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Abstract

Background and objectives
Donor characteristics have been implicated in transfusion-related adverse events. 
Uncertainty remains whether sex, and specifically pregnancy history of the blood 
donor, could affect patient outcomes. Whether storage duration of the blood 
product could be important for patient outcomes has also been investigated, 
and a small detrimental effect of fresh products remains a possibility. Here, we 
hypothesize fresh red blood cell products donated by ever-pregnant donors are 
associated with mortality in male patients. 

Materials and methods
We used data from a cohort study of adult patients receiving a first transfusion 
between 2005 and 2015 in the Netherlands. The risk of death after receiving 
a transfusion from one of five exposure categories (female never-pregnant 
stored ≤10 days, female never-pregnant stored >10 days, female ever-pregnant 
stored ≤10 days, female ever-pregnant stored >10 days, male stored ≤10 days), 
compared to receiving a unit donated by a male donor that was stored >10 days 
(reference), was calculated using a Cox proportional hazards model. 

Results
The study included 42,456 patients who contributed 88,538 person-years in total, of 
whom 13,948 died during the follow-up of the study (33%). Fresh units (stored ≤10 
days) from ever-pregnant donors were associated with mortality in male patients, 
but the association was not statistically significant (hazard ratio 1.39, 95% confi-
dence interval 0.97 to 1.99). Sensitivity analyses did not corroborate this finding. 

Conclusion
These findings do not consistently support the notion that the observed asso-
ciation between ever-pregnant donor units and mortality is mediated by blood 
product storage. 
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Keywords 
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Highlights

· The association between exposure to ever-pregnant donors and mortality in 
young men may be modified by product storage

· Studying parameters related to blood product hemoglobin requires careful 
consideration of statistical methods 
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Introduction
Although transfusions can be a necessary life-saving medical intervention, they 
are also associated with adverse events.[2] Some of these are attributable to 
certain donor characteristics, such as the passive infusion of leukocyte and 
neutrophil antibodies in Transfusion Related Acute Lung Injury (TRALI)[3] and 
the transfer of plasma containing IgA and IgE antibodies in allergic transfusion 
reactions.[4] Notwithstanding, the influence of blood donor characteristics on 
long term patient outcomes is incompletely understood. Uncertainty remains 
about whether sex and pregnancy history of the blood donor could influence 
recipient outcomes, beyond an increased risk of TRALI. In two earlier large-scale 
cohort studies, we identified an association between transfusions of red blood 
cells from female donors and increased mortality in male recipients under 50 
years of age.[5, 6] The association was shown to be limited to female donors with 
a history of pregnancy, with an estimated impact of one death per day.[6, 7] In 
contrast, another large cohort study on this topic did not support these findings.
[8] This lack of agreement between studies could be explained by differences in 
country-specific production methods, patient populations, and statistical meth-
ods. Although these studies constitute observational research, associations are 
interpreted causally.[9]

Whether ‘fresh’ or ‘old’ red blood cell transfusions are better for clinical outcomes 
has long been subject of debate, a question complicated by the widely varying 
ways this contrast has been defined in the transfusion research field. A system-
atic review and meta-analysis including evidence from randomized controlled 
trials up to 2017 did not find a benefit of using fresh red blood cell products in 
hospitalized patients, combining evidence from studies using different defini-
tions of fresh and old red blood cell transfusions.[10] However, the authors could 
not exclude a small detrimental effect of fresh blood products on mortality, as 
confidence intervals included the potential for 1-2% benefit and up to 9% harm. 
Our research group previously investigated the association between storage 
time and mortality, and found, when comparing blood products that were stored 
<10 days with products stored >24 days, longer stored blood was associated with 
a lower risk of mortality (hazard ratio (HR) 0.56, 95% CI 0.32-0.97).[11] 

Here, we quantified the association between storage time of the red cell prod-
uct, donor sex and pregnancy history, and mortality of patients in a large obser-
vational cohort in the Netherlands. We hypothesize mortality will be highest in 
male patients who received fresh units from ever-pregnant donors.
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Methods

