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General introduction and outline of the thesis

Part 1. Introduction

Blood transfusions have been performed since the early 1800's in order to
reduce complications due to bleeding and anemia. Their life-saving potential,
ultimately improving tissue oxygenation, is well-established in the acutely bleed-
ing patient seen in the trauma and surgery setting. For the non-acute anemic
patient, benefits of transfusions are less clear." Importantly, these benefits need
to be weighed against increasing healthcare expenses, the limited availability of
blood, and both avoidable and unavoidable risks. These risks — admittedly — have
become relatively small but can still lead to severe, life-threatening side effects,
e.g. anaphylaxis, transfusion associated circulatory overload and transfusion-
associated Graft-Vs-Host disease.? In this context, it is understandable that a
restrictive transfusion strategy is the default in many settings?, and an increased
interest in potentially avoidable risks has developed. When referring to avoid-
able risks associated with transfusions, an example which comes to mind is
plasma from female donors being associated with increased risk of transfusion-
related acute lung injury (TRALI).* Using observational data, the ‘culprit’ was
found to be the transfer of antibodies against human leukocyte antigens (HLA),
which are more abundant in parous women. This observation prompted a policy
change - in the Netherlands — where use of male-only plasma or pooled plasma
was made the standard, which resulted in a 33% reduction in TRALI cases.”®
There are still more uncertainties about avoidable harms from transfusions, e.g.
other risks relating to sex of the donor”® and the impact of storage of blood
products®. The role of clinical transfusion research using observational data to
investigate such potential risk factors is evident: at first sight, observational data
seems exceptionally suited to investigate a large number of patients exposed
to a specific blood product characteristic, and to follow these patients for the
occurrence of relatively rare outcomes (such as mortality) within a large time
frame. There are, however, a number of caveats when analysing data originating
from such uncontrolled settings. In this thesis, characteristics of red blood cell
products and their connection with patient outcomes are carefully described, in
order to achieve an understanding of the intricate relationship between product,
and patient. Ultimately, the goal of the research described here is to contribute
to the further development of clinical transfusion practice, by performing epide-
miological studies that can estimate causal effects, and thereby discerning ways
to mitigate avoidable transfusion risks.

First, to better define the field of clinical transfusion research, the different types
of blood products and their uses need to be introduced (Figure 7). When the first
transfusions were performed, these consisted of whole blood, a product which
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is used today but has limited applications.’® The development of centrifugation
and filtration made the individualized transfusion of leukocyte-reduced blood
components possible."" Red blood cell units, or erythrocyte transfusions, are
used to treat anemia and bleeding, and are indicated for symptomatic anemia
with pre-transfusion hemoglobin thresholds ranging from 4 to 6 mmol/L."" Fresh
frozen plasma is used to treat patients with massive bleeding-associated co-

Donation

Component separation
+ leukodepletion

Fresh frozen
Thrombocyte plasma
transfusions
| '
Erythrocyte Granulocyte
transfusions transfusions

Transfusion

Figure 1

The process from donation to transfusion in the Netherlands consists of multiple steps. First, the donation
is performed in one of the blood collection centers from a voluntary non-remunerated donor, and a self-re-
ported questionnaire on risk behaviour and health status is taken. Each donation is assigned a unique number
(unit identification number, or “EIN"). The central collection of whole blood is performed in two locations,
and component separation by centrifugation is performed, including a leukodepletion filtration step. Whole
blood separates into erythrocytes (45%, in dark blue), buffy coat (<1%, in pink) and plasma (55%, in light blue)
during the centrifugation process. The separation of whole blood into the blood components for transfusion
is further facilitated by the addition of different types of storage media and the use of advanced separation
techniques. At multiple timepoints, donors and products are tested for infectious risks to ensure safety of
blood products. In this thesis, the safety and efficacy of erythrocyte transfusions, or red blood cell units, and
convalescent plasma for COVID-19 and hyperimmune immunoglobulin (hIVIG) are the main focus.
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agulopathy and for therapeutic plasma exchange. From plasma, other products
can be prepared, such as clotting factor concentrates, albumin and intravenous
immunoglobulin (IVIG). Thrombocyte transfusions (platelets) are prepared from
the buffy coat of the centrifugated whole blood, by pooling platelet-rich plasma,
or by single-donor apheresis and used to treat and prevent thrombocytopenia-
associated bleeding. Other blood products have limited indications. One of them
is the granulocyte transfusion, derived from granulocyte colony-stimulating fac-
tor' treated donors by apheresis, or from pooled buffy coats. These granulocytes
are sometimes prescribed for severely neutropenic patients with active infec-
tions or prophylactically for patients entering a neutropenic period. Other less
common products are convalescent plasma and hyperimmune immunoglobulin
(h1VIG) obtained from plasma of individuals who have recovered from a specific
infection or that are recently vaccinated, and have been primarily studied in the
context of HIN1 influenza and Coronavirus Disease 2019 (COVID-19). These prod-
ucts contain antibodies developed by the donorimmune system as a response to
infections, and can be used to treat other individuals who are currently infected
with the same pathogen.

