

recovered from donors in whom ID and anaemia have been pre-

vented do not compensate for the loss of donations resulting from

deferral and drop out. The maximum of WB donation loss occurred

during the first year, decreasing thereafter over time, while the

reduction in ID was stable over time (�50,000 IDs per year). Our

study also showed that the impact of iron supplementation in 50%

of donors with very low ferritin levels (<15 ng/ml) had a substantial

positive impact on donations (+20,000) and IDs (�40,000) in the

first year.

In a Canadian study [5] using a different simulation model with a

higher threshold of ferritinemia for deferral (<26 ng/ml), an extended

6-month deferral period, an increased drop-out rate and reduced

donation frequency, the authors estimated a donation loss of 17%

and a new donor requirement of 29%. These scenarios, based on a

pilot study [10], could be pessimistic since return rates could improve

with further retention and educational effort. In a scenario with no

reduction in donation frequency, which may be overly optimistic, they

estimated a donation loss of 9.5%.

In the Netherlands, donors undergo ferritin testing at entry and

every five donations. Ferritin levels between 15 and 30 ng/ml are

F I GU R E 2 Changes in the loss of donations after implementation of ferritin testing (main scenario). (a) Changes in loss of donations for the
population at high risk of iron deficiency (main scenario). (b) Changes in loss of donations for each risk group (main scenario)

30 RICHARD ET AL.
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deferred for 6 months, and those below 15 ng/ml for 12 months [4].

This new ferritin monitoring policy in the Netherlands resulted in

fewer donations and lower response rates to donation drives [11].

These results revealing a high percentage of lost donations have led

EFS to defer only WB donors with AIS for 6 months and to delay invi-

tations for moderate ID to avoid jeopardizing self-sufficiency in blood

products.

One strength of our study lies in the fact that assumptions

regarding donor behaviour were derived from the FERRIDON study,

an observational study performed in 2019, including over 9000 WB

donors representative of our donor population [6]. This should miti-

gate the impacts resulting from the unknown proportion of donors

already using iron supplementation, having a low ferritin level unre-

lated to blood donations or from different behaviours depending on

the site of donation.

Another strength of our study is that various scenarios have been

considered and sensitivity analyses conducted. A delayed period to

the next donation and an increase in drop-out rate were considered

for donors based on ID level. Sensitivity analyses showed that a

shorter inter-donation interval (�25%) and a lower drop-out rate

(�25%) had a more adverse impact on WB donation from repeat

donors (Figure S3). This was confirmed by the 8% reduction in the

average number of annual donations for repeat donors for all risk

groups (data not shown). A very recent Finish study corroborated

these results, showing that donation activity accounted for most of

the variation in ferritin levels [12].

Another key assumption was derived from the HEIRS trial, which

studied the time to recovery of Hb and iron levels following a single

donation [7]. Without iron supplementation, recovery of iron stores to

pre-donation levels took longer than 24 weeks on average. In con-

trast, donors assigned to receive iron pills (38 mg) in this study dis-

played uniformly accelerated recovery of both Hb and iron levels.

These results were applied in our model, and sensitivity analyses

showed that when the ferritin recovery period was shortened by 25%,

32% of WB donations were saved over the 5 years.

In France, the monitoring policy recommends a GP visit for

donors with ferritin levels <15 ng/ml. Iron supplementation will

be given at the discretion of both patients and GPs. In the

STRIDE study—a 2-year randomized controlled trial of 692 donors

assigned to educational groups or interventional groups with iron

supplementation—a small increase in de-enrolment at 60 days for

interventional groups was observed. No difference was observed in

donors receiving iron and placebo tablets, which suggests that some

donors will not comply with regular dosing regimens [13]. Follow-up

data of up to 24 months after the final STRIDE visit [14], however,

showed increased donations and decreased Hb deferrals in donors

receiving iron supplementation compared to controls. In addition,

57% of donors who received a letter advising of low ferritin levels

with recommendations to take iron supplements or delay future dona-

tions initiated iron supplementation. This figure was five times higher

compared to those who received letters with no specific recommen-

dation. Another study suggested that informing donors of their iron

status might be sufficient to stimulate donor initiation of iron

supplementation [15] and could increase further with the dispensing

of iron supplements [16] or after phoning the donors [17]. In line with

these results, iron supplementation for 50% of AIS donors seems to

be a realistic expectation that would have a significant impact,

although 3.8% of the general French population was shown to take an

iron supplementation [9].

In conclusion, our study shows that the prevention of anaemia

and ID with a strategy of ferritin testing in donors at risk for ID sig-

nificantly improves donor health: at least 11%–24% of ID and 27%–

35% of anaemias will be prevented among high-risk WB donors.

Because of extended inter-donation intervals, prolonged deferral

periods and changes in donor behaviour, its implementation will,

however, reduce the amount of WB collected from 5% to 8% in the

high-risk subgroups after 1 year. The impact on WB donations could

even be higher if donors were encouraged to convert to plasma

donation, especially for those donating at fixed blood sites. This will

need to be offset by combined efforts in terms of retention, educa-

tion and recruitment of donors. Without public health policies for

the prevention of ID in the general population, a significant propor-

tion of donors, especially young women, will, however, continue to

present with an ID unrelated to blood donations. Every blood estab-

lishment implementing a ferritin testing policy to improve donor

health should be aware of the ensuing challenge of maintaining a

sufficient blood supply.
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Abstract

Background and Objectives: Staphylococcus aureus is a predominant contaminant of

platelet concentrates (PCs) that can evade detection during screening with culture

methods. Importantly, S. aureus produces staphylococcal enterotoxins (SEs) during

PC storage, which are linked to slow growth and enhanced biofilm formation. This

study investigated timing of SE production during PC storage and feasibility of SE

detection as a PC safety strategy.

Materials and Methods: Genomic and transcriptomic data of transfusion-relevant S.

aureus PS/BAC/169/17/W, PS/BAC/317/16/W, CI/BAC/25/13/W and CBS2016-05

were used to determine the presence and differential expression of exotoxin genes

in PCs. Trypticase soy broth (TSB) and PCs were inoculated with 1.0E+06 cfu/mL of S.

aureus PS/BAC/169/17/W and CBS2016-05. Expression of SEs at different growth

phases was confirmed with Western blotting. PCs were inoculated with 30 cfu/unit of

the same strains, and SE detection during PC storage was optimized with a sandwich

dot-ELISA assay.

Results: S. aureus genomes contain multiple exotoxin genes including those encoding

for SEs. Transcriptome data revealed significant upregulation (0.5–6.7-fold, p < 0.05)

of SE genes in PCs versus TSB. Western blots demonstrated SE production at all

growth phases. Notably, dot-ELISA detected clinically relevant concentrations of SEs

(�0.2 μg/mL) at 32 h of PC storage when S. aureus PS/BAC/169/17/W and

CBS2016-05 counts were 1.8E+04 and 1.4E+04 cfu/mL, respectively.

Conclusion: Genomic analyses revealed that staphylococcal exotoxins are widely dis-

tributed and highly conserved among transfusion-relevant S. aureus isolates. Further-

more, SEs are significantly upregulated in PCs and detected at 30 h of PC storage.

Therefore, bacterial toxin detection could supplement mitigation strategies to

enhance PC safety.
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Highlights
• Genomes of transfusion-relevant Staphylococcus aureus isolates encode for a variety of

staphylococcal exotoxins, including superantigens such as staphylococcal enterotoxins (SEs),

which are likely responsible for septic shock symptoms of patients transfused with contami-

nated platelet concentrates (PCs).

• Expression of SE genes is significantly upregulated in PCs contaminated with S. aureus in

comparison to S. aureus grown in laboratory media.

• Detection of SEs in S. aureus contaminated PCs is feasible as early as after 30 h of PC incuba-

tion. Importantly, SE concentration at 32 h of PC incubation is approximately 0.2 μg/mL,

which is considerably higher than 0.1 pg/mL, an SE concentration reported to cause septic

shock symptoms in immunocomprised patients.

INTRODUCTION

Contamination of donated blood with bacteria remains a significant

concern in transfusion medicine. Platelet concentrates (PCs), which

are therapeutic for preventing or treating thrombocytopenia, are at

higher risk of bacterial proliferation, compared to other transfusable

blood components such as plasma and red blood cell concentrates.

PCs are stored in glucose-rich, neutral pH solutions and gas-

permeable plastic bags at 22 ± 2�C under agitation for up to 7 days

[1]. These storage conditions are essential for platelet viability; how-

ever, they are also amicable for the proliferation of the majority of PC

bacterial contaminants. To enhance the safety of donated blood, miti-

gation strategies have been implemented prior to and during blood

collection, including donor selection, disinfection of donor’s arm at the

venipuncture area and diversion of the first aliquot of collected blood

[2, 3]. Additionally, post-collection safety protocols are applied in dif-

ferent centres, which comprise PC screening for bacterial contamina-

tion or PC treatment with pathogen reduction (PR) technologies

(PRTs) [1, 4]. Over the years, a remarkable success in decreasing bac-

terial contamination of PCs has been achieved worldwide, especially

in high income countries [5].

Bacterial testing of PCs can be performed using culture-based

approaches or rapid methods [6]. During the last two decades, auto-

mated culture-based systems have been widely implemented world-

wide. PC culture diagnostic systems are credited with reducing septic

events from PC transfusion by 69.7% [7]. Notwithstanding, there is

no absolute guarantee of PC sterility since culture systems only vali-

date the release of PC units on a negative-to-date basis, without con-

sidering the inoculated volume, sampling time, presence of slow

growing pathogens or formation of surface-attached aggregates

known as biofilms during PC storage [1, 8].

Gram-positive and gram-negative bacteria have been isolated from

PCs with Staphylococcus aureus ranking as a major cause of transfusion

related sepsis and fatalities [2, 9–14]. This species can evade detection

during routine PC screening with automated culture systems due to

slow growth and ability to form biofilms in PCs [13, 14].

Remarkably, S. aureus can secrete a compendium of exotoxins

such as exfoliative toxins, staphylococcal superantigens (SAgs), and

haemolysins among others [15]. SAgs are potent immunostimulatory

proteins that include the toxic shock syndrome toxin-1 (TSST-1),

staphylococcal enterotoxins (SEs), which have been involved in septic

transfusion cases, and superantigen-like toxins (SSLs) [13, 14, 16].

Within all SEs, SE-type G (SEG) and SE-type H (SEH) are relevant for

this study. While SEG was detected in a contaminated PC unit

involved in a septic transfusion reaction, the seh gene was found in

the genome of another S. aureus strain reported to be involved in a

septic transfusion event [9, 13]. Furthermore, we have recently dem-

onstrated that SEG and SEH production during PC storage increases

the formation of biofilms and impairs growth of S. aureus, likely con-

tributing to missed detection of this pathogen with culture methods

[17]. In this study, we investigated time of SE production during PC

storage, which could be used as a supplementary test to enhance

transfusion patient safety.

MATERIALS AND METHODS

PC units

PC units were manufactured at the Canadian Blood Services netCAD

Blood4Research Facility (netCAD, Vancouver, Canada) in agreement

with standard procedures. PCs were shipped to the Canadian Blood

Services Microbiology laboratory in Ottawa, Canada. Ethical approval

for this study was granted by the Canadian Blood Services Research

Ethical Board.

S. aureus isolates

Four S. aureus strains listed in Table 1 were used in this study,

including one isolated in Canada [9] and three isolated in England

[10–12]. Two of the English isolates (PS/BAC/169/17/W and

PS/BAC/317/16/W) were detected during routine PC screening using

the BACT/ALERT culture system at the National Health Service Blood

and Transplant (NHSBT) (i.e., confirmed positives). The third English

strain (CI/BAC/25/13/W) and the Canadian isolate (CBS2016-05) were

missed during BACT/ALERT PC screening (i.e., false negative screen-

ing). While the PC unit contaminated with S. aureus CI/BAC/25/13/W
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was identified prior to transfusion by visual inspection due to clot for-

mation (‘near-miss’) [12], the PC unit carrying CBS2016-05 was trans-

fused causing a septic transfusion reaction [14].

Staphylococcal exotoxin gene identification

The genomes of all four S. aureus isolates were next-generation

sequenced. Illumina paired end DNA libraries of the isolates were

sequenced using the Miseq platform, assembled, annotated at the

Health Canada genomics facility, and published at the NCBI database

[9–12]. The presence of SE genes in the next-generation sequences

of all studied strains was further confirmed by Sanger sequencing.

Information from the genome sequences was used to design primers

for specific PCR amplification of genes encoding for SEs and SSLs.

OneTaq DNA polymerase kit (New England Biolabs, Ipswich, MA,

USA) was used as follows: each reaction tube containing a mixture of

2 μL (10 ng) genomic DNA, 5.0 μL buffer (1✕), 0.5 μL dNTPs

(200 μM), 1.0 μL primer pair (0.4 μM), 0.125 μL polymerase (0.625

unit) and nuclease-free water summing to 25 μL reaction volume was

run on a thermal cycler with initial denaturation (94�C); annealing and

extension 30 cycles (94�C, 30 s: 45–68�C, 1 min; 68�C, 1 min); final

extension (68�C, 5 min). Following the PCR run, the amplicons were

resolved on 1% agarose gel (Sigma-Aldrich, Oakville, ON, Canada).

Differential expression of SE genes

RNAseq assays and comparative transcriptome analyses were per-

formed using protocols recently reported [17]. Quantitative reverse

transcription PCR (RT-qPCR) [18] verification of upregulated SE genes

was performed in duplicate and repeated once. Approximately 1 μg

total RNA was subjected to reverse transcription (RT) with QuantiTect

Reverse Transcription kit protocol (Qiagen, Germantown, MD, USA)

after treatment with TURBO DNAse enzyme (Invitrogen, Waltham,

MA, USA). The RT reaction mixture, composed of the purified RNA,

RT buffer, RT primer mix, and quantitect reverse transcriptase, was

incubated at 42�C for 30 min. Two microliters (10 ng) of the cDNA

was subsequently added to a qPCR mixture comprising 5 μL of 2✕

SYBR Green PCR master mix from QuantiNova SYBR Green PCR kit

(Qiagen, Germantown, MD, USA), 1 μL of forward and reverse gene

specific primers (0.7 μM) and 2 μL nuclease-free water. Each gene

and condition were run in duplicate using equal amounts of cDNAs in

trypticase soy broth (TSB) and PCs. For controls, gyrA (positive) and

nuclease-free H2O (negative) were used. CFX96 Touch™ Real-Time

PCR Detection System (BioRad, Hercules, California, CA, USA) was

used to run the experiments. Transcript copy numbers were deter-

mined using concentrations generated by mean Cq (quantification

cycle) values of the samples obtained by standard curve analyses

based on 10-fold dilutions of their respective PCR amplicons of

known concentrations.

Western blotting detection of staphylococcal SE types
G (SEG) and H (SEH) at different growth phases of S.
aureus

TSB and PC cultures were inoculated with S. aureus CBS2016-05 and

PS/BAC/169/17/W, representing strains that missed detection or

were captured during BACT/ALERT screening, respectively, at a tar-

get concentration of approximately 1.0E+06 cfu/mL. TSB cultures

were incubated at 37�C/18 h with agitation, and PC cultures were

incubated under PC storage conditions (20–24�C under agitation for

120 h [5 days]). S. aureus spiked TSB or PC cultures obtained at mid-

exponential, late-exponential, and stationary growth phases were ana-

lysed by Western blotting [19, 20]. Secreted proteins in TSB superna-

tants were precipitated for a minimum of 1 h at �20�C in 25%

trichloroacetic acid [21], and the pellet was washed in 500 μL ice-cold

acetone, dried and rehydrated in nuclease-free H2O. PC supernatants

were obtained by centrifugation of samples at 10,000 rpm for 15 min.

Both TSB and PC protein samples were resolved on 12% SDS-PAGE,

transferred onto polyvinylidene difluoride membrane on iBlot™ 2 Gel

Transfer Device (Invitrogen, Waltham, MA, USA). Thereafter, the

membranes were blocked with 5% bovine serum albumin (BSA) buffer

for 1 h, followed by incubation with mouse polyclonal antibodies

(1:5000) against enterotoxin SEG (GenTex.com, Irvine, CA, USA) or

against enterotoxin SEH (Abcam, Waltham, MA, USA) and washed in

Tris-buffered saline (TBS) supplemented with 0.1% Tween® 20 (TBST).

T AB L E 1 Staphylococcal exotoxin genes encoded by the genomes of four Staphylococcus aureus strains.

S. aureus strain
BACT/ALERT PC
screening result Staphylococcal enterotoxins and superantigen-like genes

CBS2016-05 False negativea seg, seh, sei, sem, sen, seo, ses, selu, selw, selx, sely, exo, ssl1, ssl3, ssl4, ssl5, ssl7, ssl8, ssl9, ssl10, ssl11,

ssl12, ssl13, ssl14

CI/BAC/25/13/W seb, selp, selw, selx, selz, ssl1, ssl2, ssl3, ssl4, ssl5, ssl7, ssl8, ssl9, ssl10, ssl11, ssl12, ssl13, ssl14

PS/BAC/169/17/W Confirmed positiveb seg, sei, sem, sen, seo, selu, selw, ssl1, ssl2, ssl3, ssl4, ssl5, ssl7, ssl9, ssl10, ssl11, ssl12, ssl13, ssl14

PS/BAC/317/16/W selw, ssl1, ssl2, ssl3, ssl4, ssl5, ssl7, ssl9, ssl10, ssl11, ssl12, ssl13, ssl14

Abbreviation: PC, platelet concentrate.
aFalse negative BACT/ALERT screening results refers to bacteria missed during routine screening of PCs and detected during investigation of transfusion

reactions or near-misses [1].
bConfirmed positive BACT/ALERT screening results indicate the same bacterial species identified during initial and confirmatory PC screening [1].
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Membranes were then incubated with horseradish peroxidase (HRP)

conjugated goat anti-mouse IgG secondary antibody (1:10000)

(Abcam, Waltham, MA, USA). The protein bands were visualized in

the ChemiDoc imaging system (BioRAD, Hercules, California, CA,

USA) after incubating for 5 min in detection solution, Pierce ECL

Western Blotting Substrate (ThermoScientific, Waltham, MA, USA).