Source database
In this observational cohort study, the analyses were performed as a post-hoc 
analysis on a combined cohort that has previously been described in the publica-
tions by Middelburg et al. and Caram-Deelder et al.[1, 5, 6] The cohort includes 
adult (≥18 years) first-ever transfusion recipients from six hospitals in the 
Netherlands between 2005 and 2015. Information was collected on donor, prod-
uct, and patient characteristics. Data has been collected to the ‘R-FACT study,’ 
(CCMO-NL29563.058.09; clinicaltrials.gov: NCT01616329), and the study design 
for the cohort has been previously described.[6, 12, 13] The statistical analysis 
plan was specified prior to data analysis, and was reviewed and approved by 
the Scientific Committee of the Department of Clinical Epidemiology, Leiden 
University Medical Center (LUMC). The database is available at the Department 
of Clinical Epidemiology at the LUMC. All analyses were performed in Stata.[14]

Statistical analysis
We quantified the association between product characteristics and mortality 
using a Cox proportional hazards model. As can be seen in Figure 1, patients 
were classified as either having received blood products from ever-pregnant, 
never-pregnant or male donors, and storage was defined as fresh or old (Figure 
1). Results were stratified by patient sex to be consistent with previous publica-
tions, where no association between mortality and previous pregnancy of the 
donor was observed in female patients.[6] 

We defined fresh products as red cell products stored for 1 to 10 days, and com-
pared those to old products, with a storage duration of 11 to 36 days. Results 
for exposure defined as 0-7 days for fresh products, and old products defined as 
products stored 8-36 days, are provided in the Supplemental materials to be con-
sistent with the initial study protocol, which was adapted to allow for more bal-
anced comparison groups. Exposure categories were further defined according 
to the sex and pregnancy history of the donors, sourced from the questionnaire 
about pregnancy status since last donation, at the time of donation at the blood 
bank. For this study, the patients receiving units donated by never-pregnant 
female donors act as a `negative control'. The reference category constitutes of 
old units donated by male donors, unless otherwise specified. We hypothesize 
female patients are not affected by blood products from ever-pregnant donors, 
and thereby view this patient group as a negative control for the research ques-
tion. Hazard ratios were estimated to quantify the risk of mortality per trans-
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Figure 1

The figure contains a visual representation of the different exposure and reference groups for the primary 
and sensitivity analyses. 

a Products donated by female donors with unknown pregnancy history were not assessed in this analysis.

b For sensitivity analysis iv. the same exposure and reference groups were used. 
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fused unit from the exposure category, compared with receiving a unit from the 
reference category.  

Reference and exposure were included in the model as the time-varying cumu-
lative number of units. For all analyses, HRs were not presented if a subgroup 
experienced less than 5 events.[15] Follow-up was in all analyses limited to a 
maximum of 15 transfusions, to maintain a homogeneous population of patients. 
Follow-up was accordingly defined as the time from inclusion up until the 16th 
transfusion (after which follow-up was censored), the first subsequent transfu-
sion from an exposure category other than the categories included in the com-
parison (after which follow-up was censored), death, or administrative censoring 
due to reaching final hospital follow-up date. 

Confounding
As sex and pregnancy history of the donor is unknown at the time a blood product 
is requested or transfused by the patient’s treating physician, this exposure can 
be considered to be randomly distributed. Yet, the storage duration of red blood 
cell products is known. In neonates and younger patients who require massive 
transfusion, transfusion of fresh products (i.e. ≤5 days stored) is indicated. Also, 
irradiation (of predominantly fresh products) is indicated following intra-uterine 
transfusion, in premature neonates, and patients with severe combined immuno-
deficiency syndrome (SCID).[16, 17]. Thereby, in this patient group, short storage 
duration is associated with poorer clinical outcomes. For this reason, only adult 
patients were included in the cohort. Additionally, the probability of exposure 
with respect to storage is tied to the cumulative number of transfusions re-
ceived, and blood product distribution factors. Based on these considerations, 
the following confounders for the study research question were identified and 
included in the models: number of transfusions [time-varying]; calendar year 
[time-varying]; blood group [fixed]; donor age [time-varying]; hospital [fixed]. 
Additional information about confounders can be found in the Supplemental 
methods (Figure S2). A restricted cubic spline with five knots was used for the 
time-varying cumulative number of transfusions. An interaction term for hospital 
and cumulative number of transfusions [time-varying] was included in the model 
to account for differences in transfusion practices between hospitals. 