Clinical transFusion research of blood product characteristics: two
perspectives

Blood product characteristics research borders on various fields in the scientific
spectrum, and the considerations for researchers in this field can be viewed from
two perspectives: the biological perspective and the epidemiological perspective.
From the biological perspective, understanding of the different blood products
and their uses is essential. It is important to understand the pathophysiology of
the various diseases in which transfusions are indicated. As opposed to pharma-
ceutical products, blood products are intrinsically heterogeneous: they derive
from various donors, and can be produced in varying ways across the world.
Whereas in pharmaceutical interventions, we intend to give the patient a single
treatment, blood products can be considered to contain a multitude of active
components, ranging from plasma, red blood cells, leukocytes, cytokines, and
various other compounds, that can also change throughout the products’ time-
line from donation to transfusion. These factors all contribute to the challenging
nature of blood product characteristics research from a biological perspective.'

From an epidemiological perspective, there are also challenges which contribute
to the difficulty of blood product characteristics research.' Rather than compar-
ing a single intervention in a randomized controlled clinical trial (RCT), blood
product characteristics research is mostly based on observational data from

11
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patients receiving — what can be perceived as — a range of different interven-
tions, which commonly also includes the transfusion of multiple units, over time.

As opposed to creating a division, we want to emphasize that these two perspec-
tives are inherently complementary. The epidemiologists’ toolbox will naturally
be supplied with a large dose of fundamental scientific information and, in turn,
clinical research provides the rationale for laboratory investigations. These
perspectives together should be kept in mind by clinical transfusion researchers
when investigating blood product characteristics, as they enhance each other
and thereby allow the study of complex research questions.

Donor sex and clinical transfusion research

Donor characteristics and transfusion recipient outcomes have been frequently
studied. Previously, an association was observed between transfusions of red
blood cells from female donors with increased mortality in male recipients under
50 years of age.” This association of red blood cell transfusions from female
donors with decreased survival of male recipients was later confirmed in an
independent cohort.” The association was furthermore shown to be limited to
female donors with a history of pregnancy, and it was estimated that this asso-
ciation could be responsible for one potentially preventable death per day in the
Netherlands.” Several studies, although performed in different populations and
with a different methodology, have since been published which were not able
to confirm these findings.® "* Hence, there still remain a number of unanswered
questions about the significance of donor sex and parity in clinical transfusion re-
search, e.g. whether this finding is replicable, and if it is, how it can be explained
(i.e. “biological plausibility”). The epidemiological perspective and the biological
perspective, that were introduced earlier, coincide here.

As already suggested, for the investigation of the association between donor
sex and recipient outcomes several methodological challenges should be ad-
dressed. First, due to the nature of observational data, the existence of time-
varying exposures, mixed exposures, and incomplete confounder information
(e.g. underlying disease severity) make analyses complex. Second, the possibility
of bias due to ‘treatment-confounder feedback’ that will be explained in detail
in this thesis, poses a newly recognized challenge. This phenomenon can occur
when the exposure of interest is a time-varying product characteristic which has
a relation with both the outcome, and with the ability of the product to increase
the hemoglobin level of the patient (e.g. through a different Hb content of the
product, or if the post-transfusion yield is affected by a changed clearance of
donor cells). In this setting, treatment-confounder feedback results in differen-
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tial transfusion needs for the exposure of interest, and thereby makes standard
confounding adjustment prone to bias.? Lastly, the presence of country-specific
production methods and practices, population differences of both donor and pa-
tient, and differences in analysis methods could account for disparities between
studies in detecting an association between donor sex and recipient outcomes.
The interpretation of the available evidence requires careful consideration of all
these challenges.