Semi-quantitative sandwich dot-ELISA assay for
detection of SEs during PC storage

The limit of detection of SEs was investigated using a semi-quantitative

sandwich dot-ELISA assay as described by Venkataramana et al. [22],

with some modifications. PC cultures were inoculated with S. aureus

CBS2016-05 and PS/BAC/169/17/W at a target concentration of

approximately 30 cfu/PC and incubated under PC storage conditions. In

brief, 10 μL aliquots of combined mouse polyclonal antibody anti SEG

and SEH (1:1000) were dotted on 1.0 � 1.0 cm nitrocellulose mem-

brane pieces that had been placed in a 12-well plate. To optimize SE

detection, antibodies against SEG and SEH were combined. Blocking of

unbound sites was achieved with addition of 5% BSA and incubation for

1 h at 45�C in TBS followed by washing with TBST. Subsequently,

500 μL of PC samples (initially inoculated with 30 cfu/PC), which were

collected at 0, 24, 30, 32, 48, 72, 96 and 120 h of incubation, were

added to different wells. Five hundred microliters of non-spiked PCs

and 5 μL of a 20 μg/mL solution of purified enterotoxin SEG protein

(0.1 μg) (Antibodies-online, Limerick, PA, USA) were included as nega-

tive and positive controls, respectively. The plate was incubated for 1 h

hyl/hla
hld
hlgA
hlgC
hlgB
eta
etb
lukD
lukS-PV
lukH
lukG
spa
seb
sec
seg
seh
sei
sem
selu
selw
selx
exo
ssl1
ssl2
ssl3
ssl4
ssl5
ssl7
ssl9
ssl10
ssl11
ssl12
ssl13
ssl14

CBS2016-05 CI/BAC/25/13/W PS/BAC/169/17/W PS/BAC/317/16/W

UP           DOWN

Haemolysin

Exfoliative
toxins

Leukocidins

Staphylococcal
enterotoxins

Staphylococcal
superantigen-
like toxins

F I GU R E 1 Heatmap of differentially expressed S. aureus exotoxin genes in PCs compared to TSB as revealed by RNAseq analyses.
Experiments were performed in triplicate. The differential expressions were based on fold change values of ≥0.5 with TSB as the baseline for all
strains. The statistical significance of RNAseq-based foldchange DE genes (p < 0.05) was determined using two-tailed t-tests on gene raw
transcript counts performed in triplicate between the study conditions.
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at 37�C, washed and further incubated with 300 μL of 1:500 monoclo-

nal SEs antibody cocktail under the same conditions. After washing,

HRP conjugated goat anti-mouse IgG (Abcam, Waltham, MA, USA) was

added onto the wells, incubated for 45 min at 37�C, washed and colour

developed with TMB + 0.4% H2O2 (3,30 ,5,50-tetramethylbenzidine sub-

strate plus hydrogen peroxide). This assay was performed twice.

Statistical analyses

Statistical tests were performed to determine the difference in gene

expression between PCs and TSB inoculated with S. aureus. The mean

quantification cycle numbers obtained in the RT-qPCR analyses were

used to calculate the standard error mean deviation over the biologi-

cal and technical replicates. Normalized count values of the RNAseq

transcripts were used to calculate differential gene expression

between the PC and TSB conditions for each bacterial strain. Data

were provided with a p value and a FDR/q value that correct the

p value for multiple testing using the Benjamini–Hochberg approach.

This analysis was done in R. Normalized data were further used to

determine the statistical significance of the RNAseq-based foldchange

differentially expressed (DE) genes using two-tailed t-tests on gene

raw transcript counts performed in triplicates between the study con-

ditions. A p value <0.05 was considered significant.

RESULTS

S. aureus genomes encode multiple exotoxin genes

Whole genome sequence analyses of the four S. aureus studied herein

revealed an arsenal of genes coding for exotoxins in all strains. Genes

of all staphylococcal exotoxin classes consisting of pore-forming

toxins (haemolysins, leukocidins and phenol soluble modulins), cyto-

toxic enzymes (exfoliative toxins), and SAgs, including staphylococcal

protein A (spa), SSLs, and SEs, were present in the genomes of the S.

aureus isolates (Table 1). The presence of genes coding for SE and SSL

superantigens was confirmed by PCR, as shown in Figure S1.

SSLs and SEs are upregulated in PCs compared to TSB

Comparative RNAseq analyses performed on the S. aureus strains

grown in PCs and TSB revealed differential expression of exotoxin

genes (Figure 1). Among the upregulated genes are haemolysins and

leukocidins in strains CBS2016-05 and PS/BAC/169/17/W, exfolia-

tive toxins in all strains but PS/BAC/317/16/W, and superantigens in

all strains (0.5–6.7-fold change, p < 0.05). In general, SEs had

increased transcripts in PCs compared to TSB (Figure 2a), with entero-

toxin type H (seh), enterotoxin-like Z (selz) and an uncharacterized

enterotoxin gene (exo) being significantly upregulated (2.3–3.6-fold

PS/BAC/317/16/W CI/BAC/25/13/W
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F I GU R E 2 Upregulated staphylococcal SAg genes in PCs compared to TSB (baseline). (a) RNAseq data analyses. (b) Quantitative reverse
transcription PCR (RT-qPCR) validation of the RNAseq results. Differential expression fold change of ≥0.5 was considered for all strains. For RT-
qPCR, each gene and conditions were analysed in duplicate, and assays were repeated twice. ssls are superantigen-like exotoxin genes while ses
are staphylococcal enterotoxin genes. The standard error mean (SEM = 0.01–0.37) (represented by the bars) of upregulated genes between PCs
and TSB was determined based on the mean quantification cycle numbers obtained in the RT-qPCR.
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change, p < 0.05). Remarkably, the greatest fold differences were

observed for superantigen-like toxin genes with ssl14 being signifi-

cantly upregulated in S. aureus CBS2016-05 and marginally upregu-

lated in the CI/BAC/25/13/W strain (p = 0.04 and p = 0.05,

respectively) (Figure 2a). The DE candidate genes selected and vali-

dated by RT-qPCR (Figure 2b) corroborated the RNAseq results.

Detection of SEs during PC storage

Western blotting was used to detect the presence of secreted SEG

and SEH in TSB and PC cultures inoculated with high bacterial counts

(approximately 1.0E+06 cfu/mL) of S. aureus. The SEs were secreted

in mid-exponential, post-exponential and stationary growth phases in

TSB and PC cultures of CBS2016-05 and PS/BAC/169/17/W as

shown in Figure S2.

After the initial assessment and confirmation of SE production in

PCs by Western blotting, semi-quantitative sandwich dot-ELISA

assays were performed to determine the analytical sensitivity of SEs

in contaminated PC samples collected at different time points. The

results of the immune-dot assays revealed time-dependent SE pro-

duction. No SEs were detected at 0 or 24 h of PC incubation when S.

aureus concentration was approximately 1.0E+02 cfu/mL (Figure 3).

SE detection was apparent at 30 h of PC incubation when bacterial

counts had reached approximately 1.0E+04 cfu/mL (Figure 3). Inten-

sity of the dots increased with time and bacterial concentration indi-

cating greater SE concentration at 120 h of PC storage when the

bacterial concentration was approximately 1.0E+07 cfu/mL (Figure 3).

Dots observed at 32 h of PC incubation and beyond were similar or

darker than the dot of the positive control (0.1 μg of SEG) indicating

that SE concentration in the PCs was ≥0.2 μg/mL (calculated based

on 0.5 mL PCs blotted on the membranes).

DISCUSSION

Detection of PC contaminated with S. aureus is sometimes challenging

with automated culture systems due to slow growth and ability to

form biofilms by this species during PC storage [1, 13]. The safety risk

of transfusing PCs contaminated with S. aureus is exacerbated by SE

production during PC storage as exemplified by several reports of

transfusion reactions with the detection of staphylococcal superanti-

gens in the transfused units [13, 14, 16]. Remarkably, we have

recently shown that SE production during PC storage enhances bio-

film formation and decreases growth of S. aureus [17], which is likely

linked to missed detection of this species with culture methods. We

have previously demonstrated that transfusion-relevant Serratia mar-

cescens strains form biofilms in PCs, resulting in decreased detection

by the BACT/ALERT automated culture system [23].

The results of this study show that SEs exhibit biomarker charac-

teristics for detection of S. aureus in PCs stored for 30 h. First, we

showed that different SE genes are present in the genomes of S.

aureus isolated from contaminated PC units. Findings by previous

studies have also shown that nearly 80% of methicillin-susceptible

-ve Ctrl 0 h 24 h 32 h

48 h 72 h 96 h 120 h +ve Ctrl

30 h(a)

-ve Ctrl 0 h 24 h 32 h

48 h 72 h 96 h 120 h +ve Ctrl

30 h(b)

PC incubation 
time (h)

Bacterial counts (CFU/mL)

S. aureus
CBS2016-05

S. aureus
PS/BAC/169/17/W

0 h

24 h

30 h

32 h

48 h

72 h

96 h

120 h

<1.0E+00

1.5E+02

1.1E+04

1.4E+04

1.8E+05

3.7E+05

1.6E+06

2.5E+07

<1.0E+00

2.0E+02

1.6E+04

1.8E+04

2.0E+05

3.9E+05

1.8E+06

2.8E+07

(c)

F I GU R E 3 Determination of the limit of detection of SEs in PCs by semi-quantitative sandwich dot-ELISA. Enterotoxins from Staphylococcus
aureus CBS2016-05 (a) and PS/BAC/169/17/W (b) were detected on samples collected at different times during PC incubation (c). Negative
control (�ve Ctrl) is non-spiked PCs and positive control (+ve Ctrl) corresponds to 0.1 μg of commercially obtained staphylococcal enterotoxin
SEG. (N = 2).
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S. aureus and >90% of methicillin-resistant S. aureus isolates secrete

several superantigen toxins [24, 25]. The wide distribution and high

sequence conservation of SEs in transfusion-relevant S. aureus isolates

endorse their nomination as indicators of the presence of this bacte-

rium in PCs. Second, we observed significant upregulation of SE gene

expression in PCs compared to TSB cultures in all S. aureus isolates,

corroborating the recommendation by the Food and Drug Administra-

tion (FDA) stating that ideal biomarkers must have increased expres-

sion in testing conditions [26]. Furthermore, the immunological

detection of SEs in stored PC cultures complies with the FDA require-

ment for ease of detection of toxins in biological fluids as an impor-

tant biomarker characteristic [26, 27].

Notably, we detected SEs from PC samples taken as early as 30 h

of storage when bacterial counts were approximately 1.0E+04 cfu/

mL, which is below the concentration that has been reported to be

clinically significant (1.0E+05 cfu/mL) [28]. This result also indicates

that SEs could be detected before culture results are obtained when

PCs are screened using a large volume delayed testing algorithm,

which requires PC sampling at ≥36 h post-blood collection [29, 30].

Recipients of PCs contaminated with S. aureus are at elevated risk of

sepsis as SE concentrations ≥0.2 μg/mL were detected after 32 h of

PC incubation, which are considerably higher than the 0.1 pg/mL con-

centration reported to cause toxin shocks in susceptible patients [31].

Hence, ideally, an immunoassay developed to detect SEs or other

staphylococcal exotoxins in PCs should have high sensitivity and be

able to detect lower levels of toxins earlier during PC storage. Others

have optimized detection of SEs using dot-ELISA assays in the range

of 32 pg/mL to 50 ng/mL [32, 33]. Our data provide a proof of princi-

ple of the importance of detecting SEs in PCs. Further complementary

studies are needed to expand detection of enterotoxins by other

S. aureus clinical isolates. Similarly, it would be interesting to optimize

detection of toxins secreted by other bacteria such as superantigens

produced by streptococci.

Exemplifying SEs secreted by S. aureus as potential biomarkers,

we introduce the idea of supplementing bacterial detection with

screening for bacterial toxins. Alternatively, toxin detection could also

be a stand-alone point-of-care strategy to detect toxins in PCs that

have been treated with PRT, as these methods have not been demon-

strated to inactivate endotoxins or other pyrogens [34]. It is not

known if whole blood derived PCs would contain bacterial toxins

secreted prior to PC manufacturing that could resist PR treatment.

Having a strategy to detect bacterial toxins in PCs will, therefore, fur-

ther decrease the residual safety risk of PCs that are either screened

with culture methods or pathogen reduced.

Investigating the presence of SEs is not common practice when

septic transfusion reactions involving S. aureus are reported [35–37].

Therefore, the applicability of the proof of concept developed in this

study is directly related to patient safety as it has been proven that

staphylococcal superantigens such as TSST-1, SEG and SEU have

been implicated in transfusion septic reactions [13, 14, 16]. It is recog-

nized that the positive impact of implementing this additional safety

measure cannot be quantified due to lack of data on the incidence of

enterotoxin production when septic transfusion reactions are

investigated. Patients receiving PCs contaminated with S. aureus

develop septic shock symptoms likely due to the secretion of exo-

toxins in PCs and adding bacterial toxin detection will supplement cur-

rent mitigation strategies to prevent transfusion of bacterially

contaminated PC units. It is, however, acknowledged that implement-

ing bacterial toxin detection should be feasible and efficient for blood

banks.
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Abstract

Background and Objectives: Two years after implementing a new national donor

vigilance system, the Danish Haemovigilance Committee conducted a nationwide

survey to evaluate the implementation among different staff groups. We present the

results here.

Materials and Methods: The study was designed as an anonymous online survey to

evaluate the satisfaction with the new registration, understanding of the parameters

used and the user-friendliness. The REDCap platform was used. The questionnaire

consisted of 22 questions. Ordinal variables were answered using five-point Likert

scale (1 = strongly disagree to 5 = strongly agree). The data were analysed using

descriptive statistics. Successful implementation was defined as mean overall satis-

faction ≥4 and mean understanding of the individual components (adverse reaction

category, severity and imputability) in the registration ≥4.

Results: In all, 104 staff members (77.9% donation staff) participated. The mean

(SD) overall satisfaction among all participants was 3.96 (0.94), highest among medi-

cal doctors (4.43 (0.78)) and lowest for administrative or other personnel (2.78

(1.09)). The mean scores for understanding the adverse reaction categories, severity

and imputability were 3.92 (0.94), 3.92 (0.94) and 3.88 (1.00), respectively. Experi-

ence with a previous donor vigilance system was associated with lower scores. The

most successful implementation programme included a medical doctor for introduc-

tion and a contact person.

Conclusion: The goal for successful implementation was not met. However, the over-

all attitude towards the new registration was positive and indicates that the system

is suitable for different staff groups. Our results suggest that implementation could

benefit from special attention to administrative staff and those accustomed to

another donor vigilance system.
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Highlights
• International standards for the categorization of adverse reactions and for their severity and

imputability were found to be easy for donation staff to apply.

• Implementation of a new donor vigilance system is more challenging when a donor vigilance

system is already in place.

• Implementation can be improved by an in-person introduction to the system and by having a

defined contact person.

INTRODUCTION

Denmark is divided into five healthcare regions. In each, a regional

blood establishment (BE) manages blood donation and registration of

donation-related adverse reactions in blood donors.

In January 2020, the Danish Haemovigilance Committee imple-

mented a new national donor vigilance system. The system was based

on three parameters: (1) adverse reaction categories as defined by the

ISBT; (2) severity as defined by the AABB; and (3) a modified version

of imputability levels adapted to donor vigilance by the ISBT [1].

In the new donor vigilance system, registration of donation-related

adverse reactions is performed on-site at the donation facilities in case

of immediate reactions or later in case of delayed reactions.

The registration is done directly in the blood bank IT system and

is a standardized code that includes a category number and a severity

and imputability score. It is registered in the donor’s donation chart,

as a separate entry under the corresponding donation. Staff members

can access previous registrations using donor id.

The staff member initially notified about the adverse reaction is

responsible for ensuring immediate and correct registration. There-

fore, donation staff and secretaries perform the majority of registra-

tions. More complicated or severe reactions can be passed on to the

attending physician for clinical assessment and subsequent registra-

tion of the adverse reaction. The Haemovigilance Committee provided

national guidelines that included definitions of the three parameters

used and examples of how to rate severity and imputability. This

was included in regional standing operating procedures, which staff

members had to sign off when read.

The regional BE annually provides the Haemovigilance Commit-

tee with data extraction using a predefined template. The committee

then prepares the national report.

Currently, two IT systems are used in the Danish BE. One region

uses Blodflödet and the remaining four, ProSang. In Blodflödet,

three separate entries are made during the registration, one for each

parameter. In ProSang, all three parameters are embedded in a single

three-digit code.

The ISBT definitions and AABB severity tool have already been

validated across different staff groups [2, 3], and users especially

found imputability hard to assess. However, participants were

predominantly senior staff members.

Following implementation of this new registration in Denmark,

the Haemovigilance Committee repeatedly received questions con-

cerning imputability ratings, in particular from staff at donation sites.

Therefore, to evaluate the success of the implementation and to

identify areas for improvement, a national survey was planned in

order to study both the user attitude towards the system and the fea-

sibility including user-friendliness of the system. The survey included

all staff members working with blood donors in any of the Danish

blood banks and blood collection sites, which enables us to investigate

potential differences among staff groups, different age groups and to

evaluate the potential differences between educational groups, age

groups among staff and to evaluate the different methods of imple-

mentation on a national level.

MATERIALS AND METHODS

Survey design

The survey principles by Dillmann et al. [4] and Schleyer and Forrest

[5] were followed, while the results were reported in accordance with

Eysenbach [6]. The survey design was a structured format comprising

a maximum of 22 questions, with adaptive questioning to reduce

complexity and volume for the participants. For staff members in the

Capital region, two follow-up questions were included due to a

different IT system than in the other four regions. Single and multiple-

choice questions were included with answer types assigned to

nominal, ordinal and ratio scales. Ordinal variables were answered

using five-point Likert scale (1 = strongly disagree to 5 = strongly

agree). The fully translated questionnaire is included in the Supple-

mentary Material. In the following, we present a brief overview.

The survey-landing page described the survey topics and length,

goals and provided information about data handling according to the

European General Data Protection Regulation (GDPR). The survey

was voluntary, non-incentivized and fully anonymous. Survey informa-

tion was not suitable to draw any conclusions to the participant, nor

were technical identifiers (IP address, or other) stored. To start the

survey, participants were required to give consent to their participa-

tion. The first survey section included demographical questions

related to the respondent’s age, gender, professional position, educa-

tional background, time of employment in a BE and healthcare region.