Primary analysis
The primary analysis was performed in the cohort of all patients, stratified by 
recipient sex, and this analysis is referred to as the full cohort. Here, follow-up 
was limited to the time during which the patient received units from the con-
cerned exposure category and reference category only; the patient’s follow-up 
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was censored as soon as they received units from a different exposure category. 
This means, a patient could receive units from both the exposure and reference 
category without being censored, with this patient then contributing follow-up 
time to both arms.[18] However, the patient’s follow-up is censored upon receiv-
ing transfusions from another category, e.g. after any other exposure than male 
old and ever-pregnant fresh for the comparison male old vs. ever-pregnant fresh, 
such as a male fresh transfusion (for examples, see Figure S1). 

Sensitivity analyses
Four sensitivity analyses were performed: 

i) No-mixture: In the full cohort, more than one product category (exposure and 
reference) can be attributed to a single patient, which we expect might result 
in the underestimation of the association. Thus, we performed a sensitivity 
analysis where patients were censored upon receiving a transfusion from a dif-
ferent exposure category (no-mixture) and where patients who receive multiple 
transfusions were censored at their second transfusion (single-transfusion). Al-
though censoring at the moment a product from a different exposure category 
is received is a type of informative censoring, it can be used to study the effect of 
transfusion exposures when patients receive multiple transfusions.[18] 

ii) Full cohort with reference group of never-pregnant donors: To increase 
the subgroup size, within the full cohort an alternative reference category was 
introduced, combining all male and never-pregnant female donors into the cat-
egory never-pregnant donors. The reference category for this analysis therefore 
constitutes both female and male donor products. 

iii) Full cohort, oldest excluded: This sensitivity analysis was performed in the 
full cohort, and a comparison was made between fresh (less than or equal to 10 
days storage) and intermediate (between 11 and 21 days of storage) products. 
The cutoff of 21 days was chosen to rule out a possible detrimental effect of long 
storage, which could then have concealed associations in our comparisons. These 
storage-induced blood product changes, such as hemolysis, oxidative stress and 
micro-vesicle formation, are collectively called the red blood cell storage lesion.
[17] Units in the fourth and last week of storage are still generally considered 
safe, but evidence for safety of end-of-storage (28-36 days stored) red blood cell 
units is limited, as is evidence for use in vulnerable patient populations.[18-20] 

iv) No-mixture, first exposure only: This sensitivity analysis was performed in 
the no-mixture cohort and only the first exposure was used, after which the com-
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plete follow-up was included in the analysis. Patients for whom it was not pos-
sible to determine which transfusion was their first (i.e. patients who received 
multiple transfusions on their first transfusion day) were excluded. This analysis 
was performed to assess potential misspecification of the models that censored 
patients upon receiving multiple transfusion. 

Age-stratified analysis
The primary analysis and sensitivity analysis ii. were stratified by patient sex and 
age to study effect-measure modification by age.[6, 8] Age categories were 
defined as 18-50, 51-70 and over 70 years of age. Effect-measure modification 
was formally quantified by adding an interaction term for patient age to the 
final model (p-value for interaction trend between patient age and exposure), as 
described previously.[6] 

Results

Population
Patient and transfusion characteristics for three cohorts included in the primary 
and sensitivity analyses (full cohort, no-mixture and single transfusion), are pre-
sented, stratified by recipient sex (Table 1). In total, 42,456 patients contributed 
88,538 person-years. From the total population, 53% (n=22,412) were female. 
During follow-up 13,948 (33%) patients died, with a median follow-up of 405 
days (IQR 36-1,269) for the total population. The median age of all patients was 
68 (IQR 55-77) years. The study population received a total of 127,687 transfu-
sions, with a median of 2 transfusions per patient (IQR 2-4). The large majority of 
red cell products were stored >10 days. When the storage cutoff of 7 days was 
used, fewer patients could be included for the product categories ever-pregnant, 
fresh, never-pregnant, fresh and male, fresh (see Table S1). 

Primary analysis
A total of 42,456 patients were included in this analysis, 22,412 female and 
20,044 male (Figure 2). No statistically significant associations between exposure 
categories and mortality were observed among male patients. Male patients 
receiving fresh blood from ever-pregnant donors may have had higher mortality 
after transfusions, but this association was not statistically significant (HR 1.39 
(95% CI 0.97-1.99)). No association was present when the units donated by ever-
pregnant female donors were old (HR 1.05 (95% CI 0.99-1.12)). 

All HRs for female patients were around or below 1, suggesting a smaller risk, 
when compared to the reference category of old male units. Receiving fresh 
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units from ever-pregnant donors was not associated with mortality in female 
patients (HR 0.83 (95% CI 0.52-1.30)). For female patients, receiving fresh male 
units was associated with a small survival benefit (HR 0.86 (95% CI 0.79-0.93)). 