The red blood cell storage lesion: lessons from the past

Whether young or old red blood cells are better for clinical outcome is still the
subject of debate, with studies showing both positive and negative associations
between the storage time of red blood cells and clinical outcomes, including
mortality."®?" Earlier, our research group showed that very fresh red cells were
associated with increased mortality in an observational cohort study.” Several
randomized trials on this subject have been since published.” #?” These trials
were designed expecting the transfusion of older red cells to be associated with
increased mortality. Therefore it was considered unethical to transfuse very old
red cells, like those during the last two weeks of the maximum allowed storage
time. This resulted in less pronounced storage time contrasts between the treat-
ment arms. Moreover, these trials were not designed and sufficiently powered to
accommodate an unexpected inverse association, i.e. fresh red cells potentially
being harmful. Still, blood products stored for short storage duration were not
found to be superior to older units; although not statistically significant in any
individual trial, harm from fresh units was more likely." ?*8

When comparing these trials to observational research, they are not in agree-
ment.?” 3° Although results from observational studies and RCTs need not
coincide®, in this specific situation the expectation is that they should, if the ob-
servational studies sufficiently eliminate bias due to confounding and selection.
To explain this, we need to look at the causal question the observational studies
were attempting to answer. In general, the observational studies answered the
general question “what is the effect of receiving only ‘fresher’ transfusions
compared to receiving only ‘older’ transfusions”, but without taking into account
the time-varying aspect of receiving additional transfusions. Because patients
receive multiple transfusions over time, and their probability to receive only one
of these categories consequently diminishes, analysing restricted subgroups of
patients receiving “only-fresh” and “only-old” units throughout their follow-up
would be subject to bias. These inconsistencies have made the scientific com-
munity aware of limitations of past studies, but still the conclusions of these
studies — namely that stored blood is inferior to fresher units — persist. More
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attention to methods in clinical transfusion research can shed light on the causal
relations that give rise to the observed data.

Evidence sources: observational research and rapid reviews

Although observational research has a number of limitations, especially in the
field of transfusion medicine there is a large role for observational research in
providing answers to causal questions. Indeed, for longer term outcomes that
are not determined by blood transfusion alone, the size of RCTs needed would
not be feasible, and answers should be sought, and can be found, elsewhere. We
argue this is especially true when investigating blood product characteristics.
This is because the setting in which transfusions are administered can be consid-
ered to be similar to a “natural experiment”.? In this setting, there is no risk of
traditional confounding or confounding by indication being introduced, because
particular exposure characteristics:

- can typically not be chosen or avoided,

- are not known at the time of transfusion,

- cannot influence how outcomes are reported.

This is why it is puzzling to see that implying causality in an observational study
publication can lead to a swift rejection from some scientific journals. Rather
than avoiding the “c-word”, causality, and only describing associations, obser-
vational studies can play an important role in assessing the effects of different
interventions, especially when patients are randomly exposed with respect to
their prognosis.*> However, this does not mean clinical transfusion research
with observational data in this setting is similar to analysing a true randomized
experiment. Rather, clinical transfusion research is complicated by patients re-
ceiving multiple transfusions over time, exponentially increasing the probability
of mixed exposure. At the same time, transfusion efficacy and safety is likely
varying per product, and patient disease severity and outcome effects will ad-
ditionally vary throughout transfusion episodes. With proper epidemiological
study designs and appropriate statistical analyses, however, these difficulties
can be overcome. Hence, causality can be inferred from observational research,
and importantly, observational studies can serve to inform clinical practice.

In the context of public health emergencies, the use of rapid reviews has become
increasingly popular as a means of synthesizing evidence in a timely and efficient
manner.’® The accelerated nature of the review process can reduce costs and
increase efficiency, but this approach can also be a limitation, as the review may
not be as comprehensive or rigorous as a traditional systematic review. Evidence
sources may also be limited to non-randomized studies, such as case reports and
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case series. There are also advantages of performing early rapid reviews. System-
atic reviews that include non-randomized studies allow researchers to identify
and evaluate the full range of evidence available at that time. Indeed, valuable
insights can be obtained by carefully selecting and evaluating the studies to be
included in the review and assessing the risk of bias in every study. Gaps in the
existing literature can be identified to guide future research efforts. Finally,
RCTs, as opposed to observational research, often include a strongly selected
patient group and are not representative of clinical practice. On the other hand,
it is important to note that especially smaller, non-randomized studies that have
not been carefully designed can be subject to biases. We hence should always as-
sess carefully where the validity and reliability of findings of both observational
studies and RCTs could be compromised.

Part 2. Aim and outline of the thesis

The research questions in this thesis relate to two themes: investigating do-
nor- and blood product characteristics, and investigating safety and efficacy of
convalescent plasma for people with Coronavirus disease 2019 (COVID-19). The
research in this thesis uses observational data and thorough epidemiological
methods to answer several research questions in these two areas.