In the second section, participants were asked a series of questions

concerning the previous donor vigilance system and the implementa-

tion procedure of the new system. The third section addressed partici-

pant satisfaction with different aspects of the system including IT

solutions and the three parameters. The fourth section addressed the
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system’s user-friendliness and understanding both overall and for

each of the three parameters. The fifth and final section asked partici-

pants whether they were aware of different ways to add comments

or do follow up registration and whether they knew that data were

routinely published.

Successful implementation was defined from the point of view of

feasibility and user satisfaction as an overall satisfaction score of ≥4

and a score of ≥4 in understanding each of the three parameters.

Survey draft and validation

The Haemovigilance Committee drafted the questionnaire. Then,

—one or two staff members from each region were invited to

participate in a focus group meeting to inquire about: (1) the overall

perception and understanding of the donor vigilance system; (2) the

course of implementation; (3) expectations to results from the system;

and (4) others. The participants in the focus group meeting

unanimously commented that the survey should address the

following: (1) Are users familiar with the option to provide additional

comments if deemed relevant? (2) Do users omit registration due to

lack of routine or time? (3) Do users know that results are used to

improve donor safety and whether they know where to find more

information about the results? (4) Do the users understand how to

rate severity and imputability and are they satisfied with the guide-

lines? Item one through three were addressed in the survey’s fifth

section and item four in the fourth section as previously described in

Section 2.1.

These four points were included in a revised version of the ques-

tionnaire. We then asked the focus group to fill out the questionnaires

and provide their comments.

We received five responses. They commented on the use of

abbreviations and highlighted that questions addressing technical

issues in the IT system Blodflödet should be limited to participants

from the relevant region. Based on these comments, we revised the

questionnaire and asked a new group of staff members to test it and

provide their comments. We received nine responses in total from

three different regions, five include comments/suggestions and four

respondents had no comments.

The respondents reported that the questionnaire took between

5 and 10 min to complete, which we considered acceptable. Further-

more, they asked that the Danish translation of imputability be used.

Also, to add the possibility to reply if they themselves did not do the

actual registration. Finally, for a couple of multiple-choice questions,

they missed the opportunity to reply, “Do not know”.

Recruitment

The target group included BE staff members working with the new

donor vigilance system and included IT staff, secretaries, medical doc-

tors, nurses, phlebotomists and all other staff members in contact with

blood donors. The survey was administered between 01.04.2022 and

T AB L E 1 Presentation of the study cohort

Study cohort

Number

(percentage)

Sex

Female 99 (95.2)

Male 5 (4.8)

Age

20–29 8 (7.7)

30–39 18 (17.3)

40–49 31 (29.8)

50–59 23 (22.1)

>60 24 (23.1)

Education

Medical laboratory technologist 42 (41.3)

Nurse 42 (40.4)

Medical doctor 7 (6.7)

Othera 12 (11.5)

Position in the blood establishment

Donation staff 81 (77.9)

Medical doctor 7 (6.7)

Other 16 (15.4)

Time employed in the blood establishment

<1 year 13 (12.5)

1–3 years 13 (12.5)

3–5 years 9 (8.7)

>5 years 15 (14.4)

>10 years 54 (51.9)

Region

1 43 (41.3)

2 23 (22.1)

3 17 (16.3)

4 17 (16.3)

5 <5 (<4)

Response rate by region

1 61%

2 33%

3 57%

4 22%

5 29%

National response rate 40%

IT system

Blodflödet 43 (41.3)

ProSang 61 (58.7)

Previous donor vigilance system

Yes 66 (63.5)

No 8 (7.7)

Do not know 30 (28.8)

aIncludes administration, secretary, other health and non-health

background.
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30.04.2022 (01.05.2022–31.05.2022 in the Zeeland region) via

REDCap [7, 8]. REDCap is a freeware system approved for research

projects in the Capital Region by the Danish Data Protection Agency

(I-suite Nb. 05196).

Information about and a link to the survey was administered from

the Danish Society of Clinical Immunology to the Organization of

Transfusion Centers in Denmark (OTCD), who distributed the email to

their staff members. Reminder emails were sent 2 weeks before the

survey ended.

Data exclusion

The estimated target study population was 260 staff members. Only

completed questionnaires were included. Of 140 participants, 36 were

excluded due to missing data, defined as a questionnaire that had not

been fully completed. In total, the completion rate was 74%, and

104 participants were included in the analysis.

Statistical analysis

The main outcome variables of the survey were overall user satisfac-

tion, user-friendliness and understanding of the parameters. All out-

come variables mentioned can be assigned to ordinal scales.

Descriptive variables include nominal scales (gender, position, profes-

sional background, region, implementation and follow-up), ordinal

scales (five-point Likert scale for user satisfaction, friendliness, under-

standing and attitude) and ratio scales (age and time of employment in

BE). The percentage of respondents who chose each item was calcu-

lated. The descriptive data analysis was carried out using R studio.

Results are presented as mean and standard deviation (SD). Groups

with less than five individuals are either combined with other groups or

presented as <5. Data were analysed in R studio 2022.02.03 Build 492.

RESULTS

Details of the study cohort are given in Table 1. The regional distribu-

tion of participants largely follows the size and activity of the BEs,

with the highest number of participants coming from the two largest

regions. Regions with a larger geographical coverage and fewer cen-

tralized donation sites have lower participation. The sex distribution is

extremely skewed but is thought to reflect the gender composition of

BE staff.

From Table 2 it can be seen that the overall satisfaction on a scale

from 1 (very dissatisfied) to 5 (very satisfied) did not reach the goal of

a score of 4 or higher. However, all were still above the neutral value

of 3, thus in the positive part of the scale. Slightly surprising was the

fact that 12%–24% of the included 104 participants were not able to

T AB L E 2 Results from the survey presented as mean (SD)

Number (percentage)

of responses Mean (SD)

Percentage of

non-responders

Satisfaction with the new registration

Overall satisfaction 83 (79.8) 3.96 (0.94) 20.2

Satisfaction with the IT solution 79 (76.0) 4.05 (0.90) 24

Satisfaction with the construction of the

registration codes

91 (87.5) 3.76 (0.90) 12.5

Satisfaction with the three categories used (type

of complication, severity and imputability)

90 (86.5) 3.79 (0.83) 13.5

User-friendliness and understanding of the new registration

The new registration is easy to use 88 (84.6) 3.93 (1.05) 15.4

The new registration is not time-consuming 89 (85.6) 3.82 (1.09) 14.4

The adverse reaction categories are easy to use

and understand

88 (84.6) 3.92 (0.94) 15.4

The severity categories are easy to use and

understand

91 (87.5) 3.99 (0.91) 12.5

The imputability categories are easy to use and

understand

91 (87.5) 3.88 (1.00) 12.5

Did you know an annual donor vigilance report is published

Yes 54 (51.9) –

No 50 (48.1) –

Do you think the new registration will improve donation safety?

Yes 17 (16.3) –

No 42 (40.4) –

Do not know 45 (43.3) –
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give a score and instead replied “Do not know” (here named non-

responders). When looking deeper into the groups of non-responders,

we found that they had a higher percentage of participants replying

that they did not do the registration themselves compared with the

responders. For the satisfaction questions listed in Table 2, 14.3% of

non-responders versus 6.0% of responders had replied that they

themselves did not perform the registration. For user-friendliness, the

numbers were 25.0% versus 3.4%, respectively. No difference in

demographics between responders and non-responders was seen.

In the three specific questions addressing user-friendliness and

understanding of the adverse reaction categories, severity and imput-

ability, 10%, 5.5% and 11%, respectively, answered that they did not

find the parameters easy to use or understand. Of these, 70%–75% fur-

ther replied that this was because they did not understand the grading.

Despite the overall positive responses, only 16.3% believed that

the registration would improve donation safety and only half of the

participants knew that the Haemovigilance Committee publishes an

annual report.

When looking closer into the responses for overall satisfaction and

user-friendliness, we observed some interesting patterns (Table 3).

First, mean scores were higher among men and medical doctors. For

age and employment time in BB, the youngest and newest colleagues

were in general more positive towards the new system. Most interest-

ing was that non-donation/medical staff, that is, administrative person-

nel rated much lower than the other groups and below neutral. The

new registration had the largest impact on daily routine for Blodflödet

users and they had lower overall satisfaction as well as lower satisfac-

tion with the technical aspect of the registration compared with Pro-

Sang users (3.83 (1.05) vs. 4.18 (0.78)).

The method of introduction to the system seemed to have some

effect. While new standard of operations, newsletters or information

on the intranet did not seem to have an effect, introduction by a daily

leader, medical doctor or colleague did. Participants who responded

that they had an appointed medical doctor or leader as their primary

contact person also had improved satisfaction.

We proceeded to investigate regional variation and the effect of a

previous donor vigilance system (Table 4). The higher the percentage of

staff members who were acquainted with a previous registration in

their region, the lower the scores for the two main parameters. This

was not dependent on region, size, time of employment in the BE, IT

system or participant age. However, as previously observed, administra-

tive personnel had lower ratings (data not shown). This could indicate

that even though familiar with a previous system, performing “bed
side” registration in close collaboration with the donor improves the

experience compared with those who have simply changed from one

system to another without the clinical context.

To access the specific challenges in Blodflödet, where three

separate entries must be made per registration, a follow-up

question was included for Blodflödet users only. When asked to

estimate how often they registered all three parameters, 51%

replied “always” and 14% replied “always, if I find all three

relevant”, 7% registered more than 75% of the time, another 7%

registered it half of the time, 12% did not register themselves and

the remaining 9% replied “do not know”.

T AB L E 3 Responses stratified according to demographics

Overall
satisfaction
(n = 83)

Overall user-friendliness
and understanding
(n = 88)

Sex

Female 3.95 (0.95) 3.89 (1.05)

Male 4.20 (0.84) 4.75 (0.50)

Age group

20–29 4.00 (0.86) 4.13 (0.99)

30–39 4.33 (0.99) 3.88 (1.02)

40–49 3.81 (0.69) 3.85 (1.08)

50–59 3.74 (1.24) 4.05 (1.10)

>60 4.17 (0.86) 3.89 (1.08)

Time employed in BE

<1 year 4.00 (0.71) 4.09 (0.83)

1–3 years 4.17 (0.94) 4.25 (0.75)

3–5 years 4.33 (0.82) 4.33 (1.21)

>5 years 3.69 (1.18) 3.86 (1.03)

>10 years 3.93 (0.94) 3.78 (1.15)

Position

Donation staff 4.07 (0.82) 4.04 (0.96)

Medical doctor 4.43 (0.78) 4.50 (0.55)

Other 2.78 (1.09) 2.80 (1.23)

IT system

Blodflödet 3.75 (0.98) 3.53 (1.08)

ProSang 4.10 (0.90) 4.19 (0.95)

Introduction of the new system

New standard of operations

Yes 3.96 (0.83) 3.93 (1.03)

No 3.97 (1.13) 3.94 (1.09)

Introduction by daily leader

Yes 3.64 (1.15) 4.13 (0.99)

No 4.03 (0.89) 3.89 (1.06)

Introduction by medical doctor

Yes 4.00 (0.78) 4.15 (0.80)

No 3.96 (0.98) 3.89 (1.09)

Introduction by a colleague

Yes 4.08 (0.78) 3.82 (1.09)

No 3.92 (1.00) 3.98 (1.03)

No introduction

Yes 2.50 (0.71) 2.33 (0.58)

No 4.00 (0.92) 3.99 (1.02)

Designated contact person

Daily leader 4.00 (1.10) 4.06 (0.66)

Appointed medical doctor 4.20 (0.78) 4.43 (0.65)

Appointed colleague 3.90 (0.72) 3.68 (1.04)

Other 4.00 (1.26) 3.71 (1.25)

No 3.67 (1.05) 4.00 (1.32)

Do not know 4.09 (1.04) 3.67 (1.30)

Note: In total, 87 females and 5 males are included in the satisfaction
results and 84 females and 4 males in the user-friendliness and
understanding results. Results are presented as mean (SD).
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DISCUSSION

The overall attitude towards the new donor vigilance system in

Denmark is positive. Based on this survey, we did not meet our cri-

teria for a successful implementation, although we were extremely

close. However, if looking only at donation staff, our primary group of

interest, we did succeed.

The donor vigilance system in Denmark builds on validated, inter-

national standards. However, the ISBT and AABB validations were

limited to senior and academic staff. As the primary users in Denmark

are donation staff, the Danish Haemovigilance Committee wished to

evaluate their perception of the new system, both to identify areas

with a need for revision or better guidelines, and also in the interest

of colleagues elsewhere, who are in the process of implementing new

guidelines for donor vigilance.

Our results show that even though the system was implemented

during the COVID-19 pandemic, most staff members are positive

towards the system and its individual components. We initially antici-

pated that imputability would receive low ratings for user-friendliness

and understanding as this was the parameter that sparked the most

debate and questions. Nevertheless, even though the ratings were

marginally lower, they were still overall positive.

One of the main challenges of the implementation phase was to

design a system that could work in two very different IT systems. In

particular, the registration in Blodflödet was a concern, as the three

parameters (category, severity and imputability, respectively) had to

be registered with three separate entries, whereas the staff had previ-

ously been accustomed to a three-digit single entry. Given this, it is

not surprising that Blodflödet users have the lowest satisfaction

and find the new registration harder to use than ProSang users,

who were subject to very few changes in their daily registration

routine. As Denmark is preparing a national implementation of a

shared ProSang-based IT system, no further actions will be taken by

the Haemovigilance Committee on this matter.

The new system was differently implemented in all five regions.

Based on our results, an in-person presentation improved the user’s

experience and understanding, whereas a written guideline did not

seem to make a difference in how the users perceived and understood

the registration.

One concern is the low number of staff members who know that

donor vigilance data are compiled and published in an annual report. It

could be suspected that this is also one of the reasons why more than

40% did not believe that the new system will improve donation

safety. The Haemovigilance Committee is currently working on a

strategy to improve the information provided to our staff as well as

the possibilities to use the data in, for example, national campaigns to

reduce donation-related adverse reactions.

The main strength of our survey is the large number of responses

from donation staff. To our knowledge, this is the first time these

international standards have been evaluated by this staff group. How-

ever, the study also has some important limitations. First, for compari-

son, a higher number of medical doctors and administrative staff

should have been preferred. Second, in the design of the survey, the

option to answer, “Do not know” instead of a score does mean that

for some of the key questions, we have a high number of non-

responders. However, given that not all staff groups use the new reg-

istration in the same way, that is, some do not register themselves,

this was considered the best option. In addition, it also revealed that

some staff members do not consider themselves informed well

enough to answer, which also gives cause for reflection.

In total, 36 incomplete responses had to be excluded. As most

staff members do not have designated office times, they had to fill

out the questionnaire while working at the donation site with the risk

of being interrupted. We therefore expect that the incomplete

response reflects this, as the design of the survey did not give the

possibility to save and resume at another time point.

In conclusion, even though the implementation of the Danish donor

vigilance system did not meet our criteria for successful implementation,

staff members were predominantly positive towards the new registration

in terms of satisfaction, user-friendliness and understanding. Our results

show that international standards for adverse reaction categories, sever-

ity and imputability are suitable for most staff groups.
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T AB L E 4 Responses stratified by healthcare region and previous donor vigilance system.

Region 1 Region 2 Region 3 Region 4 Region 5

Previous registration

Yes 78.1 40 80 53.8 66.7

No 0 20 6.7 23.1 0

Do not know 21.9 40 13.3 23.1 33.3

Survey responses

Overall satisfaction 3.75 (0.98) 4.30 (1.03) 3.87 (0.74) 4.15 (0.69) 3.67 (1.53)

Overall user-friendliness 3.53 (1.08) 4.50 (0.802) 3.93 (1.10) 4.15 (0.801) 3.50 (1.29)

Note: Previous registration is presented as percentage and responses by mean (SD).
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Abstract

Background and Objectives: Monitoring genomic sequences of blood-borne viruses

infecting blood donors enables blood operators to undertake molecular epidemiol-

ogy, confirm transfusion transmission and assess and characterize molecular and

serological screening assays. The purpose of the study was to determine how blood

operators globally value viral diversity surveillance and to assess its impact.

Materials and Methods: An electronic questionnaire was developed and circulated

to members of the International Society of Blood Transfusion-transmitted infectious

diseases working party. Responses were compiled and complete data sets were

analysed.

Results: Ninety-seven percent of respondents agreed that monitoring viral genomic

sequences was important to blood operators and the transfusion community. How-

ever, only 47% of respondents are currently doing this monitoring. The main limita-

tions reported were a lack of financial resources and expertise. Sequencing

techniques, primarily next-generation sequencing and also Sanger sequencing, were

considered most appropriate, with the preferred option for testing being regional or

national reference centres. Respondents agreed that engagement with public health

authorities needs to be enhanced.

Conclusion: Monitoring genomic sequences of blood-borne viruses is widely consid-

ered important by the transfusion community because of its direct applications for

transfusion safety, and beyond for public health in general. Therefore, there is a need

to strengthen collaboration between blood operators and public health authorities.

While national and regional reference centres may be the most appropriate structure

for such testing, international collaborations should not be overlooked. Overcoming

financial barriers will be an important hurdle for many.

Keywords
diversity, public health, sequencing, transfusion safety, virus

Highlights
• Blood operators and the transfusion community favoured the implementation of monitoring

genomic sequences of blood-borne viruses.
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• Lack of financial resources and experienced staff are the main limitations.

• Enhanced collaboration between blood operators and public health authorities is needed.

INTRODUCTION

Rapid advances and continuous improvements in serology assays

and nucleic acid amplification testing (NAT) have reduced the risk of

transfusion-transmitted infectious diseases (TTIDs). In addition, the

introduction of molecular screening has stimulated the development

and use of increasingly sophisticated molecular methods to confirm

initial screening results. Concomitantly, the development of molecu-

lar biology has led to an unprecedented increase in the knowledge

of the genetics of TTIDs including viruses, and, in particular, their

diversity.

Differences in the nucleic acid sequences of a viral genome are

driven by genetic variability leading to phenotypic changes. This is the

result of various drivers, such as the natural history of viral infection,

high replication rates and host–pathogen interactions [1]. This can

occur through a range of mechanisms including the high intrinsic error

rate of the viral reverse transcriptases or the RNA-dependent RNA

polymerases, reassortment or template switching [2]. RNA viruses

tend to display greater amounts of genetic diversity than DNA viruses,

while diversity is higher in single-stranded compared with double-

stranded viruses [2, 3]. Viruses with a smaller genome also tend to

exhibit more genetic diversity than those with larger genomes [2, 4].