Due to small sample size, the HR for exposure to ever-pregnant units stored for 
a short duration could not be shown when the cutoff of 7 days was used in both 
male and female patients (Table S2). 

Sensitivity analyses
We only present sensitivity analyses with implications for the interpretation of 
the primary analysis here, and refer to the Supplemental materials for further 
information (Table S3-S4). 

In sensitivity analysis iv. (No-mixture, no censoring, Table S3), which is the 
analysis where follow-up was not censored, results differed from the primary 

Figure 2

Forest plot containing the HRs from the primary analysis, stratified by sex. Reference category consists of 
patients exposed to units donated by male donors, stored >10 days (old). HRs are shown as orange dots, along 
with 95% confidence intervals.

Abbreviation: HR, hazard ratio.

a All models adjusted for calendar year, blood group (ABO-RhD), age of donor, hospital, cumulative number of 
transfusions, and an interaction term for hospital and cumulative number of transfusions. 

b Recipients in the full cohort could receive mixed blood from both the exposure of interest and the reference 
category; therefore, the number of recipients receiving blood from male donors (old) is different for the dif-
ferent comparisons (see also Supplemental methods). 

c Hazard ratios per transfused unit compared with receiving a stored unit from a male blood donor (reference 
group: male old)
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analysis in both direction and magnitude of the effect of exposure. The HR was 
0.87 (95% CI 0.54-1.42) when comparing fresh ever-pregnant donor red blood 
cell units with the reference group (male, stored >10 days) for male patients. 
For female patients, the HR was 0.78 (95% CI 0.47-1.28) for ever-pregnant donor 
red blood cell units that were fresh compared to units that was stored >10 days, 
donated by male donors. 

Age-stratified analysis
For the comparisons stratified by age, for male patients, the number of included 
patients was small (Table 2). Therefore, the analysis was only carried out for the 
Full cohort and the full cohort with the combined category of male donors and 
never-pregnant female donors (Full cohort with never-pregnant).

For the full cohort analysis, the HR for the age group of 18-50 years was not 
shown due to the low number of events, the HR for the age group of 51-70 years 
was 1.36 (95% CI 0.77-2.40) for the comparison ever-pregnant fresh to male, old. 
The HR for the age group of 71 years and older could not be computed due to 
zero events in this age group after exposure to fresh red blood cell units from 
ever-pregnant donors. The p-value for the trend for the interaction between 
age and exposure was 0.316. The low event numbers suggest considerable un-
certainty regarding the interaction between age and exposure. The interaction 
between age and exposure was significant in other comparisons (never-pregnant 
female old, never-pregnant female old, male fresh).

The results for fresh ever-pregnant units, now compared to the reference of the 
combined category of male donors and never-pregnant female donors (stored 
>10 days; old) for male patients were similar to those presented above (Table 2; 
18-50 years, HR not shown, 51-70 years, HR 1.38 (95% CI 0.85-2.23), 70 and older, 
HR 1.32 (0.82-2.14)), with no significant interaction with patient age (p=0.179). 

No noteworthy associations were present between product characteristics and 
mortality in female patients in the stratified analysis, with effect sizes around 1 
for all comparisons, and small group sizes (Table S5).

Results for the storage cutoff of 7 days can be found in the Supplemental materi-
als (Table S6, S7). 
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Discussion
In this study, a large database of patient and transfusion data was used for an 
in-depth analysis of multiple aspects of the ‘transfusion continuum’, namely sex 
and pregnancy history of the donor and storage of blood products.[23] Although 
these parameters have been studied in great detail separately, blood product 
storage has not yet been studied together with sex of the donor and whether 
the donor was previously pregnant. The findings did not consistently support 
the notion that storage plays a role in modifying the association between donor 
characteristics and patient survival. 

Recent publications have rightly criticized aspects of previous work investigat-
ing the effect of sex (and pregnancy history) of the donor, specifically that Cox 
regression may not be appropriate.[23, 25] Bias due to treatment-confounder 
feedback could lead to biased hazard ratio’s obtained with Cox regression. Fe-
male donors have lower hemoglobin concentrations and this could lead to more, 
or earlier, additional transfusions. This issue could be further exacerbated by 
looking at ‘fresh’ and ‘older’ units, as storage also affects red blood cell viability 
and subsequent hemoglobin measurements. However, the small subgroup sizes 
for the various storage contrasts did not allow for data-intensive approaches like 
g-methods. Alternatively, we performed an analysis in which patients were stud-
ied according to their first transfusion independent of additional transfusions, 
thereby avoiding the problem of treatment-confounder feedback. The results 
of the latter analysis did not corroborate the results from the primary analysis, 
suggesting that the observed association did not reflect a causal effect. 