In Chapter 2, the different biological mechanisms potentially underlying as-
sociations of donor sex and pregnancy history with mortality in the clinical
transfusion field are discussed in the form of a narrative review. Past studies
have drawn attention to the potential adverse effects of donor and blood prod-
uct characteristics. In particular, donor sex and parity have been implicated in
increased mortality among transfusion recipients.” Interestingly, sex mismatch
has long been recognized as a risk factor in solid organ and stem cell transplanta-
tion, with the strongest association observed for multiparous female donors and
male recipients of hematopoietic stem cell transplantations.> In this chapter,
the available evidence from transfusion, solid organ transplantation, and stem
cell transplantation medicine is summarized and possible biological mechanisms
underlying the association between donor parity and red blood cell unit recipi-
ent mortality are discussed. A key aspect of this chapter is the possible role of
cellular microchimerism in immune modulation of transfusion recipients, and
how this may contribute to adverse outcomes.

At the same time, longer blood product storage is associated with mortality in
randomized clinical trials, with ‘fresh’ blood associated with a non-significant
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mortality risk.>® We postulated that both donor pregnancy history and blood
product storage may impact the safety of red blood cell transfusions, with ‘fresh’
units from ever-pregnant donors providing the highest risk after transfusion.
This is investigated in Chapter 3, where we examined the association between
donor pregnancy history and storage with mortality of recipients in a cohort
study of first-ever transfusion recipients in the Netherlands. We proposed that
both associations were mediated through residual leukocytes which decay dur-
ing storage, and studied this using Cox proportional hazards models, with the
number of units with each product characteristic as exposure.

In Chapter 4, arapid review investigating convalescent plasma and hyperimmune
immunoglobulin for treating individuals with COVID-19 is described. This review
constitutes the first instalment of the systematic review series investigating
these therapies using Cochrane systematic review methodology. Convalescent
plasma and hyperimmune immunoglobulin are therapies that have been studied
in the context of several respiratory viral infections, but it was not clear whether
they were safe and effective for people with COVID-19. A thorough understand-
ing of the most current evidence regarding their benefits and risks at the time
was required. Therefore, the objective of this study was as follows: to assess the
efficacy and safety of convalescent plasma and hyperimmune immunoglobulin
transfusion for treating people with COVID-19 at the start of the COVID-19 pan-
demic. We conducted a systematic review of the literature, searching multiple
databases for completed and ongoing studies as of April 2020.

Chapter 5 continues on the conflicting evidence on the effect of donor sex on
outcomes after red blood cell transfusion. Some studies have suggested that
transfusion of blood from female donors may increase the risk of adverse
outcomes, while others found no difference between male and female donor
blood.”® "> 3> Donor pregnancy may partly explain this association, with a study
from our research group showing increased risk of mortality, predominantly in
younger adult male patients.” Whether sex of the donor's offspring (i.e., whether
the donor had sons or daughters) has any impact on transfusion outcomes is
unknown, but because earlier studies showed an association with mortality in
especially male patients, we postulated offspring male sex could potentially
mediate this association. On that account, we performed a large observational
cohort study with information on donor characteristics and their offspring, and
studied the association of these characteristics with mortality using inverse prob-
ability weighting (IPW). The use of IPW or other advanced statistical modelling
techniques is required here, because of the presence of time-varying treatment-
confounder feedback. This is due to the probability of additional transfusions
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depending on donor sex, with female donors providing a red blood cell unit with
lower hemoglobin concentration compared to male donors; and the relation
between the number of transfusions and mortality, with patients who are more
ill requiring more transfusions on average.

As shown in chapter 5, advanced statistical modelling techniques, like IPW, allow
for sophisticated analysis of complex data, and these methods may be required
to estimate causal effects when time-varying treatment and confounder infor-
mation is of interest. There are several reasons why IPW and other similar ana-
lytical approaches have not been widely adopted in clinical transfusion research.
First, these methods require an understanding of advanced statistical concepts
and techniques, and close collaboration with methodological experts. Second,
there may be a lack of awareness of the benefits or necessity of these techniques
among researchers. Third, some of these methods can be computationally com-
plex and may require large sample sizes, which may be a challenge in the setting
of clinical transfusion research. Finally, their results are more challenging to
interpret and hence appreciate by the general scientific community. In Chapter
6, we provide a detailed tutorial of the use of IPW in clinical transfusion research,
including a sample dataset. The situations where the use of IPW is necessary are
discussed in depth, and guidance for future research is provided.

In Chapter 7 the main findings of the thesis are summarized and the implica-
tions for future research are discussed. Here, a balance is sought between the
epidemiological and the biological perspectives, by combining insights from
clinical and fundamental research in the interpretation of the evidence on blood
product characteristics and their influence on patient health.
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Abstract

Donor characteristics, such as donor sex and age, have been implicated in adverse
outcomes following red blood cell transfusions. There is a vast body of evidence
supporting a role for sex-mismatch in solid organ and stem cell transplantation.
Most of these findings suggest the strongest effect of sex-mismatch between
multiparous female donors and male recipients. In this review, we discuss the
available evidence from transfusion, solid organ transplantation, and stem cell
transplantation medicine. We suggest several possible biological mechanisms
behind the association of donor pregnancy and transfusion recipient mortality
that can be further investigated in future research. Foremost, we claim donor
microchimeric cell-mediated immune modulation is the most likely explanation
for the observed associations in transfusion medicine.