There is wide variability in the genetic diversity of blood-borne

viruses, such as the single-stranded RNA viruses, hepatitis C virus

(HCV) [5] and human immunodeficiency virus (HIV) [6], and the par-

tially double-stranded DNA virus, hepatitis B virus (HBV) [7, 8]. Based

on genetic diversity, viruses can be separated into genotypes and

eventually sub-genotypes. HIV-1 is broken down into four groups

(main [M], outlier [O], non-M [N] and P), with group M subdivided into

nine subtypes [9], while HCV is classified into at least eight genotypes,

each with several subtypes (over 80 in total) [10, 11], and HBV into

nine genotypes with subtypes identified in all genotypes except E and

G [12]. Inter-genotype genetic recombination, leading to new viral cir-

culating recombinant forms (CRFs), has also been documented for

HIV and HBV [13, 14].

Different methodological approaches are used to characterize

and monitor genomic sequences in viruses infecting blood donors and

eventually recipients. First, direct amplification of viral DNA or RNA

by nested (RT)-PCR methods is usually needed to generate viral ampli-

cons in sufficient quantity and length to obtain informative viral

sequences. It might be necessary to increase the amount of viral

nucleic acid template in the amplification reaction by increasing the

volume of plasma in the nucleic acid extraction procedure or by con-

centrating viral particles in the sample prior to extraction [15–17].

Whole or partial genome sequencing is then performed by standard

Sanger or next-generation sequencing (NGS) methods. Sanger

sequencing is based on the random incorporation of dideoxynucleo-

tides. NGS methods, however, allow for higher throughput,

automated sequencing. Non-sequencing approaches, such as strain-

specific nucleic acid tests or proteomics can also be used [18, 19].

Viral genetic characterization can be performed by blood transfusion

centres either in-house, using technologies adapted to local resources

and infrastructure, through regional or national reference centres, or,

via international collaborative networks.

The analysis of viral genomic sequences in blood donors can

have both direct and indirect impacts on transfusion safety. It may

shed light on nucleic acid and amino acid variations that can

reduce the performance of NAT or serological detection by alter-

ing primers/probes hybridization or antigenicity [20–22]. Genetic

polymorphism may also affect the natural history of infection and

negatively impact viraemia and antigenemia, which may challenge

the analytical sensitivity of detection assays [23]. Identification of

the molecular features responsible for detection failure has proven

essential to improve not only molecular and serological blood

screening tests but also both qualitative and quantitative viral

diagnosis. Monitoring viral genomic sequences can also allow

investigation of cross-reactive samples leading to false-positive

results, as shown in donors vaccinated against the Japanese

encephalitis virus and tested falsely reactive for West Nile virus

(WNV) RNA [24]. Characterization of TTIDs is essential for asses-

sing the transmissibility of (re)emerging viruses, and the effective-

ness of new screening strategies on the residual risk to blood

safety. However, in the absence of a recipient pre-transfusion

sample free of viral markers, a high genetic similarity of the viral

strains found in both donor and recipient is required to definitively

differentiate between transfusion transmission, reactivation of per-

sistent viral infection and iatrogenic infection, especially in highly

endemic areas [25]. In addition, molecular epidemiology is essential

for monitoring the constant genetic evolution of viruses that may

result in changes in genotype geographical distribution and the

emergence of inter-genotype CRFs and viral variants with potential

differences in their replicative and infectious properties, pathogeny

and sensitivity to antiviral treatments or vaccines [26–28]. Examin-

ing diversity in specific genes can provide insight into single or

multiple nucleotide polymorphisms associated with phenotypic

changes. For example, a single amino acid change to the WNV

NY99 genotype resulted in the development of the WN02 geno-

type, which had a shorter extrinsic incubation period leading to

rapid spread across the United States eventually displacing the

original NY99 strain [26, 29].

Monitoring the prevalence of viral variants in blood donors

appears to be important to assess the risk of transfusion transmis-

sion and future epidemiological changes in order to continuously

evaluate and improve the performance of screening tests to ensure

blood safety. Blood operators are in a unique position to enable

investigations for variants of transfusion-transmitted viruses.
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However, the place of this type of molecular investigation in the

blood transfusion field is still a matter of debate. An interactive ses-

sion focused on monitoring transfusion-transmitted virus diversity

was developed by the Virology subgroup of the International Society

of Blood Transfusion TTID Working Party (ISBT TTID WP) during

the 31st regional congress of the ISBT—ISBT in Focus!—in June

2021. Following on from widespread interest during and after this

session, the present study was conceived to understand how blood

operators globally value monitoring for viral diversity and assess the

potential impact of monitoring for viral diversity in the transfusion

and blood operator fields.

MATERIALS AND METHODS

A survey, which contained 19 questions, was developed to gather

data on the value of monitoring for viral diversity and its possible

impact on blood operators (see Data S1). The electronic link to the

survey was first sent to members of the ISBT TTID WP on 27 October

2021, with a reminder sent on 4 February 2022. No new responses

were accepted after 28 February 2022.

Response data were analysed, and basic graphs were generated

using the GraphPad Prism v9.4.1 software.

RESULTS

Thirty-two questionnaires were received that contained sufficient

data to be analysed. Twenty-nine respondents provided information

about the World Health Organization (WHO) income classification of

their country, with 13 (45%), 10 (35%) and 6 (21%) classified as high,

middle, and low income, respectively. Of all respondents, 11 (34%)

identified themselves as blood service/operator, 7 (22%) as transfu-

sion medicine laboratory, 9 (28%) as both transfusion medicine and

blood service/operator, 4 (13%) as other (including virology research

laboratory, reference laboratory, industry and medical practitioner)

and 1 (3%) did not provide the information. Among the 28 respondents

whose activities are related to blood donation qualification, prepara-

tion and distribution of blood products as well as post-donation

expertise, 46%, 14% and 29% were from national, regional and local

organizations, respectively (Table 1). One (4%) was from a regional

(blood screening)/national (reference laboratory) hybrid structure, and

no information was provided for two (7%). National organizations

were more frequent in high-income countries (80%) compared to

middle- (33%) and low-income countries (50%). There was no differ-

ence between middle- and low-income countries with local organiza-

tions accounting for 44%–50% (data not shown). Four respondents

had activities not linked to blood donations.

T AB L E 1 Organizational status of 28 respondents with blood transfusion activities.a

Status
Blood services/
operators

Transfusion
medicine
laboratories

Blood services/
operators + transfusion
medicine laboratories

Reference
laboratory Total (%)

National 6 5 1 1 13 (46.4%)

Regional 1 – 3 – 4 (14.3%)

Local 3 1 4 – 8 (28.6%)

Otherb 1 – – – 1 (3.6%)

NAc – 1 1 – 2 (7.1%)

aExcluding four respondents identified as virology research laboratory, industry, medical practitioner or without identification.
bHybrid regional (blood screening)/national (reference laboratory) structure.
cNot available (information not provided by the respondent).

T AB L E 2 Estimating the potential impact of viral diversity monitoring on blood service/operator policy and public health activities.

Participants WHO national income classification

Impact estimation
Total
(n = 32)

Monitoring viral
diversity (n = 15)

Not monitoring viral
diversity (n = 17)

Low
(n = 6)

Medium
(n = 10)

High
(n = 13)

NA
(n = 3)

Blood service/operator policy

Yes 12 (37%) 7 (47%) 5 (29%) 5 (83%) 3 (30%) 3 (23%) 1 (33%)

Maybe 15 (47%) 5 (33%) 10 (59%) 1 (17%) 4 (40%) 9 (69%) 1 (33%)

No 5 (16%) 3 (20%) 2 (12%) – 3 (30%) 1 (8%) 1 (33%)

Public health activities

Yes 16 (50%) 7 (47%) 9 (53%) 6 (100%) 5 (50%) 3 (23%) 2 (67%)

Maybe 11 (34%) 6 (40%) 5 (29%) – 4 (40%) 6 (46%) 1 (33%)

No 5 (16%) 2 (13%) 3 (18%) – 1 (10%) 4 (31%) –

Abbreviations: NA, information not provided; WHO, World Health Organization.
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Thirty-one participants (97%) indicated that monitoring for viral

diversity in blood donors is important. Only one participant from a ref-

erence laboratory in a high-income country indicated that this was

not important but acknowledged that monitoring viral diversity was

still relevant to public health. Most participants (84%) estimated that

monitoring viral diversity had or could have an impact on both blood

service/operator policy and public health activities, particularly in low-

and middle-income settings (Table 2). Irrespective of whether viral

diversity monitoring was performed, 69% (22/32) of participants

stated that national or local blood services/operators were involved in

informing and/or developing the public health strategy, and 64%

(18/28 reporting) considered this contribution important in their

respective countries regardless of national income classification. How-

ever, 97% of responders still highlighted the need for improved

engagement between blood operators and public health authorities.

Participants noted a range of benefits from monitoring viral diver-

sity, including identification and monitoring of viral variants that may

compromise the performance of molecular and serological screening

tests, surveillance of circulating viral strains evading therapeutic and

immunoprophylactic treatments, investigation of TTID, monitoring

national and/or international molecular epidemiology, and improving

knowledge of the natural history of infections (Figure 1). A similar

importance was attributed to these different benefits, with the excep-

tion of the last. However, just under half of the participants (47%,

n = 15) reported that they currently monitor viral diversity, with 40%

(6/15) indicating that this monitoring was conducted in a national/

regional reference centre, followed by 40% (6/15) in-house at the

local level. One participant reported the viral diversity to be moni-

tored both in-house and in a national/regional reference centre, and

the remaining two in a consortium of blood services and a public

F I GU R E 1 Perceived benefits of monitoring viral diversity. Participants ranked benefits from 1 (not relevant) to 5 (high importance). Columns
represent means, with error bars showing standard deviations. TTID, transfusion-transmitted infectious disease.

F I GU R E 2 Number (a) and types of viruses (b) reported by 15 participants who monitor viral diversity.
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health institute. Of those 15 responders, monitoring 4 or more viruses

was the most common approach (54%), followed by monitoring for a

single virus (20%) (Figure 2a). HBV genetic diversity was monitored by

the majority of participants (80%), followed by HCV and HIV (73%),

then HEV (47%) (Figure 2b). Sanger sequencing and NGS were the

methods used by 60% (9/15) and 47% (7/15) of respondents, respec-

tively, including two respondents reporting the use of both methods

(Figure 3). One participant reported using non-sequencing molecular

methods (e.g., genotype-specific nucleic acid tests). NGS was used

exclusively in national/regional reference centres or public health

institutes, whereas Sanger sequencing was mainly used in-house

locally. Although the use of NGS was limited to high- and middle-

income countries, there was no significant difference overall com-

pared with the use of Sanger sequencing that was also used in three

low-income settings (data not shown). Of 14 respondents interested

in implementing viral diversity monitoring, 9 (65%), 2 (14%), 2 (14%)

and 1 (7%) preferred NGS, Sanger sequencing, non-sequencing molec-

ular methods and serotyping, respectively (Figure 3).

Overall, the main limitations to implementing viral diversity moni-

toring were reported to be financial, followed by inadequate infra-

structures, and lack of political support (Figure 4). When examining

the responses in relation to the WHO national income classification,

financial resources and inadequate infrastructures were the main limi-

tations for those categorized as low- or middle-income (data not

shown). While financial reasons were still the main limitation for high-

income countries, lack of qualified staff and lack of expertise were

also key limitations. Various operational models for monitoring viral

diversity with viruses were proposed, with 54% of responses

F I GU R E 3 Methods to monitor viral diversity in blood donors currently used (grey bars) or wishing to be used (white bars) by 15
and 14 participants, respectively. *Two participants reported to use both sequencing (Sanger and NGS) and non-sequencing methods.
NGS, next-generation sequencing.

F I GU R E 4 Limitations to implementing viral diversity monitoring. Participants ranked benefits from 1 (not relevant) to 5 (high importance).
Columns represent means, with error bars showing standard deviations.
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favouring the use of regional or national reference centres (Table 3).

Although developing an international collaborative network was the

next most frequent response (24%), no responder classified as low by

the WHO national income classification favoured this option. The

development of suitable in-house testing based on local resources

was also on the radar of 17% of participants.

DISCUSSION

Blood safety is directly challenged by the continuous, and mostly

unpredictable, emergence of new viruses (e.g., SARS-CoV-2) and vari-

ants of well-characterized viruses that are not limited to those viruses

known to be highly variable (e.g., parvovirus B19). Indeed, viral vari-

ants have been repeatedly identified in blood donors in recent years

[28, 30–32]. Therefore, monitoring viral genomic sequences appears

clearly an important initiative for blood operators as agreed by 97% of

participants to the present survey. This figure may be biased by the

number of participants in the present survey (n = 32) who may repre-

sent primarily individuals already actively involved in viral genetic sur-

veillance and may constitute a limitation of the study. However, only

slightly less than half of the respondents (47%) indicated that they

were currently monitoring viral genomic sequences. An imbalance

between participants from countries with different resource levels

could also introduce a bias. Although the majority (45%) of respon-

dents were from countries classified as high income, countries classi-

fied as middle (35%) and low (21%) income were also represented.

The reasons for the limited monitoring of viral genomic sequences

appear to be primarily the lack of financial resources, irrespective of

income classification. Limited financial resources result in a lack of

adequate infrastructure, and limited access to advanced technologies,

but possibly also the lack of qualified staff. Viral genetic monitoring

and characterization require a sufficient number of qualified, trained

and competent staff. It might be particularly challenging for blood

operators to establish training programmes and develop valorization

measures to retain experienced staff [32]. Expertise in viral genetics

was also reported as a key limiting factor, suggesting that efforts

should be made to more actively involve clinicians and researchers

with expertise in molecular virology, epidemiology and infectious

diseases in the blood transfusion field. Ultimately, the development of

methods for monitoring viral genomic sequences will depend heavily

on political will to allocate the necessary resources, as participants

indicated.

Different methods exist for monitoring viral genomic sequences.

Genotype-specific (RT)-PCR amplification is a relatively inexpensive

approach that does not require very advanced technology. However,

the level of information provided remains limited. Sanger sequencing

of PCR amplicons of full-length or partial viral genomes directly or

after cloning remains a method of choice to characterize viral diver-

sity. NGS is becoming an attractive alternative for 47% of participants.

Compared to Sanger sequencing, NGS can identify a greater diversity

of variants and provide the information to enable the broader compar-

ison of genetic relationships in a population of viruses [33]. However,

NGS requires costly sophisticated equipment, not only for sequencing

itself but also for sample preparation and expensive maintenance. The

development of portable third-generation sequencing, based on nano-

pore technology, is a promising alternative, which applies long-read

single-molecule sequencing directly to amplified whole viral genomes,

allowing also for the direct identification of recombination events

within and between virus species [34]. This technology has been rap-

idly implemented successfully in complicated clinical situations to pro-

vide rapid viral genome consensus sequencing from field-collected

samples in resource-limited settings [35]. However, genomic data

analysis is complex and may require additional bioinformatics

resources and staff training, regardless of the NGS methodology used

[36]. Despite these limitations, NGS-based approaches may offer a

greater level of data enrichment that may allow for more substantial

analyses [18]. Ultimately, the choice of methodological approach will

depend on the type of infrastructure available.

Various operational models have been proposed for monitoring

viral genomic sequences, ranging from in-house to national and

regional reference centres. The majority of participants favoured the

use of regional or national reference centres, which present the

advantage of re-grouping resources and expertise, and potentially

allow for the implementation of the most advanced technologies.

However, this option requires initially expensive infrastructure, ade-

quate centralized management and a strong political will to provide

financial resources over the long term. Small local facilities may be

T AB L E 3 Best-fit model of viral diversity monitoring based on replies from 28 participants, with blood transfusion activities,a stratified
according to WHO national income classification.

WHO national income classification

Models Low (n = 6) Medium (n = 10) High (n = 12) Total (n = 28)

Regional/national reference centre 4 (67%) 4 (40%) 7 (58%) 15 (54%)

In-house local resources 2 (33%) 2 (20%) 1 (8%) 5 (18%)

International collaborative network – 4 (40%) 2 (17%) 6 (21%)

Otherb – – 2 (17%) 2 (7%)

Abbreviation: WHO, World Health Organization.
aExcluding four respondents identified as virology research laboratory, industry, medical practitioner or without identification.
bIncluding collaboration with local research groups or different models used to address different questions.
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more affordable when combined with the use of less sophisticated

but nonetheless valuable sequencing facilities, particularly in

resource-limited settings that may face practical difficulties in trans-

porting samples to centralized sequencing facilities. The establishment

of international collaborations to pool resources and expertise can be

an interesting approach. Collaborative networks such as those devel-

oped within the ISBT TTID WP have proven to be effective in sharing

knowledge, providing practical training and securing national and

international funding. However, only 21% of participants, mainly from

middle-income settings, favoured this option. Although limited in

number, no participant from a low-resource region chose this option.

The reasons why are unclear but may be related to difficulties in sam-

ple transport and delays in getting information back, local regulations

or concerns around being too dependent on other organizations.

Although analysing donor viral sequences has many applications, there

are limitations to relying only on such sequences, and future studies

should utilize viral sequences from donors and the general population.

Ultimately, the approach used will depend on individual settings or

regional circumstances.

It is clear that blood operators and public health are inherently

linked. The present survey showed that there is a dominant feeling

among blood operators that collaboration between the two needs to

be improved. Efforts should be made to break down any silos

between the two. It would be interesting to hear from public health

actors about this question. Nevertheless, blood operators often have

national coverage, have access to specimens from a healthy subset of

the population and have experience undertaking large-scale donor

surveillance using the most sensitive methods available [37]. The role

of blood operators as members of the one-health community became

evident with the SARS-CoV-2 pandemic, which saw blood operators

undertake large seroprevalence studies to inform public health policy

[38]. Moreover, blood donor viral sequences have informed various

public health initiatives [39, 40]. In front of the globalization of human

and animal population travel, human activities with increased risk of

zoonotic infections, and the environmental changes leading to the

geographical expansion of viral vectors, blood operators and the

transfusion medicine community should be prepared to actively

engage in surveillance of emerging viral infections as a major actor in

public health and in order to ensure optimal blood safety.

In conclusion, monitoring for genetic diversity of blood-borne

viruses appears important given the many applications for blood

safety and global public health. It is important for enhanced collabora-

tion between blood operators and public health authorities to enable

the greatest benefits to be afforded. While national and regional

reference centres may provide the most suitable place for such

monitoring, international collaborations should not be overlooked.