Furthermore, we did not have access to the indication of the transfusion or disease 
severity of the patient. The indication of the transfusion is associated with both 
the number of transfusions a patient will receive, and the risk of mortality, but is 
not directly associated with the probability of receiving transfusions with certain 
donor and product characteristics. However, transfusion indication could still be 
an effect modifier, with subpopulations of patients potentially being ‘sensitive’ 
to an effect of exposure. Exploring outcomes of subgroups of patients could be 
a way to help us understand biological mechanisms of harm when an effect is 
present.[26, 27] It is also important to note that patients who are transfused at 
a young age are inherently different from adults with regards to blood product 
distribution policy and prognosis. For neonates and young children, units stored 
shorter than five days are prescribed to decrease the exposure to blood products 
with an increased potassium and decreased 2,3-diphosphoglycerate (2,3-DPG) 
content. Because we do not know which patients were prescribed these fresh 
units, all children were excluded from the study (see Supplemental methods).
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[16] Importantly, blood products are frequently irradiated and subsequently ad-
ministered in the first week of storage.[16] The inclusion of irradiated products 
potentially biases the effect estimates, because irradiated products are more 
likely to be prescribed to patients with a poor prognosis. These products are 
requested for preterm neonates but are also prescribed for other immunologi-
cally impaired patients. We postulated previously that the associations between 
transfusion of products from ever-pregnant donors and mortality are mediated 
by a cellular component.[28] If lymphocyte proliferation-dependent effects are 
inhibited by irradiation in a subset of products included in this study, the esti-
mates could be an underestimation of the effect of exposure, although these 
patients tend to have a poor prognosis. It is therefore difficult to predict the 
direction and magnitude of confounding by the request of irradiated products. 
Assessing the exposure of interest in context with other conditions where an 
effect should be absent (negative controls, e.g. never-pregnant exposure or fe-
male patients) alleviates this relevant concern. Lastly, as the data collection for 
this study spanned several years, minor changes were implemented regarding 
blood product processing and transfusion guidelines during the study period.
[16, 29] However, during this period no changes were made to leukoreduction 
filter types. 

In summary, blood products from ever-pregnant donors stored for a short 
storage duration were associated with increased mortality in male patients in 
the primary analysis of this study, but this was not corroborated in sensitivity 
analyses. The validity of studies on donor- and blood product characteristics re-
lies on strong assumptions about the data, which should be thoroughly verified, 
especially when treatment-confounder feedback is suspected. 
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Supplementary materials

The Supplementary materials contain additional clarification regarding the study 
methods (Supplemental methods), supplementary results for analyses with al-
ternative storage cutoff (Supplemental results) and additional references. 

Supplemental methods

Pregnancy of female blood donors 
At their first donation, female blood donors self-reported any previous preg-
nancy. At all subsequent donations, they reported if they have been pregnant 
since the previous donation. However, since some female donors had their first 
ever donation prior to the establishment of the current electronic recording 
system at the Sanquin blood bank, data on pregnancy history is incomplete for 
a subset of the donors. We therefore adopted a conservative strategy in coding 
of pregnancy data. If a female donor ever answered ‘yes’ to the question if she 
had been pregnant, all subsequent donations were considered to be from an 
ever-pregnant female donor. If she never answered yes, we assumed pregnancy 
status to be unknown, rather than negative. Similarly all donations before the 
first recorded pregnancy were considered unknown, rather than negative, unless 
we could positively confirm our data also included the first ever transfusion from 
this donor. Therefore, only when the first donation was registered and answered 
as never-pregnant the pregnancy status was considered never-pregnant until the 
first donation at which a pregnancy was reported. For our analyses of exposure 
to red cells of ever-pregnant donors, all patients receiving one or more red cell 
transfusions from donors of unknown pregnancy status were excluded from the 
analyses. Some examples are given below:

Female donor A

Donation record 1st donation 2nd donation 3rd donation 4th donation 5th donation

Pregnancy question 
Ever been 
pregnant

Pregnant 
since the last 
donation 

Pregnant 
since the last 
donation 

Pregnant 
since the last 
donation 

Pregnant 
since the last 
donation 

Pregnancy Answer No No No Yes Yes

Status of the 
donation

Never-
pregnant

Never-
pregnant

Never-
pregnant

Ever-pregnant Ever-pregnant 

Female donor B
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Donation record 1st donation 2nd donation 3rd donation 4th donation

Pregnancy question 
Ever been 
pregnant

Pregnant since 
the last donation 

Pregnant since 
the last donation 

Pregnant since 
the last donation 

Pregnancy Answer Yes No No Yes

Status of the donation Ever-pregnant Ever-pregnant Ever-pregnant Ever-pregnant 

Female donor C

Donation record 1st donation 2nd donation 3rd donation

Pregnancy question Ever been pregnant
Pregnant since the 
last donation 

Pregnant since the 
last donation 

Pregnancy Answer Missing No No 

Status of the donation Unknown Unknown Unknown 

Female donor D

Donation record 1st donation 2nd donation 3rd donation 4th donation 5th donation

Pregnancy question 
Ever been 
pregnant

Pregnant 
since the last 
donation 

Pregnant 
since the last 
donation 

Pregnant 
since the last 
donation 

Pregnant 
since the last 
donation 

Pregnancy Answer Missing No No Yes No 

Status of the 
donation

Unknown Unknown Unknown 
Ever-pregnant Ever-pregnant 

Reference and exposure groups in the full cohort
As a result of the choice to accept units from both exposure and reference 
groups in the full cohort, patients would sometimes be included as contribut-
ing to the reference group and sometimes be excluded, resulting in different 
numbers of patients for each comparison contributing to the reference group. 
Figure S1 shows five examples which illustrate this. 



63

Donor pregnancies and transfusion recipient mortality

3

This figure contains a visual representation of five patients and their inclusion 
in the full cohort, here depicted for two comparisons for illustrative purposes. 
Colors represent the two product storage groups: red (old units) and blue (fresh 
units). Transfusions are numbered consecutively (T1, T2, T3), and patient follow-
up is included in the database until either end of hospital follow-up (patient A, C, 
E) or death (patient B, D). 

In Figure S1, patient A received two transfusions, the first one from a male donor 
(storage: old) and the second one from a male donor (storage: fresh). For the 
comparison male, fresh (exposure) to male, old (reference), the full follow-up 
of the patient contributes to the analysis. For the comparison of ever-pregnant 

Figure S1. Explanatory graphic with five patient examples for reference and exposure groups in 
the full cohort
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female donor, fresh (exposure) to male, old (reference), only the time up to 
the second transfusion is included, as this is the time during which the patient 
adhered to the conditions of the comparison. 

Similarly, patient B received two transfusions, the first one from a male donor 
(storage: fresh) and the second one from a male donor (storage: old). For the 
comparison male, fresh (exposure) to male, old (reference), the full follow-up of 
the patient contributes to the analysis. In contrast, for the comparison of ever-
pregnant female donor, fresh (exposure) to male, old (reference), the patient is 
excluded because they received a transfusion that did not adhere to the com-
parison conditions. 

Patient C received three transfusions in total: first, one from a male donor (fresh), 
the second one from a male donor (storage: old), and the third one from a female 
donor that was never pregnant (storage: fresh). For the comparison male, fresh 
(exposure) to male, old (reference), the follow-up is included up to the third 
transfusion, because up until that point the patient adheres to the conditions of 
the cohort. For the comparison of ever-pregnant female donor, fresh (exposure) 
to male, old (reference), the patient is excluded because they received a transfu-
sion outside the comparison first.

Patient D also received three transfusions: two units from a male donor (stor-
age: old) and one unit from an ever-pregnant female donor (storage: fresh). For 
the comparison male, fresh (exposure) to male, old (reference), the follow-up is 
included up to the third transfusion, because up until that point the patient ad-
heres to the conditions of the comparison. For the comparison of ever-pregnant 
female donor, fresh (exposure) to male, old (reference), the full follow-up is 
included. 