Key words: blood transfusion, transplantation, pregnancy, sex mismatch
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Introduction

Blood products from female donors are associated with adverse outcomes after
transfusion[1, 2]. Initially, the association between donor sex and transfusion
recipient mortality was limited to plasma-rich products, which were implicated
in causing transfusion-related acute lung injury (TRALI)[3, 4]. TRALI is caused by
the transfer of donor alloantibodies that react with human neutrophil antigens
(HNA) or class | or class Il human leukocyte antigens (HLA)[5] of recipient cells
and tissue. These antibodies are induced by exposure to alloantigens, which can
occur during pregnancy, transfusion, and transplantation[6-9]. In TRALI, donor
antibodies originating from leukocytes and located in the plasma fraction of the
blood product cause neutrophil priming and activation in the pulmonary vascu-
lature, resulting in edema and acute dyspnea[10]. Therefore, the use of plasma-
rich products from female donors has been restricted, resulting in a reduction of
the incidence of TRALI[11].

However, an association between transfusions from female donors and subse-
quent adverse outcomes was also seen for other blood products, which contain
a limited amount of plasma[12-18]. We furthermore observed increased death
rates among young male recipients of packed red blood cell transfusions from
ever-pregnant female donors[16]. In search of potential biological mechanisms
to explain these observations, we reviewed the literature on the role of donor
and recipient sex-mismatch in outcomes in blood transfusion, solid organ and
stem cell transplantation. We summarize the possible mechanisms behind the
frequently seen association between female donor sex and adverse events in
(predominantly male) recipients.

Donor sex and pregnancy in hematopoietic stem cell
transplantation

Although allogeneic hematopoietic stem cell transplantation can be a life-saving
therapy for hemato-oncologic malignancies, serious complications frequently
occur[19]. Graft-versus-host disease (GVHD) is a potentially lethal complica-
tion which is caused by the attack of the host by T-cells originating from the
allogeneic graft[20]. However, the occurrence of GVHD is also associated with a
graft-versus-leukemia or graft-versus-tumor effect, with lower relapse incidence
in patients with this condition[21-23]. Lower relapse and increased GVHD risk
go hand in hand: the outcome of allogeneic transplantation depends heavily on
HLA and minor histocompatibility antigen (miHA) mismatches between donor
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and recipient, and the amount of functional and mismatch reactive T-cells within
the transplant[24, 25].

Sex-mismatch has been studiedin the context of allogeneic stem cell transplanta-
tion in aplastic anemia[26], acute myeloid leukemia[27, 28], acute lymphoblastic
leukemia[27, 28], chronic myeloid leukemia[28, 29], and multiple myeloma[30].
Female-to-male allogeneic transplantations were associated with increased risk
of death in allogeneic stem cell transplant recipients, due to a higher rate of
acute and chronic GVHD, and increased non-relapse mortality[26-29, 31]. How-
ever, the increase in chronic GVHD related to female donors was also observed
in female recipients[32].

Non-relapse mortality in male patients receiving a hematopoietic stem cell
transplantation from a female donor was associated with pregnancy history of
the female donor, and particularly with a prior pregnancy with a male child[33].
During pregnancy, there is exchange of fetal and maternal cells across the
placenta[34-36]. After pregnancy, allogeneic cells can thus persist in the host,
leading to microchimerism[37]. Parous women can mount an immune response
against these chimeric cells through the inherited paternal HLA antigens (IPA) or
paternal miHA, and in the case of a pregnancy with a boy through the Y-chromo-
some encoded miHA (HY-antigens)[38-40]. The introduction of HY-specific donor
T-cells[41] via the stem cell transplant is associated with both acute and chronic
GVHD in male allogeneic stem cell transplant recipients[41]. Next to HY-specific
helper T cells and cytotoxic T cells, also anti-HY antibodies involved in antibody-
dependent cellular cytotoxicity could be demonstrated in females with male
children.