Overcoming financial hurdles will be important. This review of prac-

tices inevitably leads to questions regarding the next steps that blood

operators and the transfusion medicine community can play in the

genetic characterization of blood-borne viruses. There are three core

options including (1) conceptualization of specific multi-regional stud-

ies to characterize blood-borne viruses identified in blood donors;

(2) development of networks to support the implementation of viral

molecular characterization, especially in limited-resourced settings;

and (3) creation of grant-writing teams to identify and compete for

research grants focused on this theme.
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Abstract

Background and Objectives: Transfusion-associated circulatory overload (TACO) is a

pulmonary transfusion complication and a leading cause of transfusion-related mor-

bidity and mortality. Volume overload and rising hydrostatic pressure as a conse-

quence of transfusion are seen as the central pathway leading to TACO. A possible

preventative measure for TACO could be the use of low-volume blood products like

volume-reduced lyophilized plasma. We hypothesize that volume-reduced lyophi-

lized plasma decreases circulatory overload leading to a reduced pulmonary capillary

pressure and can therefore be an effective strategy to prevent TACO.

Materials and Methods: A validated two-hit animal model in rats with heart failure

was used. Animals were randomized to receive 4 units of either solvent-detergent

pooled plasma (SDP) as control, standard volume lyophilized plasma (LP-S) or hyper-

oncotic volume-reduced lyophilized plasma (LP-VR). The primary outcome was the

difference between pre-transfusion and post-transfusion left ventricular end-

diastolic pressure (ΔLVEDP). Secondary outcomes included markers for acute lung

injury.

Results: LVEDP increased in all randomization groups following transfusion. The

greatest elevation was seen in the group receiving LP-VR (+11.9 mmHg [5.9–15.6]),

but there were no significant differences when compared to groups receiving either

LP-S (+6.3 mmHg [2.9–13.4], p = 0.29) or SDP (+7.7 mmHg [4.5–10.5], p = 0.55).

There were no significant differences in markers for acute lung injury, such as pulmo-

nary wet/dry weight ratios, lung histopathology scores or PaO2/FiO2 ratio between

the three groups.

Conclusion: Transfusion with hyperoncotic volume-reduced plasma did not attenu-

ate circulatory overload compared to standard volume plasma and was therefore not

an effective preventative strategy for TACO in this rat model.
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Highlights
• There was no significant difference in pulmonary capillary pressure between animals transfused

with volume-reduced plasma and animals transfused with a regular volume plasma product.

• Volume-reduced plasma was not effective in attenuating transfusion-associated circulatory

overload in this animal model.

• In contrast with what was expected, a volume-reduced hyperoncotic plasma product led to a

non-significant trend towards an increase in pulmonary capillary pressure.

INTRODUCTION

Transfusion-associated circulatory overload (TACO) is a pulmonary trans-

fusion complication [1]. TACO is still responsible for about one third of

transfusion-related deaths in spite of adopted transfusion practices [2–4].

The proposed pathophysiological mechanism of TACO is that a first hit,

like heart or renal failure, results in volume incompliance [5]. Subse-

quently, transfusion leads to a fluid overload in the vascular system, caus-

ing the pulmonary capillary pressure to rise and fluid to extravasate from

the capillaries into the lungs. This ultimately leads to pulmonary oedema

and respiratory distress. Although other factors like inflammatory pro-

cesses, glycocalyx injury, colloid osmotic pressure or storage lesion also

may play a role in the pathophysiology of TACO, volume overload and

increased hydrostatic pressure are seen as central features [6, 7].

Current preventative measures suggest reducing volume overload

by using restrictive transfusion thresholds, single-unit transfusions,

slow infusion rates and diuretics [8]. Considering volume overload in

TACO is a fundamental factor, use of volume-reduced transfusion

products could aid in preventing TACO.

Plasma transfusion has been identified as a risk factor for TACO in

previous studies [9, 10]. Plasma can be freeze-dried resulting in lyophi-

lized plasma. Lyophilized plasma in a standard volume has been used in

military and trauma situations, because of the logistical benefits

[11, 12]. It can, however, also be reconstituted in a smaller volume prior

to patient administration, resulting in a more concentrated, hyperonco-

tic volume-reduced product. Especially in patients with volume incom-

pliance and vulnerable for developing TACO, reduced volume

transfusion might be a strategy to prevent TACO. The aim of this study

was therefore to evaluate if concentrated volume-reduced lyophilized

plasma could reduce the increase in pulmonary capillary pressure during

transfusion compared to a standard volume plasma product.

MATERIALS AND METHODS

General information

Animal experiments were approved by the Dutch national committee for

animal experimentation (project licence number: AVD118002017814)

and executed according to the Animal Research Reporting of In Vivo

Experiments (ARRIVE) guidelines and local guidelines [13]. Animals were

housed in an animal housing facility and were kept on a 12-h light–dark

cycle. Animals were fed standard rat chow and water ad libitum. The

groups described here are part of a multi-armed randomized controlled

trial. The control group (solvent-detergent pooled plasma [SDP]) is the

same as previously published by our group. Results from this study includ-

ing a detailed methods section have been previously published [14].

Animal procedures

In brief, experiments were performed using adult male Wistar rats

weighing over 300 g. Animals were anaesthetised using 5% isoflurane

with 100% oxygen, followed by an intraperitoneal injection with a mix

of racemic ketamine (9 mg/100 g body weight), dexmedetomidine

(6.25 μg/100 g) and atropine (0.25 μg/100 g). Then, a continuous intra-

venous mix of racemic ketamine (50 mg/kg/h) and dexmedetomidine

(15 μg/kg/h) was administered through a tail vein cannula.

Animals were ventilated following a tracheotomy using a ventila-

tor (Babylog 3000, Dräger, Lübeck, Germany). The right carotid artery

was cannulated and a rat pressure–volume catheter (SPR-838, Millar,

Houston, TX, USA) was inserted into the left ventricle. The right jugu-

lar vein was cannulated for monitoring central venous pressure and

administration of fluids and transfusion products. The left carotid

artery was cannulated for monitoring mean arterial pressure (MAP)

and blood sampling for arterial blood gas analysis (RapidLab 500, Sie-

mens, Erlangen, Germany).

Isovolemic anaemia was established by the exchange of arterial

blood for a colloid solution (Tetraspan 6%, B. Braun, Melsungen,

Germany) with a target haematocrit of 30% (±2%). Heart failure was

induced by ligating the left anterior descending artery (LAD). The

myocardial infarct was confirmed using electrocardiogram monitoring

and visual inspection of the blanched myocardium. Animals were

allowed to stabilize for 30 min, after which a transfusion product was

administered. All animals received intravenous norepinephrine (2–

8 μg/h) starting before LAD ligation till the end of the experiment.

Animals were followed for 1 h and 30 min after start of transfusion,

after which they were exsanguinated.
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Experimental groups and donor products

In this study, within the multi-armed trial, animals were randomized to

receive either (1) lyophilized plasma (LyoPlas N-W [blood type AB],

Germany Red Cross Blood Service West, Hagen, Germany) either as

standard volume lyophilized plasma (LP-S) or (2) volume-reduced

lyophilized plasma (LP-VR) or (3) solvent-detergent pooled plasma

(SDP) (Omniplasma [blood type AB], Octapharma, Laachen,

Switzerland). SDP transfusion was used to control for a regular plasma

transfusion and LP-S transfusion controlled for possible differences

within the lyophilized product. The randomization was executed in

blocks, containing two interventions for each randomization group. A

single unit of lyophilized plasma was reconstituted in 100 ml of sterile

water (half of the recommended volume). From this hyperoncotic

solution, 50 ml was stored (LP-VR) while the other half was then

diluted to the recommended volume (LP-S). All products originated

from human donors. Animals were transfused with an equivalent to

4 units (4 ml of LP-S or SDP or 2 ml of LP-VR). Infusion speed was

kept equal in all groups at 8 ml per hour, as previous studies have

shown that differing transfusion speeds will confound results [15, 16].

The number of units transfused and the infusion speed have been pre-

viously tested and validated when this animal model was developed

[17]. Treatment allocation was blinded before administration. This

was not possible to maintain during transfusion and follow-up

because the LP-VR group received less volume in a shorter amount

of time.

Haemodynamic measurements

The primary outcome of this study was the difference between left

ventricular end-diastolic pressure (LVEDP) measured before and after

transfusion (ΔLVEDP). LVEDP is a surrogate marker for pulmonary

capillary pressure [18]. In the LP-S and SDP group, ΔLVEDP was cal-

culated by subtracting the pre-transfusion LVEDP value from the

post-transfusion measurement 30 min after start of transfusion. For

the LP-VR group, the post-transfusion measurement was 15 min after

start of transfusion. Haemodynamic data were recorded using Lab-

Chart (version 6.1, AD instruments, Oxford, UK). Blood conductivity

was measured using the volume-cuvette procedure. Parallel conduc-

tance was measured after hypertonic saline bolus injections. Calibra-

tion processes were performed according to previously published

protocols [19].

Sample processing and pathology

Secondary outcomes were markers of pulmonary injury. After exsangui-

nation, the right lung was harvested and the lobes were separated. The

right upper lobe was fixed in 4% formalin, processed into haematoxylin

and eosin–stained slides and scored by an experienced pathologist

blinded for intervention groups. Scores ranged from 0 to 3 based on

the presence and extensiveness of perivascular and intra-alveolar

oedema. The right lower lobe was dried in a dehumidifying stove at

37�C for 7 days and a lung wet/dry weight ratio was calculated.

In order to quantify the myocardial infarct size, the heart was

excised and perfused with Evans blue dye. Hearts were frozen, cut

transversely into 2-mm slices and counterstained with triphenyltetra-

zolium chloride. Slices were fixed in 4% formalin and scanned. The

percentage of infarcted myocardium was calculated using image anal-

ysis software (ImageJ 1.50i, National Institutes of Health, USA) [20].

Sample size calculation

The sample size for the complete multi-armed randomized controlled trial

was calculated based on the expected effects of SDP and Ringer’s lactate

[14]. We calculated a sample size of nine animals in each group would

have 80% power to detect a difference in means of ΔLVEDP

4.15 mmHg. Assuming that the common standard deviation is 2.8 using a

two-group t-test with a 0.05 two-sided significance level, one animal was

added (±10%) to each group to account for post-randomization mortality.

Statistical analysis

Animals that died or could not maintain a MAP >65 mmHg before the

transfusion intervention were excluded prior to randomization and

replaced. If animals dropped out after the measurement 30 min after

the start of transfusion, all haemodynamic data from these animals were

included for analysis. Secondary pulmonary outcomes were analysed

from animals that completed the whole experiment. Non-parametric

tests were used for all analyses because of non-normally distributed

data and small group sizes (n = 10). The Kruskal–Wallis test was used

when comparing three groups and the Mann–Whitney U test was used

for two-group comparisons. The Friedman test was used to test differ-

ences between timepoints within groups. All results are presented in

medians and interquartile ranges. A two-sided p-value <0.05 was con-

sidered as statistically significant. Data were analysed using R (Rstudio,

4.0.3) and figures were created using GraphPad Prism (v9.1.0).

RESULTS

Total fluid input was reduced in the LP-VR group

All baseline characteristics prior to randomization were similar

between groups (Table 1). Ten animals were randomized and success-

fully transfused in each group. The LP-S and LP-VR group both con-

tained one animal that died after randomization. Isovolemic dilution

was successful in all groups with an overall median haematocrit of

31% (30, 32) directly after dilution. At the end of the experiment, the

total fluid input was significantly lower in the LP-VR group (7.8 ml

[7.3, 8.5]) compared to the groups receiving LP-S or SDP (9.9 ml [9.4,

10.7] and 9.5 ml [9.2, 9.8], respectively, p < 0.001) due to the reduced

transfusion volume.

VOLUME-REDUCED PLASMA IN AN ANIMAL MODEL 187

 14230410, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13395 by N

at Prov Indonesia, W
iley O

nline L
ibrary on [26/02/2025]. 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



Transfusion with LP-VR did not decrease ΔLVEDP

LVEDP did not differ between groups pre-transfusion (median

5.1 mmHg [3.4, 6.6]) and increased significantly in all groups during

transfusion with a maximum at the end of the transfusion, p < 0.001,

p = 0.002 and p < 0.001 in groups receiving LP-S, LP-VR or SDP,

respectively (transfusion of LP-VR ending after 15 min vs. 30 min in

the SDP and LP-S groups). Post-transfusion LVEDP did not differ sig-

nificantly between groups when all groups were compared (p = 0.47,

Figure 1). ΔLVEDP was similar after 4 units of LP-S or SDP transfu-

sion, 6.3 mmHg (2.9, 13.4) and 7.7 mmHg (4.5, 10.5), respectively

(p = 0.60). There was a larger increase in ΔLVEDP after two units of

LP-VR transfusion, 11.9 mmHg (5.9, 15.6). However, this was not sig-

nificantly different from either the LP-S or the SDP group (p = 0.29 or

0.55, respectively). (Figure 2).

Post-transfusion haemodynamics were not
significantly different between groups

Baseline haemodynamic variables did not differ between groups

(Table 2). During transfusion, MAP increased significantly within all

groups (p = 0.002, p = 0.002 and p < 0.001 in groups receiving LP-S,

T AB L E 1 Pre-randomization descriptive characteristics

Characteristics LP-S, n = 10 (median, IQR) LP-VR, n = 10 (median, IQR) SDP, n = 10 (median, IQR)

Weight (g) 373 (362, 387) 355 (343, 365) 357 (331, 382)

Vent duration pre-transfusion (h) 2 h 05 min (1 h 45 min, 2 h 14 min) 1 h 50 min (1h 45 min, 1 h 59 min) 1 h 50 min (1 h 45 min, 1 h 59 min)

Fluid input pre-transfusion (ml)a 3.1 (3.0, 3.9) 3.0 (2.8, 3.7) 3.2 (2.9, 3.5)

Cardiac infarct size (%) 21 (18, 23) 22 (19, 24) 20 (19, 22)

pH 7.35 (7.33, 7.38) 7.37 (7.35, 7.39) 7.39 (7.35, 7.41)

Lactate (mmol/L) 3.2 (2.8, 3.8) 3.0 (2.6, 3.5) 2.7 (2.0, 3.1)

Hct (%) 36 (33, 39) 38 (36, 39) 36 (35, 39)

Abbreviations: Hct, haematocrit; IQR, interquartile range; LP-S, standard volume lyophilized plasma; LP-VR, volume-reduced lyophilized plasma; SDP,

solvent-detergent pooled plasma.
aFluid input was defined as all intravenously administrated fluids, but did not include volume used to achieve isovolemic anaemia, which was only used as

volume replacement.

F I GU R E 1 Left ventricular end-diastolic pressure (LVEDP) during transfusion. LVEDP values for all individual animals during transfusion
(dotted lines) and median values per group (bold lines). (a) Standard volume lyophilized plasma (n = 10), (b) volume-reduced lyophilized plasma

(n = 10) and (c) solvent-detergent pooled plasma (n = 10).

F I G U R E 2 Left ventricular end-diastolic pressure (ΔLVEDP).
Individual values for ΔLVEDP, boxplots display medians, interquartile
ranges and min/max values. Peri-transfusion ΔLVEDP values were
calculated as the post-transfusion LVEDP subtracted by the pre-
transfusion LVEDP. The post-transfusion measurement for the
standard volume lyophilized plasma (LP-S, n = 10) and solvent-
detergent pooled plasma (SDP, n = 10) group was 30 min after start
of transfusion, and for the volume-reduced lyophilized plasma (LP-VR,
n = 10) group, it was 15 min after start of transfusion.

188 BULLE ET AL.

 14230410, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13395 by N

at Prov Indonesia, W
iley O

nline L
ibrary on [26/02/2025]. 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



LP-VR or SDP, respectively). Heart rate increased significantly after

SDP (p < 0.001), but increases in groups receiving LP-S or LP-VR were

non-significant (p = 0.150 and 0.058, respectively). Hypertension and

tachycardia are cardiovascular symptoms in line with TACO’s diagnos-

tic criteria. There was no difference in either heart rate or MAP

between groups.

Reducing transfusion volume did not reduce
pulmonary oedema, histopathological pulmonary
injury or PaO2/FiO2 ratio

The median pulmonary wet/dry weight ratio was 4.52 (4.42, 4.56) in

the LP-S group, 4.52 (4.45, 4.80) in the LP-VR group and 4.59 (4.41,

4.75) in the SDP group (p = 0.685) (Figure 3). The median pathology

scores for pulmonary injury were 2.0 (2.0, 2.0), 1.0 (1.0, 2.0) and 1.0

(1.0, 1.75) for the group receiving LP-S, LP-VR and SDP, respectively

T AB L E 2 Peri-transfusion haemodynamics

Pre-transfusion LP-S, n = 10 (median, IQR) LP-VR, n = 10 (median, IQR) SDP, n = 10 (median, IQR)

Heart rate (bpm) 305 (280, 330) 280 (265, 317) 297 (277, 334)

MAP (mmHg) 75 (69, 87) 73 (69, 80) 77 (71, 81)

CVP (mmHg) 1.4 (0.8, 2.0) 1.4 (1.0, 2.0) 1.8 (1.2, 3.1)

LVEDP (mmHg) 5.3 (4.7, 6.2) 4.7 (3.5, 8.1) 5.1 (3.0, 6.7)

Cardiac output (ml/min) 17 (14, 24) 19 (15, 22) 20 (16, 30)

15 min after start of transfusion

Heart rate (bpm) 311 (280, 340) 285 (277, 302) 304 (290, 352)

MAP (mmHg) 105 (81, 118) 109 (95, 127) 121 (102, 133)

CVP (mmHg) NA 3.0 (2.5–4.0) NA

LVEDP (mmHg) 8.2 (6.3, 9.3) 17.8 (12.1, 19.0) 9.4 (4.6, 14.9)

Cardiac output (ml/min) 20 (16, 26) 24 (19, 30) 27 (23, 33)

30 min after start of transfusion

Heart rate (bpm) 333 (284, 339) 346 (311, 375)

MAP (mmHg) 132 (90, 142) 126 (112, 147)

CVP (mmHg) 1.5 (1.0, 2.4) 1.5 (1.1, 2.0)

LVEDP (mmHg) 10.4 (7.8, 18.8) 13.3 (9.5, 23.3)

Cardiac output (ml/min) 19 (16, 24) 25 (16, 31)

Abbreviations: bpm, beats per minute; CVP, central venous pressure; IQR, interquartile range; LP-S, standard volume lyophilized plasma; LP-VR, volume-

reduced lyophilized plasma; LVEDP, left ventricular end-diastolic pressure; MAP, mean arterial pressure; NA, not applicable; SDP, solvent-detergent pooled

plasma.