Lastly, patient E received three transfusions, one unit donated by an ever-
pregnant blood donor (storage: fresh) and two units from a male donor (storage: 
old). The patient is not included for the comparison male, fresh (exposure) to 
male, old (reference) because the first transfusion is not part of the comparison. 
For the comparison of ever-pregnant female donor, fresh (exposure) to male, old 
(reference), the full follow-up is included.
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Confounders

The following confounders were included in the model: 
· number of transfusions; 
· year;
· blood group;
· donor age;
· hospital;
· an interaction term for hospital and cumulative number of transfusions.

The number of transfusions is an important confounder (Figure S2), because more 
severely ill patients receive more transfusions.[1] And, as the number of transfu-
sions increases, the chance of receiving a blood product from an ever-pregnant 
donor increases. The cumulative number of transfusions also varies by year, as 
transfusion practices have changed[2] , and by hospital. The cumulative number 
of transfusions was modelled as a time-varying variable, as a continuous variable 
with a restricted cubic spline with five knots.[3] This allows for modelling of the 
potential non-linear relation between the confounder and the outcome.[4] 

The probabilities of receiving units stored >7/>10 days and blood from ever-
pregnant donors, mortality, and the total number of transfusions, can vary over 
time. The proportion of female donors and female donors with a history of preg-

Figure S2. Directed Acyclic Graph of the Effect of Product Characteristics (Donor Sex, Pregnancy 
and Product Storage) on Mortality
*The cumulative number of transfusions both influences exposure and is a proxy for disease severity; an arrow 
between disease severity and mortality is also present (variable not shown)

U: unmeasured confounding by indication in age group 0-17; 

c1: patient sex, hospital; 

c2: calendar year, blood group
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nancy varies by year. Thus, the calendar year of each transfusion was modelled as 
a time-varying categorical variable. 

Some blood groups are rarer and therefore products with these blood groups 
will, on average, have an increased shelf time. Blood groups are also potentially 
associated with the total number of transfusions received, and blood groups are 
associated with mortality. We adjusted for categories of recipient blood group 
in the model. 

Donor age might be associated with mortality and is associated with the prob-
ability of a positive pregnancy history.[5] We adjusted for donor age with the 
number of units from donors aged 50 years or older as a time-varying continuous 
variable. 

There could be differences in policy regarding the storage time of red blood 
cells at distribution in the different centers. If there are any centers which allow 
the selection of fresh red cells on the request of the physician, this can result 
in confounding. Therefore, hospital was added to the model as a categorical 
variable. We also added an interaction term between hospital and number of 
transfusions, which further accounts for the variation in patient populations 
between hospitals. 

Several aspects of blood product distribution make studying product charac-
teristics challenging in children. Due to the increased potassium and decreased 
2,3-DPG-concentration in blood products with extended storage, blood products 
for neonates can be requested to have a short (≤5 days) storage duration, in 
certain clinical situations (depicted by U, Figure S1). For example, when these 
patients are expected to receive a large transfusion volume (>80 ml/kg in <24 
hours, >40 ml/kg in 3 hours or a transfusion rate >5 ml/kg/hr) only fresh units are 
used.[6] Additionally, a request can be made for the blood product to be irradi-
ated prior to the transfusion – especially for premature neonates – to abrogate 
the risk of transfusion-associated graft-versus-host disease (ta-GVHD).[7] Prod-
ucts are more often irradiated in the first week of storage, because irradiation 
affects the expiration date of the product negatively. Donor exposure has also 
been limited to protect this patient group from adverse events, with neonates 
preferably receiving blood transfusions split from the same unit up to the expira-
tion date of the unit, or from a single donor, if they are available.[8] However, 
the actual transfusion strategy followed will vary considerably and is dictated 
by patient specific conditions and more or less optimal product choices by ur-
gency versus availability. We do not have information about which subgroups of 
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children were actually prescribed irradiated or very fresh units. Because storage 
time cannot be considered to be independent from patient age – due to children 
preferentially getting shorter stored blood products – and because patient age 
is associated with mortality, children were excluded from the analysis. 

Differences between statistical analysis plan and final analysis
In the original statistical analysis plan, the cutoff for storage time was set at 7 
days. As this cutoff of 7 days did not yield sufficiently large groups to perform 
all planned analyses, we extended the storage time cutoff to 10 days. Results 
for the original 7-day cutoff analysis are provided in the Supplemental materials 
(Table S1-S5).