Donor sex and pregnancy in solid organ transplant

Insolid organ transplantation medicine, the role of donorsex on allograft engraft-
ment and function has been extensively described[42]. Overall, a worse graft
outcome has been identified for Female donor allografts[42]. This association
has been observed in both cadaveric and living-donor liver transplantation[43,
44]. A decreased overall survival was observed in male recipients receiving a fe-
male donor heart, compared to a male donor heart[45]. Overall, renal allografts
from female donors are associated with poor survival both in male and female
recipients[42, 46].
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Several biological mechanisms were postulated to explain these findings. First,
the increased mortality in recipients of female liver allografts has been ascribed
to deprivation of estrogen, which provides protection to ischemic injury, and
promotes cholangiocyte proliferation in the liver[43, 44]. Second, increased
mortality among recipients of heart transplants from female donors could be
due to graft under sizing, commonly attributed to sex mismatching[47, 48]. This
effect could be further exacerbated by a progressive loss of 1g of myocytes per
year partially compensated by a reactive hypertrophic response, which has been
observed in healthy male hearts, but not in females[49, 50]. Finally, increased
mortality among male recipients of female kidneys has been attributed to the
lower nephron mass of female donor kidneys, and higher functional demand of
male recipients, resulting in allograft hyperfiltration injury[51, 52].

However, kidney allografts from male donorsin female recipients, compared to all
other donor-recipient combinations, were also associated with increased adverse
outcomes[53-57]. These adverse effects of sex-mismatch in kidney transplanta-
tion are postulated to again relate to higher antibody titers against HY-antigens
observed in female recipients[58, 59]. HY-antigen mismatch is hypothesized to
lead to sensitization, allogeneic transplant rejection, and ultimately transplant
failure[56]. Some studies have also shown a detrimental effect of HY-antigen
mismatch on acute immunological rejection in corneal transplantation[60],
lung[61], liver[62] kidney[63] and heart transplantation[64, 65]. Overall, these
findings suggest a role for HY-antigens in solid organ transplantation, through
an immunological female-anti-male H-Y effect[53].

Donor sex and pregnancy and red blood cell recipient
mortality

The first study reporting an association between donor sex and transfusion
recipient mortality after transfusion of plasma poor, leukoreduced red blood
cell products was published in 2011[17]. This study noted an especially strong
association of young male transfusion recipient mortality and female donor
transfusions. Since then, several other studies have also observed this associa-
tion[12-15, 18].

Figure 1 shows the results of all studies reporting the association of donor sex
with transfusion recipient mortality for male and female transfusion recipients
separately (adapted from[66]). The pooled hazard ratio for mortality of male
transfusion recipients after red blood cell transfusions from female donors,
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compared to male donors was 1.15 (95% confidence interval (Cl): 1.01 to 1.30).
For female recipients, this hazard ratio was 1.01 (95% Cl: 0.94 to 1.08).

Study Male patients HR (95% Cl) n
Middelburg 2011 - The Netherlands* 1.70 (0.91, 3.17) 1,971
Barty 2015 - Canada* 1.22 (0.89, 1.66) 11,817
Bjursten 2015 - Sweden*t — 1.24 (1.03, 1.50) 3,198
Desmarets 2016 - France* 0.96 (0.57, 1.61) 1,712
Chassé 2016 - Canadat - 1.61(1.48, 1.76) 15,906
Caram-Deelder 2017 - The Netherlandst e 1.09 (1.00, 1.18) 31,145
Edgren 2019 - United States (KPNC)t —_ 1.03 (0.90, 1.18) 21,666
Edgren 2019 - United States (REDS-IIl)t - 0.98 (0.92, 1.04) 63,373
Edgren 2019 - Sweden and Denmark (SCANDAT)t : 1.00 (0.99, 1.02) 593,544
(

Overall (I-squared = 93.7%, p = 0.000) <> 1.15 (1.01, 1.30)

1 3
Hazard ratio (95% confidence interval)

Study Female patients HR (95% ClI) n
Middelburg 2011 - The Netherlands* — 0.83 (0.47, 1.46) 1,834
Barty 2015 - Canada* — 0.68 (0.49, 0.94) 11,817
Bjursten 2015 - Sweden*t — 0.88 (0.72, 1.07) 1,843
Desmarets 2016 - France* . T 0.49 (0.21, 1.15) 1,003
Chassé 2016 - Canadat - 1.20 (1.10, 1.31) 14,597
Caram-Deelder 2017 - The Netherlandst | 1.04 (0.94, 1.14) 33,801
Edgren 2019 - United States (KPNC)t - 0.97 (0.85, 1.11) 24,424
Edgren 2019 - United States (REDS-III)t - 1.04 (0.97, 1.11) 66,746
Edgren 2019 - Sweden and Denmark (SCANDAT)t . 1.00 (0.99, 1.02) 748,496
Overall (I-squared =71.1%, p = 0.001) D 1.01 (0.94, 1.08)
T T

A 1 3
Hazard ratio (95% confidence interval)