F I GU R E 3 Pulmonary wet/dry weight ratio. Individual values for
lung wet/dry weight ratio, boxplots display medians, interquartile
ranges and min/max values. LP-S, standard volume lyophilized plasma
(n = 9); LP-VR, volume-reduced lyophilized plasma (n = 9); SDP,
solvent-detergent pooled plasma (n = 10).

F I G U R E 4 PaO2/FiO2 ratio (P/F ratio). Individual values for
PaO2/FiO2 ratio during transfusion and follow-up; black lines display
medians and interquartile ranges. LP-S, standard volume lyophilized
plasma (n = 9); LP-VR, volume-reduced lyophilized plasma (n = 9);
SDP, solvent-detergent pooled plasma (n = 10).
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(p = 0.072). PaO2/FiO2 ratios for the baseline, pre-transfusion, post-

transfusion and 1-h follow-up did not differ between groups. They are

displayed in Figure 4. At termination, the PaO2/FiO2 ratio was

400 mmHg (390, 440) in the LP-S group, 453 mmHg (424, 473) in the

LP-VR group and 383 mmHg (375, 417) in the SDP group (p = 0.155).

DISCUSSION

Volume overload is seen as a central pathway in the development of

TACO; therefore, we hypothesized that concentrated volume-reduced

lyophilized plasma would reduce pulmonary capillary pressure and

could help preventing TACO. However, our results do not show a

reduction in pulmonary capillary pressure after transfusion with LP-

VR compared to regular volume plasma products like LP-S or SDP.

Also, there was no effect from volume-reduced plasma on pulmonary

injury.

Previously, our group developed a two-hit animal model to study

the underlying pathophysiology of TACO [17]. In the present experi-

ment, this model was used to study the effect of a volume-reduced

plasma product on the development of TACO. Our model was exe-

cuted successfully as hydrostatic pulmonary capillary pressure

(ΔLVEDP) was previously shown to increase significantly in the trans-

fusion groups compared to crystalloid fluids [14]. Also, ΔLVEDP was

greater than 4 mmHg in all groups receiving plasma products, which

was the predefined threshold for clinical relevance [15]. Most impor-

tantly, the volume reduction of the LP-VR product led to a signifi-

cantly reduced total fluid input in that group. There were no

significant differences found between groups receiving LP-S or SDP,

indicating that the lyophilized plasma product by itself does not affect

TACO development in this animal model.

Interestingly, no differences were found in pulmonary capillary

pressure between the three different transfusion products. Although

the LP-VR group had a significantly lower volume administered com-

pared to the other groups, this did not lead to a decrease in ΔLVEDP.

These results suggest that TACO is more complex than originally

thought and that volume overload alone is not the most important

factor in rising pulmonary capillary pressure after plasma transfusion

in this model. LP-VR is hyperoncotic and therefore able to increase

the intravascular colloid osmotic pressure, preventing extravasation of

fluids and possibly recruiting volume from the extravascular compart-

ment [21, 22]. While volume recruitment was not an unexpected

effect of hyperoncotic LP-VR, the equivalent increase in pulmonary

capillary pressure following a low-volume product was. Previous

in vitro experiments suggested a minimal volume recruitment, how-

ever, previous animal experiments support the observation that col-

loid osmotic pressure might be involved in rising pulmonary capillary

pressure [14, 21]. However, it is unlikely that colloid osmotic pres-

sure alone is responsible for the development of TACO, since we

have shown previously a rise in pulmonary capillary pressure after

transfusion of red blood cell products and these have a low colloid

osmotic pressure [17, 21]. In these cell-containing products, storage

lesion could lead to NO scavenging substances, which causes vaso-

constriction and rising pulmonary capillary pressure [23]. Other

mechanisms that might be involved in TACO development are

inflammation and damage of the glycocalyx as a result of the trans-

fusion, however, this needs to be investigated further [6, 7, 24].

Important criteria for TACO are either respiratory compromise or

pulmonary oedema [1]. In the present study, we did not find signifi-

cant differences between groups in any of the markers for acute lung

injury, that we measured. An observation that was also seen in previ-

ous experiments with this model, where there was no significant

increase of pulmonary injury after transfusion [14, 17]. Because there

is no additional pulmonary injury, LP-VR cannot reduce it. This

absence of transfusion-related pulmonary injury could possibly be

explained by the fact that LVEDP does not increase enough to start

extravasation of fluids and cause hydrostatic pulmonary oedema. A

study in dogs showed that a minimum left atrial pressure of 24 mmHg

was required to develop pulmonary oedema [25]. This threshold

decreased when the plasma protein concentration was reduced. How-

ever, in our experiment we administered plasma proteins, and in the

LP-VR group, this was a concentrated hyperoncotic plasma product.

This could have possibly raised the pressure threshold for fluid extrav-

asation and prevented pulmonary oedema formation in the LP-VR

group, despite a higher LVEDP.

There were some limitations to this study. First, this experiment

was part of a multi-armed randomized controlled trial and was not

specifically powered to review the effects of low-volume lyophilized

plasma. However, since results show a trend towards a harmful effect

from the volume-reduced plasma product on pulmonary capillary

pressure, it seems highly unlikely that a beneficial effect would have

been found in a larger sample size. Second, this experiment was per-

formed with animals that were young and healthy aside from an

induced acute myocardial infarction. This situation is not completely

translatable from the clinical situation, where TACO patients are more

often older with different comorbidities, like renal failure or other

chronic cardiovascular problems [3, 5, 9]. Moreover, the fact that

these animals did not have an impaired kidney function could contrib-

ute to their ability to process fluids and reduce the benefits of a low-

volume transfusion product. Also, we transfused human plasma prod-

ucts in rats. This had the advantage that we could study different

plasma products that are not available from rat donors like SDP. On

the other hand, the use of cross species blood products could lead to

a less translatable model. However, human plasma products have

been successfully transfused in animal experiments using rats or

mice in several other studies [26, 27]. Lastly, as mentioned before,

this experimental model lacks pulmonary oedema or respiratory dis-

tress, which is the primary clinical symptom of TACO. This was also

seen in previous experiments with red blood cells and other plasma

products [14, 17]. The model is very suitable for researching

changes in pulmonary capillary pressure after transfusion, but the

absence of lung injury and oedema limits the possibility to research

pathways leading to TACO-like inflammation or storage lesion of

blood products [23, 24, 28].
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Our study showed no effect on pulmonary capillary pressure

from a volume-reduced lyophilized plasma product. We could not

research the effect on pulmonary oedema, due to an absence of pul-

monary oedema caused by plasma transfusion. Future studies should

focus on examining the effect of volume-reduced plasma in a model

with pulmonary oedema but should also explore other possible pre-

ventative strategies for TACO after plasma transfusion. For example,

alternative products for plasma transfusion like prothrombin com-

plex concentrates have been shown to be superior to plasma to

restore coagulation [29]. This product and other alternative products

could be tested to review their effect on pulmonary capillary pres-

sure and their capability to be an effective preventative strategy

for TACO. In conclusion, we wanted to investigate if volume-

reduced lyophilized plasma could reduce volume overload and atten-

uate TACO. In this randomized experimental study in a two-hit rat

model, pulmonary capillary pressure increased in all groups during

transfusion. A hyperoncotic volume-reduced lyophilized plasma

product did not have a beneficial effect but resulted in a trend of

larger increase in pulmonary capillary pressure. These data suggest

that a volume-reduced plasma product did not attenuate pulmonary

capillary pressure required to develop circulatory overload and was

therefore not an effective preventative strategy for TACO in this

animal model. More research is required to obtain insights into the

TACO pathophysiology, in order to identify targetable pathways for

preventing TACO.
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COMMEN TAR Y

Haemovigilance: Giving it our best SHOT!

INTRODUCTION

In 2022, the United Kingdom’s Serious Hazards of Transfusion

(SHOT) programme celebrated its 25th anniversary [1]. SHOT is

not the first haemovigilance system internationally (the first

national programme was established in Japan in 1993), but it is one

of the best known and most influential. In this Commentary, we

summarize some of SHOT’s achievements and consider what

we can all learn from their experience and findings that will help us

into the future.

Different definitions of haemovigilance exist, but all capture its

broad scope (incorporating blood donor, product and transfusion

recipient issues), its centrality to quality management and the impor-

tance of the systematic collection, analysis and reporting of robust

data to improve blood systems, clinical practice and donor and patient

outcomes [2, 3].

Haemovigilance itself has evolved from an initial focus on

transfusion-transmitted infections (particularly HIV and hepatitis),

which was the impetus for establishment of haemovigilance pro-

grammes in many parts of the world, to a much broader approach, as

health systems have evolved over recent decades, and in response to

lessons learned from haemovigilance itself. Haemovigilance links

closely with national blood policy development, with patient blood

management and with changes in blood product manufacturing. It also

serves as a foundation for research efforts by identifying areas of

unmet need and as a mechanism to measure the effects of changes as

they are introduced [4].

Many gaps and challenges still exist. For example, evidence-

based or consensus definitions for some important complications

of donation or transfusion are still lacking or do not align well with

the clinical picture—such as for some post-transfusion cardiopul-

monary reactions. Frequently, data are incomplete or denomina-

tors unavailable, limiting analysis and comparison over time and

between systems. Most haemovigilance systems struggle with

availability of sufficient resources (people, tools and systems) to do

their work effectively. Recommendations are often not taken up

into policy or implemented into practice.

In this context, it is worth briefly examining some of SHOT’s

achievements, and what we can all learn, from SHOT’s experience.

Firstly, let us consider some key elements of governance and

structure.

INDEPENDENCE AND PROFESSIONAL
LEADERSHIP

SHOT’s professional independence enables it to conduct its

activities and provide its reports freely and impartially. There is a

demonstrated commitment to openness, transparency and reporting

of findings, while not identifying or blaming individuals or organiza-

tions. Participation is high (see below) and is now professionally

mandated. SHOT is affiliated to the UK Royal College of Pathologists

(RCPath) and has established links with the UK Health Security

Agency Epidemiology Unit (for transfusion-transmitted infection

reporting and analysis) and the Medicines and Healthcare products

Regulatory Agency (regarding product-focused safety issues). SHOT

is managed by a small multidisciplinary team and supported by a

wider expert group (see below). There are clear operational and

reporting lines, and the programme has recruited (and retained) staff

with relevant experience, including from both hospital and blood

centre backgrounds and with data management expertise. Sustained

funding from the four UK blood services (National Health Service

Blood and Transplant [NHSBT, England], Northern Ireland Blood

Transfusion Service, Scottish National Blood Transfusion Service

and the Welsh Blood Service) has been secured. Some administrative

functions are handled by NHSBT, permitting the SHOT team to

focus on core activities.

SHARING EXPERTISE AND VIEWS AROUND
A BIG TABLE

One of SHOT’s strengths is the close collaboration with, and broad

input from, across the professional spectrum (biomedical scientists,

nurses, clinicians who prescribe transfusions, representatives of

specialist colleges and societies) along with the UK blood services,

clinical and laboratory transfusion experts, regulators and health

safety experts. Very importantly, lay members, representing the
This article reflects the views of the author (BIW) and should not be construed to represent
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voices of the broader community, have a seat at this table as mem-

bers of the SHOT Steering Group. Founding members and former

directors contribute corporate memory and ongoing advice in hon-

orary roles. SHOT’s Working Expert Group provides specialist

input to targeted analyses, such as events affecting specific patient

groups (e.g., paediatrics or patients with haemoglobin disorders) or

settings (such as the emergency department) or specific blood

products (such as the use of RhD immunoglobulin in pregnancy).

They also serve as liaison with their specialties to provide input

and disseminate messages from SHOT.

Next, let us consider some of SHOT’s activities and outputs.

HIGH LEVELS OF PARTICIPATION

From 169 reports in 1996, more than 4000 cases were reported

in 2021 from across the United Kingdom, both from the public

(all NHS Trusts/Health Boards submitted at least one report) and

private (non-NHS) sectors. Although participation has been very

high for years, and is now professionally mandated, this is the first

time that complete 100% national participation has been documen-

ted [1]. This is important because it gives confidence that SHOT’s

findings are truly representative of a national picture and that

participation is valued and recognized as contributing to practice

improvement.

A FOCUS ON THE BIG PICTURE, WHILE NOT
NEGLECTING THE DETAILS

As is clear from its name, SHOT analyses reports of serious hazards

of transfusion. There are different schools of thought on the ideal

scope of haemovigilance reporting, with some systems including all

cases of all severity, aiming to ensure a comprehensive picture of

all adverse reactions and incidents. This can certainly be helpful

in understanding the breadth and scale of potential clinical and

procedural complications, as well as ensuring that cases that other-

wise might have been missed are not. Many of the contributing

factors are similar too, of course, whether serious or minor in

consequence; however, this approach also creates a huge workload

of cases for investigation that can distract from other, more

clinically relevant events, which are SHOT’s priorities. ‘Near-miss’
events are also an opportunity to learn, as many of the same

factors contribute to these cases as those that result in patient

harm; near misses are reportable to SHOT and account for a

substantial proportion of cases.

UNDERSTANDING AND LEARNING FROM
HUMAN ERRORS

Transfusion is a complex process with many steps and interdepen-

dencies [1, 5]. SHOT has documented and analysed how human

errors and inadequate systems can contribute to both near-miss

events and actual incidents, with consequences ranging from

no harm to fatal outcomes for patients, and major impact (psycho-

logically and professionally) on staff and other participants. The

importance of a safety culture, and a learning culture, to identify

and address hazards, is emphasized.

PROMOTING A HOLISTIC APPROACH TO
TRANSFUSION SAFETY

SHOT promotes a combined Safety-I and Safety-II approach and

recently introduced SHOT-ACE: Acknowledging Continuing Excel-

lence in Transfusion. Recognizing errors and identifying improvement

actions to prevent recurrence is the primary focus when incidents are

investigated, typical of a Safety-I approach. Safety-II, a more proactive

approach, seeks to understand the ability of healthcare staff to adapt

to problems and pressures, and considers organizational resilience. It

focuses on productivity and ensuring the best possible outcomes.

Combining Safety-I and Safety-II approaches helps provide a more

holistic understanding of the underlying reasons for errors and proce-

dural violations. Reporting and studying success augment learning,

enhance patient outcomes and experience through quality improve-

ment work, and positively impact workplace resilience and culture.

SHARING THE FINDINGS—AND THE
LESSONS—FROM HAEMOVIGILANCE

The Annual SHOT Report is essential reading for those interested in

haemovigilance and the ‘gold standard’ for haemovigilance reports inter-

nationally [1]. The effort necessary to compile, analyse, draft, edit and

present the annual report—245 pages in 2021—cannot be underesti-

mated, but neither can the value of this rigorous and up-to-date

document, written for a broad readership and with concrete recommen-

dations for action to stakeholders. A series of chapters presents analyses

of incidents from the past year and relevant cumulative data. De-

identified clinical vignettes engage the reader and are highly useful for

teaching purposes. Donor haemovigilance data are provided by UK

blood service representatives. Sections focus on high-risk areas for

attention or topics of interest, and recommendations are framed in a

clear, positive and practical way, indicating parties responsible for action.

Annual SHOT symposia are open to all interested parties and

supported by multiple professional organizations. Some have been

collaborations with the International Haemovigilance Network, and

for these, International Society of Blood Transfusion (ISBT) has

provided ISBT Academy support to enable participants from low- and

middle-income countries to attend, resulting in even greater interna-

tional engagement. The symposia have an educational focus and

include reviews of SHOT data and key themes from the annual

reports, along with guest speakers and discussions. A communications

expert participates in the meeting and distils important points into

visual and written messages for wide distribution.
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SHOT regularly contributes to educational and professional activ-

ities, including through regional transfusion committee meetings,

RCPath and other collaborative events, and peer-reviewed publica-

tions. SHOT’s comprehensive website and social media presence help

raise awareness of activities and findings. SHOT contributed to the

ISBT-World Health Organization project to curate haemovigilance

tools and resources and make these readily available to facilitate

strengthening haemovigilance activities worldwide. These will be con-

tinuously updated and expanded to provide a comprehensive library

of resources [2].

So, in summary, important messages from SHOT’s 25-year experi-

ence are about being inclusive, collaborative and open to sharing

resources and findings, with a focus on learning and practice improve-

ment. It is also clear that haemovigilance takes time: SHOT is still

making many of the same recommendations it has been making since

the initial report in 1996, and many problems that prompted the

establishment of haemovigilance programmes are still with

us. However, much progress has been made in both understanding

and improving transfusion safety, and SHOT has been a major contrib-

utor to this effort, across the United Kingdom and around the world.

Congratulations to SHOT on this important anniversary—and to

everyone working in haemovigilance internationally. This work is vital

and must continue.
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Abstract

Background and Objectives: Research in low-resource settings is inherently chal-

lenging. We sought to assess the factors that have impeded or facilitated transfusion

medicine (TM) research in various African settings.

Materials and Methods: A qualitative case study was conducted of selected investi-

gators in Africa; selection was based on productivity-spanning publication, leadership

and research in TM. We designed a questionnaire to explore the factors impeding or

facilitating TM research to understand the impact on the investigators’ careers. Writ-

ten responses were independently coded and double-checked for precision. Qualita-

tive analysis was conducted, whereby responses were grouped thematically and

clustered by relationship. The initial findings were discussed with respondents to vali-

date and refine the interpretations. The recorded transcript was analysed and incor-

porated into the final analysis.

Results: Six investigators participated in the study. Their responses yielded 471 coded

comments: 389 from the questionnaires and 82 from the ensuing discussion. The

most frequently cited factors described included knowledge and intellectual abilities

(n = 104), personal effectiveness (n = 99), research and governance structure

(n = 97), and engagement, influence and impact (n = 75). Four relationship clusters

emerged from the facilitators (n = 42), barriers (n = 28), and common approaches

(n = 26) to research, informing summary themes of adaptation, collaboration, perse-

verance, and resiliency.