In addition, we excluded patients aged 0-17 years from all analyses, due to pos-
sible unmeasured confounding by indication, since the clinical situation neces-
sitating the transfusion is likely (strongly) associated to the clinical outcome. In 
this patient population, requesting products stored for shorter storage dura-
tions (i.e. five days or less) was an option available to physicians.[9] We expect 
the request of fresh units to especially have been made for children with a worse 
prognosis. This could have resulted in unmeasured confounding by indication 
(see Supplemental materials, Figure S2), and therefore we decided to restrict all 
analyses to adults. Results for the complete population (including children), as 
well as the statistical analysis plan, are available on request. 

Lastly, we added an analysis (Sensitivity analysis iv.) which does not censor pa-
tients and only uses information from the first transfusion as exposure category. 
In brief, the inclusion of complete follow-up from patients while only taking 
their first transfusion as exposure group ‘assignment’ should allow for a crude 
comparison of effects of exposures without interference of any post-transfusion 
treatment-confounder feedback. Because mixing of exposure does occur after 
this initial assignment, the effect estimate is expected to be less extreme, but 
should still follow the same direction (compared to the primary analysis and 
other sensitivity analyses) if these methods are unbiased. 

Supplemental results

Sensitivity analysis i. (Censored at mixture) included a total of 28,228 patients 
(14,920 female patients and 13,308 male patients) in the no-mixture cohort 
(Table S3). A total of 13,420 patients were included in the single-transfusion 
cohort (Censored at second transfusion), of which 6,950 were female and 6,470 
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were male. In male patients in the no-mixture cohort, confidence intervals for 
the HR for receiving one fresh unit of blood from an ever-pregnant female donor 
are wide (HR 1.34 (0.85-2.10)). This HR for the single-transfusion cohort is not 
shown due to lack of events in the exposed subgroup of male patients. 

In the no-mixture cohort, when comparing ever-pregnant donor units that were 
fresh with the reference group in female patients, the association was similar 
(HR 0.62 (95% CI 0.31-1.25)), and the association in the single transfusion cohort 
was also similar but less precise (HR 0.59 (95% CI 0.22-1.60)). Of note, in female 
patients, receiving male fresh units was associated with a survival benefit in the 
no-mixture cohort (HR 0.81 (0.73-0.90)) and the single-transfusion cohort (HR 
0.33 (95% CI 0.22-0.50)). 

The HR for exposure to ever-pregnant units stored for a short duration in sensi-
tivity analysis i. (with a storage cutoff of 7 days) could not be shown due to small 
sample size (Table S4).

In sensitivity analysis ii. (Full cohort with never-pregnant), 53,487 patients were 
included, 27,877 female and 25,610 male. In the cohort of male patients, receiv-
ing fresh ever-pregnant units was associated with mortality, but the estimate 
was less precise (HR 1.32 (95% CI 0.96-1.82)). When comparing the extended 
reference group with never-pregnant fresh units, receiving these units was as-
sociated with a small survival advantage (HR 0.92 (95% CI 0.87-0.98)). 

For female patients, the HR was 1.08 (95% CI 0.88-1.33) for fresh ever-pregnant 
units compared to reference. No notable associations were present in the other 
comparisons. 

In sensitivity analysis iii. (Full cohort with intermediate), 30,268 patients were 
included (15,873 female patients, 14,395 male patients) and patients were cen-
sored when they received units stored longer than 21 days. The results were 
comparable to previous comparisons, with a HR of 1.50 (95% CI 1.05-2.16) when 
comparing fresh ever-pregnant donor red blood cell units with reference (male, 
intermediate) for male patients. 

For female patients, the HR was 0.84 (95% CI 0.52-1.34) for ever-pregnant 
donor red blood cell units that were fresh compared to units that was stored 
11-21 days, donated by male donors. Here, female patients who received fresh 
units donated by male donors had a lower risk of mortality during follow-up, 
compared to patients who received units from the reference category (HR 0.86 
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(95% CI 0.79-0.94)). The HR for exposure to ever-pregnant units stored for 7 days 
or shorter in sensitivity analysis iii. could not be shown due to small sample size 
(Table S4).

Table S5 contains results for the stratified analysis for female patients and is de-
scribed in the manuscript: “No noteworthy associations were present between 
product characteristics and mortality in female patients in the stratified analysis, 
with effect sizes around 1 for all comparisons, and small group sizes (Table S5).”

Results for the stratified analysis with the storage cutoff of 7 days were not 
shown for exposure to ever-pregnant, fresh units due to small sample size in all 
age groups for both male (Table S6) and female patients (Table S7). 
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