Weights are from random effects analysis. * Female exposure was from tHazard ratio per transfusion powered to the mean/median number of transfusions

Figure 1 - Publications on the association of recipient mortality Female blood donors, stratified
by recipient sex

Some studies did not find this association between donor sex and adverse
outcomes following transfusion[67-69]. Differences in study population, chosen
comparisons, and production methods of blood products could explain these dif-
ferences and potentially modify the risk associated with receiving blood products
from female donors. Namely, one of these studies investigated cardiovascular
disease patients only[68]. Furthermore, a recent publication reported a positive
association between red cell transfusions from ever-pregnant donors and mor-
tality of young male recipients[16]. Although this finding is tentative and was not
corroborated by another more recent study, it is consistent with the observation
that female donors are associated with adverse outcomes in male transfusions
recipients[69]. It could also explain why some studies did not find an associa-
tion between female donors and mortality; the donor populations in different
countries have different demographics. Different statistical analysis techniques
could further explain why not all studies showed an effect of sex-mismatched
transfusions. The methods used to adjust for confounding variables, such as the
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total number of transfusions, were theorized to explain some of these differ-
ences[69]. We also cannot rule out that the length of follow-up, which varied
widely between studies, may have influenced the observed point estimates.

Transfusion-associated microchimerism (TA-MC) has been proposed as a possible
explanation for higher mortality after sex-mismatched transfusions[16, 70, 71].
Donor cells have been detected in transfusion recipients up to 60 years after
transfusions[72]. Interestingly, transfused trauma patients have been shown
to be significantly more sensitive to persistent microchimerism[73]. Trauma
patients receiving transfusions are often males (84%), and relatively young (77%
under 44 years of age)[74]. It is therefore plausible, that the increased tendency
of young male transfusion recipients to develop long-lasting microchimerism
might be implicated in the apparent susceptibility of this patient group to sex-
mismatched blood transfusions.

Universal leukoreduction of donated blood products is thought to reduce the
risks associated with blood transfusion, and has been indicated to reduce post-
operative mortality after open-heart surgery[75, 76]. Strikingly, the occurrence
of TA-MC remained unchanged after the introduction of universal leukoreduc-
tion[77]. Also, the number of transfusions did not determine whether microchi-
meric cells persist[78]. Finally, prolonged storage of the blood product had no
apparent effect on the occurrence of TA-MC, even though the leukocyte content
in some blood products decreased to undetectable levels during storage[79].
These findings indicate, TA-MC may not be leukocyte dose dependent.

Summarizing the findings from observed associations in transfusion and trans-
plantation research, a compelling theory emerges. Mortality after transfusion
from female donors is related to pregnancy history of the donor and age and sex
of the recipients[16]. Parity is known to be associated both with cellular and hu-
moral HY-immunity in women[38], while this transferred immunity is associated
with GVHD in male recipients[40, 41, 80]. After transfusion, microchimerism can
be detected more often in trauma patients[77], which are predominantly young
and male[74]. Thus, we hypothesize HY- and other Y coded (minor) antigen-
directed alloimmunity is unintentionally transferred with parous female donor
blood products, and may play a role in causing mortality and morbidity in male
transfusion recipients.
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Other raised mechanisms for the association between
donor sex and transfusion recipient mortality

Hemoglobin

Lower hemoglobin concentrations of female donors may also affect transfusion
recipient mortality[81]. Less hemoglobin in the product could result in the need
for more transfusions; donor and recipient sex are significant predictors of he-
moglobin increments[82]. However, a higher number of transfusions does not
explain why blood products from ever-pregnant female donors could be harmful,
or why this association should be limited to young male transfusion recipients.
Although hemoglobin levels are affected by pregnancy, these effects are tran-
sient and hemoglobin levels return to normal after childbirth[83].

The higher levels of hemoglobin of red blood cell units from male donors are
actually postulated to be harmful to female transfusion recipients[84]. The
excess hemoglobin, in the form of toxic free hemoglobin, might overwhelm the
scavenging capacity of female haptoglobin, resulting in a temporary depletion of
nitric oxide, inducing endothelial dysfunction, platelet aggregation and oxidative
injury[85-87]. Also, this free hemoglobin may trigger pro-inflammatory effects
through toll-like receptor 4[88].

Cell-free DNA

Blood products with short storage duration are possibly associated with post-
transfusion mortality[89-91]. As the blood product ages, less cell-free DNA is
presentin the product[92], possibly due to degradation by DNases[93]. Different
blood product production methods also resulted in different concentrations of
cell-free DNA[92], with the main differences being the timing of the leukoreduc-
tion procedure. Cell-free DNAis known to be released by neutrophilsin neutrophil
extracellular traps[94]. Increased cell-free DNA levels have been associated with
impaired fibrinolysis in septic patients[95]. Pro-coagulant, platelet-stimulating
and pro-inflammatory properties all have been ascribed to cell-free DNA[93,
96-98]. Thus, a role for cell-free DNA in the adverse events linked to very fresh
blood products is conceivable. This principally applies to products which were
manufactured using the whole-blood filtration method, which were shown to
contain high cell-free DNA concentrations[92].