Conclusion: Individual attributes were found to be central to a successful TM

research career in African settings. However, given other public health priorities and

constraints, interpersonal relationships, organizational structures and the broader

research context were important to TM researchers. Overcoming complexities

demands adaptation, collaboration, perseverance and resiliency.
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Highlights
• Transfusion medicine researchers, both clinical and non-clinical, in Africa do not publish as

frequently as their counterparts in other continents.

• This study showed personal effectiveness, knowledge and intellectual capability as attributes

of successful researchers in Africa.

• Creating a pipeline of researchers in Africa is vital to building research capacity, not only in

this continent but also in other low- and middle-income countries.

INTRODUCTION

Healthcare research is essential in low- and middle-income countries

(LMICs) where the burden of disease is high but the resources are lim-

ited, thus underscoring the need for locally relevant, innovative,

evidence-based and sustainable solutions to effect meaningful change

[1, 2]. Research in low-resource settings is inherently challenging for

local investigators [3]. Such is the case in large parts of Africa, where

the challenges span funding, infrastructure, education and training [4, 5].

The challenges are amplified in niche disciplines, such as transfusion

medicine (TM), that garner little attention.

TM researchers in Africa are grossly under-represented in the

published literature. On average, 38 papers were published annually

by researchers in sub-Saharan Africa (SSA) between 2008 and 2015,

almost half (41%) of which focused on transfusion-transmitted

infections [6]. Only a third (34%) of the publications were in

transfusion-specialist journals, and an overwhelming majority of

publications stemmed from collaborations outside of SSA. Conse-

quently, policy recommendations originating in high-income coun-

tries such as those in Europe and North America are advanced

where regional research might otherwise be used to guide practices

that would be more appropriate and successful in a local context [7].

Examples include optimal blood donor engagement and testing

strategies that increase the benefits of blood availability balanced

against the risk of transfusion-transmitted infections in austere

environments.

The tepid publication record may reflect a more systemic prob-

lem. Specifically, a framework for achieving success as a TM

researcher in various African countries is lacking. Such a framework or

roadmap could facilitate research careers for aspiring trainees and

junior investigators to navigate the obstacles and leverage learnings

from well-published TM researchers within the African context. The

Association for the Advancement of Blood and Biotherapies (AABB)

Global Transfusion Forum (GTF) Research Subcommittee undertook a

qualitative study of this issue. A sample of TM experts from different

regions in Africa were invited to share their perspectives to under-

stand better the opportunities and challenges faced by African

researchers. We sought to offer guidance to trainees and junior inves-

tigators, drawing on others’ first-hand regional knowledge and experi-

ence of the TM research environment in Africa.

STUDY DESIGN AND METHODS

We employed a methodology known as interpretative phenomenol-

ogy, whereby the lived experience of the research participant is incor-

porated into the research study in a participatory way [8]. Using a

qualitative approach and two-phase case study design, the AABB GTF

Research Subcommittee developed a questionnaire (Data S1) to

describe the attributes, facilitators and challenges that either favoured

or impeded the success of the participating investigators [8]. This

allowed for the ascertainment of self-described factors that favour or

impede the success of TM researchers. The questionnaire comprised

12 questions covering topics such as knowledge and intellectual abil-

ity, personal effectiveness, research governance and organization,

engagement, influence and impact [3]. Responses were entered as

free text.

The AABB GTF Research Subcommittee selected the invited

respondents (i.e., TM research investigators). Selection of participants

was based on an individual’s publication record, research funding,

engagement in leadership positions in the field of TM (e.g., Africa

Society for Blood Transfusion) and reputation in TM. By design, the

study was limited to a few notable investigators, with the intent to

represent each of the geographic regions of Africa (i.e., Central, East,

North, Southern and West Africa). The investigators were invited via

email to participate. The questionnaire was distributed electronically

to those who agreed to participate in the study. The responses were

received by email from February to December 2020.

Data analysis

The analysis was led by a researcher experienced in qualitative

methods. The respondents’ free-text responses were received as

Microsoft Office 365 Word (Microsoft, Seattle, WA, USA) files and

analysed using MAXQDA 2020 (VERBI Software, Berlin, Germany), a

software program that is designed for qualitative and mixed-methods

research. We chose to use a priori constructs as concepts compiled

from an existing framework to facilitate interpretation given the con-

textual nature of the study while allowing for emergent concepts. The

Vitae Research Development Framework (RDF) [9] was used to char-

acterize the concepts that emerged from the responses. The RDF was

282 IPE ET AL.

 14230410, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13407 by N

at Prov Indonesia, W
iley O

nline L
ibrary on [26/02/2025]. 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

mailto:lbarne23@gmail.com


created by researchers in the United Kingdom who identified factors

associated with successful research careers, developed from empirical

data collected through interviews. The RDF recognizes four central

factors and subordinate considerations (i.e., behavioural characteris-

tics and environmental factors) that are important for success in

research (Table 1). The four prominent factors are (a) knowledge and

intellectual abilities, (b) personal effectiveness, (c) research gover-

nance and organization and (d) engagement, influence and impact. In

addition, there are 12 sub-constructs; definitions are provided in the

Codebook (Data S2). These factors informed an a priori coding

scheme and the associated definitions that were incorporated into the

Codebook.

Two independent coders coded at a paragraph level, initially

assigning parent codes, followed by sub-codes; the responses were

reviewed independently to improve inter-rater reliability. Construct

and sub-construct definitions were refined to enhance consistent

understanding of the application. Where appropriate, segments were

multi-coded to fully capture the meaning of the content, including

intersections. Emergent codes were added throughout the coding pro-

cess, informed by concurrent in-document memos.

The frequency of codes within and across the responses informed

patterns. Themes were developed by summarizing the coded content

within and across the questionnaire responses. These themes were

clustered by proximity to understand the relationships with facilitative

features and barriers described by the respondents. This approach

illustrates the relative emphasis of each of the features and their relat-

edness (i.e., intersections). Following the initial analysis of the ques-

tionnaire responses, the preliminary findings were reviewed and

discussed with two of the respondents in a recorded webinar. This

member-checking approach captured additional interpretive sugges-

tions and contextual nuance and incorporated additional insights. The

recording from the discussion was transcribed, coded and analysed

using the same codebook, repeating the same thematic approach to

enrich and enhance the findings. Results from both sets of data

(i.e., the questionnaires and the member-checking discussion) were

interpreted separately and together.

Human subjects

The study was approved by the institutional review boards (IRBs) at

the University of Arkansas for Medical Sciences and Johns Hopkins

University School of Medicine before initiation.

RESULTS

Of the 10 invited researchers, 6 (60%) agreed to participate and

responded to the questionnaire. All respondents described being actively

engaged in TM research. The respondents were from the following coun-

tries: Cameroon, Cote d’Ivoire, Egypt, Ghana, South Africa and

Zimbabwe. Three respondents were physicians (MBchB/MBBch/MD)

having between 10 and 30 years of experience in TM research. Two

respondents held the PhD degree with more than 15 years of experience

in TM-related fields. One respondent is a PhD candidate with more than

20 years of experience in senior technical/management roles including

TM research. All reported receiving grant funding and holding a consider-

able record of peer-reviewed literature in TM (median 35.5; range 6–57).

Questionnaire responses

A total of 389 codes were applied to written segments, covering 94%

(range 89%–96%) of the content of the questionnaires. The two coders

reached a significant inter-coder agreement (91%) through iterative com-

parisons and improvement of definitions. Across all questionnaire

responses (Figure 1), the most frequently referenced factors by the num-

ber of coded segments, in parentheses, were personal effectiveness

(n = 48; 12.3%) followed by knowledge and intellectual abilities (n = 46;

11.8%) and research governance and organization (n = 46; 11.8%). More

facilitators (n = 37; 9.5%) were described than barriers (n = 24; 6.2%).

The least commonly mentioned considerations included personal qualities

(n = 8; 2.1%), engagement and impact (n = 7; 1.8%), professional conduct

(n = 3; 0.8%), and communication and dissemination (n = 2; 0.5%).

T AB L E 1 A priori constructs, sub-constructs, and definitions applied to code questionnaires and the subsequent member-checking discussion
based on the Vitae Researcher Development Framework (Vitae, © 2010 Careers Research and Advisory Centre [CRAC] Limited) [5].

Construct (concept) Sub-construct (factors) Definition

Personal effectiveness Personal qualities

Self-management

Professional and career

development

Personal qualities and approach to be an effective researcher

Knowledge and intellectual

abilities

Knowledge base

Cognitive abilities

Creativity

Knowledge, intellectual abilities and techniques to do the research

Research governance and

organization

Professional conduct

Research management

Finance, funding and resources

Knowledge of the standards and requirements, and professionalism to do

the research

Engagement, influence and

impact

Working with others

Communication and

dissemination

Engagement and impact

Knowledge and skills to work with others and ensure wider impact of

research

TRANSFUSION MEDICINE RESEARCH IN AFRICA 283
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Member-checking discussion

A total of 82 segments were coded from the discussion with respon-

dents. The most frequently cited factor was knowledge and intellec-

tual abilities (n = 10; 12.2%), followed by personal effectiveness

(n = 8; 9.8%) and research governance organization (n = 8; 9.8%).

Creativity (n = 7; 8.5%) and engagement, influence and impact (n = 7;

8.5%) were also rated high. We observed that personal qualities

(n = 2; 2.4%) and professional conduct (n = 1; 1.2%) were less fre-

quently mentioned.

Combined data

Across the collective questionnaire responses and member-checking

discussion, we observed code intersections occurring when a

response reflected more than one construct, leading to multi-coding.

These intersections and co-occurrences were also examined. The

most frequent intersections occurred between personal effectiveness

and knowledge and intellectual abilities (n = 31 co-occurrences). We

also observed that facilitators co-occurred with research governance

and organization (n = 23), personal effectiveness (n = 20) and knowl-

edge and intellectual abilities (n = 20). However, we noted that

research and governance were most frequently identified as the high-

est ranking barriers (n = 18), followed by engagement, influence and

impact (n = 13). Using the code map intersection, we found four rela-

tionships, herein called clusters, by map position between pairs of

codes (Figure 2).

The clusters were further examined to identify the common

developmental approaches described by the researchers as they

advanced in their TM careers. Characterized as a Developing

Researcher Framework, Figure 3 captures key attributes that arose

from the study to facilitate advancement and overcome barriers to

achieve a successful career as a TM researcher. Derived from notable

quotes in the words of the researchers, these approaches are summa-

rized as an adaptation of the research agenda to make it practicable in

low-resource settings: international collaborations with other TM

researchers and resiliency to overcome barriers through joint efforts to

achieve the intended impact. We mapped the relationships of the

themes to a hierarchy from foundational features to the self-actualization

of the successful TM researcher. A set of recommendations compiled

from the researchers summarizes the advice given to those pursuing a

TM research career in the African context (Table 2).

DISCUSSION

Our study findings highlight themes from the self-described perspec-

tives of TM researchers who have had successful TM research careers

in parts of Africa. Key findings emphasize personal effectiveness com-

bined with knowledge and intellectual abilities. Research governance

F I GU R E 1 Code frequency by construct across the accumulated questionnaires received from African transfusion medicine researchers.

F I G U R E 2 Four clusters that were developed based on the
intersection of concepts after combining responses from the
questionnaires and the member-checking discussion.

284 IPE ET AL.
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and organization, including funding, had a significant impact on indi-

viduals’ careers, favourable or otherwise. While not unique to an Afri-

can setting, adaptation, collaboration, perseverance and resiliency

notably contributed to positive outcomes. There was a perceived

need for local, innovative, evidence-based and sustainable solutions,

which have already been identified as deficient in the context of TM

research in Africa and other low-resource settings [4–6]. Additionally,

the respondents’ lesser emphasis on communication and dissemina-

tion was striking, potentially explaining under-representation in scien-

tific publication [2, 7].

A qualitative approach was better equipped to understand the

developmental trajectories of a sampling of research investigators in

Africa. By drawing on the researchers’ perspectives, a qualitative

approach affords a depth of context and insight, which is frequently

lacking in quantitative methods. Our study found intersecting patterns

in the questionnaire responses and discussion content supporting a

strong relationship of a researcher’s knowledge and abilities combined

with personal effectiveness; these were key factors in facilitating the

researchers’ successful career development. Personal effectiveness,

which encompassed unique personal qualities, self-management and

professional and career development, was the dominant quality attrib-

uted to successful TM researchers in Africa. In other words, the per-

sonal initiative to conduct and sustain their research goals was vital to

the researcher’s success. To develop their professional TM research

career, respondents shared that self-management was essential to

creating a robust knowledge base and cognitive abilities as a

researcher. Several respondents described the lack of training infra-

structure in their countries to learn research skills as an impediment.

Attendance in conferences, review courses or post-graduate educa-

tion (e.g., in the United States and Europe) was essential to obtain and

maintain valuable skills in research methodology and manuscript writ-

ing. There are successful examples, albeit few, where courses have

F I GU R E 3 Developing Research Framework, synthesized from the four clusters illustrating the how foundational individual attributes build
towards interpersonal and contextualized approaches, leveraging work with others and available financial resources, through personal
effectiveness, knowledge and abilities and engagement, influence and impact. Common themes for overcoming hurdles included adaptation,
collaboration, perseverance and resiliency.

T AB L E 2 Consolidated recommendations for future transfusion
medicine (TM) researchers, compiled from the questionnaire
responses and discussion.

• Define your research interest in TM.

� Always start your research by asking a question.

� Perform a thorough literature review.

� Define your aim of research.

� Study options for funding your research.

� Get trained on how to write a proper manuscript to publish the

results of your research.

• Consider research as a career. There will be initial hurdles and

disappointments, but there are high rewards to be gained if efforts

are sustained quite well.

� Identify mentors in your line of research interest.

� Pursue publication of your research work.

� Advance your education and embark on operational research.

� Develop relevant skills for research. Aim to embark on ethical

conduct of research always.

� Utilize available free educational opportunities.

� Endeavour to attend to scientific congresses as an active

participant (present some scientific work).

� Join allied associations such as Africa Society for Blood

Transfusion (AfSBT), International Society of Blood Transfusion

(ISBT), Association for the Advancement of Blood and

Biotherapies (AABB), etc.

• Explore research networking opportunities in Africa Society for

Blood Transfusion, International Society for Blood Transfusion and

the Association for the Advancement of Blood and Biotherapies to

enhance research interests and collaborations with other TM

researchers.

TRANSFUSION MEDICINE RESEARCH IN AFRICA 285
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been devised to impart foundational skills in either clinical TM or

related research [3, 10–13].

Self-discipline was key to generating manuscripts and publica-

tions, where research tasks were often undertaken outside work

hours. The researchers were relentless in their research pursuits, some

describing self-funding of their research. Creativity was apparent, with

one respondent sharing how they acted on the opportunity to

become a ‘research officer’, which enabled them to further develop

their research expertise as part of a formal professional role. However,

another respondent succinctly stated, ‘You will need to have perse-

verance and manage your time to be able to be successful in this area.

You need to want to do it’.
The respondents observed that their personal attributes and mas-

tery alone were insufficient to ensure a successful research career in

TM. These researchers described being effective because they forged

collaborations with industry sponsors, in-country and international

TM clinicians and other researchers. They relied on mentors to help

them network and establish relationships with other TM researchers.

They also encouraged their research staff to advance their research

through participating in local, national and international TM research.

Notably, the most impactful research topics were locally and/or

regionally relevant, often informed by challenges specific to the popu-

lation and settings where they worked [14–19].

Even when motivated and collaborating on important works, the

researchers described being sometimes constrained by their respec-

tive regions’ research, governance and organizational structures. For

example, their local environments were not conducive to research

because of poor access to technology such as the Internet, lack of

adequately trained research staff and the lack of internal (state, gov-

ernmental or institutional) funding. The lack of administrative and

technology support sometimes impaired their ability to coordinate

research projects or even meet sponsors’ deadlines for those projects.

This hampered their ability to engage with or influence the national

and international TM community. However, the respondents

described adaptive ways to move beyond these challenges through

collaboration and engagement with professional societies.

Surprisingly, the respondents did not refer to the regulatory

review process as a notable obstacle to research. This was not stated

explicitly; rather, the omission was conspicuous. Communication and

the ability to disseminate research findings were not mentioned

explicitly as research and career obstacles. Of note, none of the

researchers spoke about the professional conduct of their colleagues

or their own as being either a facilitator or barrier to conducting

research.

During the member-checking discussion, the investigators

emphasized self-management as a critical characteristic of a success-

ful individual in LMICs. However, the foundational features of the

Developing Research Framework (Figure 3) built a pathway towards

self-actualization built upon the innovative approaches described by

accomplished TM researchers [20]. These approaches included the

adaptation of research specific to the local context, collaborations

with local and international researchers, perseverance marked by

courage and persistence to communicate unpopular findings and

resiliency to overcome barriers to research. This approach allowed

them to address locally pertinent research questions having a more

significant bearing on policymakers, administrators, clinicians and pub-

lic health collaborations. Examples of local research capacity building

in Africa include the Francophone Africa Transfusion Medicine

Research Training network, T-REC, and the NIH REDS-III and Fogarty

South Africa progammes [13]. These research programmes have

enrolled trainees at all levels, from short-term course participants in

epidemiology to Masters and PhD candidates. It has increased the

number of TM research publications originating from Africa, with at

least 60 new manuscripts in the past several years. These programmes

noted shortages of mentors and grant-writing skills as challenges

faced by trainees. While these contextually rich insights are poorly

described in the peer-reviewed literature, they may support advancing

TM researchers in the African context and beyond.

This study has several limitations. First, the small sample size

(i.e., small number of participants and skewed geographic representa-

tion) warrants highlighting. Although our sampling plan was broad, not

all African regions were represented. However, this was deemed suffi-

cient for a qualitative analysis given the narrow scope of the study

and thematic saturation. We acknowledge that our definitions of ‘suc-
cess’ and ‘productivity’ in research, as defined by publications, contri-

butions to professional societies and grant funding, may not be the

only measures of a successful career or impactful contribution. We

did not solicit opinions of those who attempted a TM research career

but did not meet our definitions. While such information may serve as

an important comparison, this was not the focus of our study. We

appreciate that the respondents’ experience varied by individual and

their context, representing a limitation in transferability to other set-

tings. We applied reflexivity and member-checking to validate the

observed patterns and found the thematic similarities striking.

Although this study focused on experiences in African settings, its

findings may be relevant to TM researchers with similar backgrounds

and other comparable LMIC contexts.

The findings of this study point to the remarkable ability of a sub-

set of African TM investigators to navigate a range of impediments

and obstacles in conducting research in Africa. These accomplished

TM researchers exercised personal effectiveness combined with

knowledge and abilities. Their successes were further enhanced

through adaptation, collaboration, perseverance and resiliency. A

pipeline of future researchers is critical to increase the capacity of

research in LMICs, enticing aspiring trainees. These findings warrant

further exploration, mainly to understand how to teach, mentor and

expand TM research specific to Africa.
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Abstract

Background and Objectives: Ferritin is commonly measured to evaluate iron stores

in the body. Some countries have added or considered adding ferritin lower bounds

to donor eligibility criteria. Ferritin is also elevated by inflammation. The main goal of

this study is to estimate how different ferritin cut-offs would affect the proportion of

donors with a C-reactive protein (CRP) level over 3 mg/L, which is the decision limit

of the highest chronic cardiovascular risk.

Materials and Methods: To simulate recruitment of new blood donors,

we selected participants from two Finnish general population cohorts, namely

FINRISK 1997 (n = 5369) and Health 2000 (n = 3278), that would likely fulfil the

selection criteria of blood donation. We then calculated the proportion of individ-

uals with high-sensitivity CRP values above 3 mg/L, over a range of ferritin

values.

Results: We found that for several ferritin cut-offs the proportion of potential donors

with CRP > 3 mg/L would rise by a statistically significant amount. The trend was sig-

nificant and similar for all subgroups but weaker for non-menstruating women as well

as men.

Conclusion: Our results show that screening a population of potential blood donors

with ferritin cut-offs raises the number of people with CRP > 3 mg/L within the

blood donor population.

Keywords
CRP, donor health, donor management, ferritin, ferritin screening

Highlights
• We demonstrate the use of well-characterized Finnish general population cohorts (FINRISK

1997 and Health 2000) for simulating the selection of new donors with a ferritin screening

policy in addition to regular eligibility criteria.

• In our simulations, filtering the cohort data with rising cut-off ferritin levels results in a pro-

portional increase of C-reactive protein (CRP) within the chronic inflammation range.

• The association between increasing CRP and ferritin levels was most prominent in menstru-

ating females. This finding emphasizes the importance of thorough pre-donation interview

and assessment in this group of whole blood donors.
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INTRODUCTION

Ferritin is an intracellular protein that stores iron, protecting cells from

its toxicity. It is found throughout the body and its synthesis and deg-

radation align with cellular iron requirements. The iron-free form of

ferritin, apoferritin, consists of H and L-subunits coded by two dis-

tinct, but similar genes. Ferritin is also secreted in blood by non-

classical pathways mostly by macrophages [1], where it is composed

primarily of iron poor L-subunits. Whether blood ferritin has an active

regulatory role or just reflects cellular damage is debated, but it is not

thought to have a role in iron uptake or transport [2].

A Cochrane library review recently concluded that there is low-

certainty evidence that plasma or serum ferritin below 30 μg/L ‘is rea-
sonably sensitive and a very specific test for iron deficiency in people

presenting for medical care’ [3], while WHO recommends <15 μg/L

to detect iron deficiency in apparently healthy adults. In contrast, in

regular blood donors where blood ferritin levels are typically found to

be below 50 μg/L and self-estimated health is on average good, no

associations between self-estimated health and blood ferritin have

been found so far [4, 5]. Some countries have considered adding ferri-

tin lower bounds into donor eligibility criteria; for example, in the

Netherlands this practice is already implemented. Although this can

help in the management of donor iron stores, it can also introduce

new challenges to donor health management and recruitment.

Ferritin levels are elevated in various diseases, from microbial

infections to chronic metabolic diseases. This has been suggested to

have a role in the modulation of immune responses and iron

sequestration [1].

In general, the relationships between diseases and iron status

appear to be complex. However, a meta-analysis concluded that ferri-

tin levels are positively associated with metabolic syndrome [6].

C-reactive protein (CRP) is secreted by the liver as part of the

acute-phase response to infection and inflammation. CRP has been

used as a marker for bacterial infection, with 10 mg/L as a typical

decision limit. However, CRP can be temporarily elevated by vari-

ous environmental irritants and inflammatory responses, making

the importance of minor CRP elevation difficult to interpret.

Despite its unspecificity, high-sensitivity CRP (hs-CRP) at the

levels beyond the acute-phase reaction (≤3 mg/L) has become a

clinically useful marker for risk of cardiometabolic disease. A sys-

tematic review of 23 publications estimated that the relative risk

of incident coronary heart disease was from 1.37 to 1.83

(95% confidence interval [CI]) higher in persons with CRP > 3 mg/L

versus persons with CRP < 1 mg/L. The recent CANTOS trial on

inflammation reduction using canakinumab provides strong evi-

dence that inflammation, and in particular CRP, is causal for cardio-

vascular disease. Cardiovascular disease patients whose CRP was

lowered by canakinumab to less than 2 mg/L had a hazard ratio of

0.66–0.85 (95% CI) of major adverse cardiovascular events, while

those whose CRP was not lowered below 2 mg/L enjoyed no such

benefit from the treatment [7].

Danish and Finnish regular blood donors have been found to have

similar levels of minor CRP elevation and markedly lower levels than

Finnish general population [8, 9]. This is likely due to the healthy

donor effect: healthier individuals are selected to be donors and they

can maintain the habit for years or even decades. Regardless, even in

the healthy blood donor sub-population, low-grade inflammation

(defined as a plasma CRP level between 3 and 10 mg/L) has been

shown to be associated negatively with physical health-related quality

of life [10].

As ferritin is both an iron and an inflammation marker, we hypoth-

esized that adding ferritin lower bounds to blood donor selection pol-

icy might increase the level of inflammation in a blood donor

population. As a surrogate for inflammation, we used CRP. With the

help of Finnish representative general population cohorts, we here

attempt to quantify the influence of ferritin cut-off levels to donor

recruitment and donor health.

MATERIALS AND METHODS

We used data from two different Finnish health survey cohorts:

FINRISK 1997 (FR97) and Health 2000 (H2000). Both FR97 and

H2000 studies were approved by the Ethics Committee of the National

Public Health Institute and carried out according to the recommenda-

tions of the Declaration of Helsinki. Permission to use the data for this

project was granted by THL biobank (project THLBB2020_19).

Exact laboratory methods have been described previously for

serum ferritin in FR97 and H2000 [11] and for serum hs-CRP in

FR97 [11] and H2000 [12]. From these cohorts, we included individ-

uals who had both a ferritin measurement and a measurement of hs-

CRP. To improve the fit between the population cohorts and potential

blood donors, we excluded individuals based on several donor eligibil-

ity criteria.

We assigned individuals into subgroups of men, menstruating

women and non-menstruating women using their recorded sex and

reported status of menstrual bleeding. In the H2000 cohort, women

over the age of 55 were not asked about their menstruation status.

We categorized these individuals as non-menstruating. The number of

individuals in each subgroup for both cohorts is summarized in

Table 1, along with the medians and interquartile ranges of CRP and

ferritin.

To test whether ferritin filtering has the potential to increase the

share of donors with an increase in inflammatory reaction in the

otherwise eligible donor population, we examined the proportion of

individuals over the commonly used threshold of 3 mg/L of serum

hs-CRP for low-grade inflammation within sub-populations filtered

using ferritin lower bounds ranging from 0 to 50 μg/L with a step

size of 1 μg/L. We assign 95% CIs for the bootstrapped estimates

(sample size 10,000) using normal approximation. We use these CIs

to determine whether the proportion of possibly inflamed potential

donors differs between the current eligibility criteria (no ferritin fil-

tering) and an added ferritin lower bound requirement of 15, 30 and

50 μg/L in a statistically significant manner. The full R code of the

analysis is available on Github (https://github.com/FRCBS/CRP_

enrichment).
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RESULTS

The general relationship between CRP and ferritin within subgroups

in the cohorts is shown as a scatterplot in Figure 1. The linear fits indi-

cate a weak positive correlation between the variables for all sub-

groups (R2 = 0.021–0.068, p < 0.001). Figure 2 presents the change

in the proportion of people with CRP > 3 mg/L at different ferritin

filtering levels. For example, if a ferritin cut-off of 30 were to be

applied for menstruating women, the proportion of individuals

>3 mg/L CRP among potential blood donors would rise by 2.3–6.3

percentage points based on the FR97 cohort. We find that for men-

struating women in both cohorts, the proportion of people with

CRP > 3 mg/L is significantly higher at ferritin filter levels of 15, 30 and

50 μg/L than without filtering. This holds for non-menstruating women

F I GU R E 1 Scatter plots of C-reactive protein (CRP) and ferritin values in both cohorts and all subgroups. The grey boxes indicate the area
where donors are both over 15 μg/L of ferritin and 3 mg/L of CRP. The proportion of people in the sample covered by the box is indicated with
a percentage. FR97, FINRISK 1997; Health 2000, H2000.

T AB L E 1 The number of individuals, along with medians (mds) and interquartile ranges (IQRs) for ferritin and C-reactive protein (CRP) levels
across all subgroups within both cohorts.

Subgroup N
Ferritin (μg/L) CRP (mg/L)

md | (IQR) md | (IQR)

FR97 Menstruating women 1912 23.91 | (12.38, 42.53) 0.77 | (0.39, 1.86)

Non-menstruating women 876 55.78 | (31.27, 92.76) 1.27 | (0.61, 2.65)

Men 2581 112.05 | (65.87, 181.79) 0.89 | (0.46, 1.89)

H2000 Menstruating women 938 27.9 | (15.12, 48.98) 0.62 | (0.27, 1.82)

Non-menstruating women 651 55.9 | (32.8, 95.45) 1.04 | (0.38, 2.42)

Men 1689 124.9 | (76.6, 194.2) 0.77 | (0.35, 1.75)

Abbreviations: FR97, FINRISK 1997; Health 2000, H2000.
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also. These differences are all significant in men, but the respective

increases in proportions are much smaller.

DISCUSSION

As expected, a weak positive correlation between ferritin and CRP

was found in the Finnish representative general population cohorts

analysed (Figure 1). This is in line with the hypothesis that ferritin has

a role in the modulation of immune responses and iron sequestration

during microbial infection. For blood donation, it is important to note

that the correlation of CRP and ferritin extends to the lower CRP

range of ≤3 mg/L. Hence, even minor chronic inflammation will affect

ferritin measurements.

Our simulation suggests that adding a ferritin threshold to the

existing eligibility criteria when selecting blood donors from the gen-

eral population will increase the percentage of donors with low-grade

inflammation. These individuals might be less suited to tolerate the

physiological stress of blood donation and to maintain long donation

careers. Based on current research, high iron status could also be

associated with higher disease risks, further aggravating this effect.

Countries such as the Netherlands, where additional ferritin screening

policies are in place, are well set to study this hypothesis and whether

a ferritin measurement should be accompanied with a hs-CRP mea-

surement to avoid these issues. Our results also provide further infor-

mation on the effects on different ferritin cut-off levels, thus

facilitating the selection of the most appropriate decision limit.

The effect of ferritin cut-off on CRP is highest in menstruating

women. This suggests that a significant proportion of donors in this

group may have ferritin levels in the expected range not because of

adequate iron balance but because of an inflammatory response. Fur-

thermore, ferritin filter levels of 15 and 30 μg/L exclude around 20%

and 60% of otherwise eligible donors within this subgroup, respec-

tively (Supplementary material). These considerations should be taken

into account in designing the donor eligibility schemes.

Our approach suffers from the incomplete information available

from the participants of the two cohort studies. Some of the people in

question may have had conditions that would have been revealed

in the pre-donation interview. Additionally, there were too few hae-

moglobin measurements in the FR97 cohort to include it in the eligi-

bility criteria, while in reality haemoglobin is a very important

criterion. However, as the results were similar in both cohorts, we

believe that these challenges do not significantly undermine the sta-

tistical findings of our study.

F I GU R E 2 Line plots of the change in the proportion of people over 3 mg/L C-reactive protein at different ferritin filtering levels, with
95% confidence intervals. Change is presented in percentage points (pp). FR97, FINRISK 1997; Health 2000, H2000.
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Of Finnish regular premenopausal female blood donors,

18%–23% were found to have ferritin <15 μg/L in 2015–2017 [4].

The Finnish Red Cross Blood Service reacted to this finding by recom-

mending the young female donors to donate only once a year. They

were also informed in educational materials about the risk of iron defi-

ciency by blood donation. The iron replacement policy for them was

also revised by doubling the course of daily 50 mg iron tablets from

2 to 4 weeks. Such practices could provide an alternative approach to

guarantee iron stores of blood donors to the costly combination of

ferritin and CRP measurements.
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L E T T E R TO TH E ED I TO R

Tetanus antibodies in normal human
immunoglobulin preparations

We would like to draw attention to the issue that anti-tetanus immu-

noglobulin (TIG), that is, human immunoglobulin (IG) with known anti-

body content against the neurotoxin, is essential medicine (WHO) for

post-exposure prophylaxis (PEP) and therapy of tetanus [1–3]; yet,

TIG is not available in all countries [1] or has been difficult to obtain in

recent years [4]. In the absence of TIG, PEP with human IG for intra-

muscular immunoglobulin (IMIG) or subcutaneous immunoglobulin

(SCIG) use is an alternative [4]. For tetanus treatment, intravenous

immunoglobulin (IVIG) at a dose of 200–400 mg/kg is recommended

in the United States [1], whereas in the United Kingdom, a fixed dos-

age with selected IVIG preparations was defined [4]. As IG is not rou-

tinely tested for tetanus antibody concentrations, little information is

available on lot-to-lot variability and dosage required to administer

the recommended 250–500 IU of tetanus antibody for PEP or

3000–10,000 IU for therapy [1–4]. In this context, we received requests

on tetanus antibody levels in 10% immunoglobulin for infusion (IGI) from

practitioners recently, which reflects the need for further information.

We, therefore, investigated tetanus antibody concentrations of

current 10% IGI preparations manufactured in 2021 from plasma col-

lected in the United States and European Union, by apheresis (source

plasma) as well as from blood donations (recovered plasma), which

can be administered as IVIG (Gammagard Liquid/KIOVIG) as well as

SCIG (HyQvia), using the Tetanus IgG enzyme-linked immunosorbent

assay (ELISA) (Virotech Diagnostics GmbH, Rüsselsheim, Germany)

and methodology validated according to ICH principles, reporting

results against the second WHO International Standard for Anti-

Tetanus Immunoglobulin Human (NIBSC code: 13/240).

We determined a mean ± standard deviation (SD) anti-tetanus

potency of 29.2 ± 2.0 IU/mL for recent IGI, 10% lots (Table 1), where

lots fractionated from US plasma had significantly (p < 0.0001) higher

tetanus toxin antibody content (30.8 ± 1.2 IU/mL) than lots fraction-

ated from EU plasma (27.5 ± 1.2 IU/mL). The lowest antibody concen-

tration determined in any lot was 26.0 IU/mL (Table 1). There was no

relevant difference in tetanus toxin antibody content for IGI lots frac-

tionated from source or recovered plasma. These data were brought

into context with tetanus toxin antibody concentrations reported for

other IGI preparations by the National Institute for Biological Stan-

dards and Control (NIBSC) [4], where a selection for more recent test

date (i.e., tested in 2016–2019) was made and values were normalized

to 10% protein content. When tetanus toxin antibody concentrations

of 39 lots of 13 different commercial IGI products of six different

manufacturers [4] were normalized for protein content, a mean

potency of 30.5 ± 2.5 IU/mL was calculated (Table 1), very similar to

the antibody concentration determined in the current IGI, 10%

preparations.

Our investigation showed that normal human IG preparations

contain tetanus toxin antibodies at remarkably similar concentrations.

This is true for lots of the same manufacturer, as well as for different

commercial preparations of several manufacturers (Table 1) [4]. A dif-

ference in tetanus potency was seen for the 10% IGI preparations

analysed here depending on the origin of plasma that was used for

fractionation, that is, higher potency was seen in US plasma-derived

IGI than in EU plasma-derived IGI. The geographic difference in teta-

nus potency was already reported previously and had been related to

differences in tetanus vaccination policy and vaccine potency [5]. As

the slightly lower tetanus toxin antibody content in EU plasma-

derived IGI still provides for dosages well within PEP and therapy rec-

ommendations (see below), this potential lot-to-lot difference does

not appear clinically relevant. A serum tetanus toxin antibody concen-

tration of ≥0.1 IU/mL is indicative of immune protection.

T AB L E 1 Summary of tetanus anti-toxin potency in recent immunoglobulin for infusion (IGI) preparations, normalized for 10%
protein content.

Year of test
Number of different IGI
products (number of manufacturers)

Number of lots
analysed

Protein
content (%)

ELISA IU/mL
(mean ± SD) [min] Reference

2021 2 (1) 36 10 29.2 ± 2.0 [26.0] n.a.

2016–2019a 13 (6) 39 5, 10, 16, 16.5 30.5 ± 2.5 [24.0] Lejtenyi and Mazer [5]

Abbreviation: n.a., not applicable.
aProtein content of IGI preparations prior to normalization to 10%.
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The 10% IGI preparations tested here are suitable for subcuta-

neous as well as intravenous application, making them amendable

for tetanus PEP as well as tetanus therapy. With respect to PEP of

tetanus, 10–20 mL of 10% IGI should suffice to administer the

recommended 250–500 IU of tetanus antibody, assuming the low-

est tetanus potency that was determined, that is, 26.0 IU/mL

(Table 1). This corresponds well with the recommendation to man-

age tetanus-prone wounds with 4.5–9 mL of 20% SCIG [4], a prod-

uct that is manufactured by the same pathway as the 10% IGI lots tested

here, with a final adjustment of protein content. For tetanus therapy with

10% IVIG, a person with 80 kg of body weight would receive 4160 IU of

tetanus antibodies, assuming treatment with the lowest recommended

dosage of 200 mg/kg [1] and the lowest tetanus potency that was deter-

mined for a lot here (Table 1), that is, a dosage well within the recom-

mended 3000–10,000 IU for therapy [1–4].

In conclusion, we provide comprehensive evidence that current

10% IGI preparations consistently contain tetanus antibodies at levels

that allow for tetanus PEP as well as tetanus therapy, with negligible

lot-to-lot variability. Although TIG does have the benefit of smaller

volumes being required for treatment, the information of consistent

anti-tetanus potency in 10% IGI aids to alleviate concern about the

uncertain availability of specific TIGs and opens further options for

tetanus PEP and treatment.
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