However, no link to donor pregnancy history and presence of cell-free DNA in

blood products has been established. A novel, yet unknown effect of cell-free
DNA from (ever-pregnant) female donors on mortality could be studied by in-
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vestigating effect modification by storage time on the effect of ever-pregnant
donors on mortality. However, preliminary investigations into this subject sug-
gested that older units may actually potentiate the effect of ever-pregnant
donors[99].

Hormones

There are indications that hormones act differently on red blood cells in men
and in women[100, 101]. The membrane rigidity of female erythrocytes was
shown to increase following adrenaline stimulation, while in male erythrocytes it
decreases[100]. Increased membrane rigidity was shown to reduce white blood
cell adhesion to an inflamed endothelium, potentially inducing a susceptibility
to infection[102]. Furthermore, higher membrane deformability was observed
during the luteal phase of menstruation, which is known for higher estrogen and
progesterone levels[101].

Although the impact of hormones on red blood cell deformability and membrane
rigidity has been demonstrated, it is unclear whether these findings have clinical
implications. No research has been performed on the effect of female fertility
on outcomes after transfusions. However, although the differential effects of
hormones could play a role in the short-term effects of blood transfusions, it is
unlikely these would play a role in long-term outcomes of transfusion recipients.

Conclusions and clinical implications

Intransfusion medicine, donor sexis associated with recipient outcomes; not only
foralloantibodies containing plasma products but also for plasma-poor products.
We hypothesized that HY-directed immunity is unintentionally transferred to
male transfusion recipients. This hypothesis is fueled by findings in transplanta-
tion medicine, where HY-mismatch is a bad prognostic factor for chronic GVHD
in allogeneic stem cell transplantation and for solid organ transplant rejection.
Alternatively, immunity against other antigens could be implicated. Pregnancy
primes for IPA and paternal miHA[39]. If trauma is capable of inducing a 'suscep-
tibility’ to persistent microchimerism, any fetal antigen recognizing cells could
potentially engraft in a trauma patient, regardless of patient sex. (Table 1)
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We proposed donor microchimeric cell-mediated immune modulation as the
most likely explanation for the observed association between donor pregnancy
history and adverse outcomes in transfusion medicine. Other mechanisms that
could explain the association between donor sex and recipient mortality were
also discussed. However, none of these explain how parity of female donors
would influence recipient outcomes. In order to provide guidance for blood
banking, improve safety, and maintain the continuity of the blood supply, it is
necessary to first specify which donors and patients are implicated in these ad-
verse events. Future research investigating donor characteristics on a molecular
and cellular level should be encouraged, in addition to well-designed random-
ized clinical trials to determine the clinical impact of sex-mismatched red blood
cell transfusions. Ultimately, this can pave the way for personalized transfusion
strategies that will minimize both side effects and associated mortality of recipi-
ents of transfusions, while still maintaining a blood inventory that is as flexible
and broad as possible.
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Chapter 3

Abstract

Background and objectives

Donor characteristics have beenimplicated 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 TRALL. 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% Cl 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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Source population?

Records from hospitals on patients (characteristics, transfusions and mortality) are linked to blood
product records from the blood supply organization.

Blue and red boxes represent fresh and old units.
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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 donoris 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
isreceivedis 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 7). 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 S7).

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% C10.97-1.99)). No association was present when the units donated by ever-
pregnant female donors were old (HR 1.05 (95% Cl 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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Full cohort2 Deaths/| ient: Deaths/| HR per unit®
(exposure) (reference)b
Male patients Protective | Harmful
Ever-pregnant female old 922/4,560 2,551/13,078 1.05 (0.99-1.12) E
Never-pregnant female old 908/4,420 2,561/13,025 1.05 (0.98-1.12) f
Male fresh 174/1,049 1,840/10,506 0.93 (0.86-1.01) J
Ever-pregnant female fresh 18/101 1,783/10,232 1.39 (0.97-1.99) ‘;—"—
Never-pregnant female fresh 9/93 1,779/10,239 0.61 (0.33-1.11) — —:—
05 1 2 o
HR (95% CI)
Female patients Protective |~ Harmful
Ever-pregnant female old 784/4,664 2,424/14,569 0.99 (0.92-1.06) +
Never-pregnant female old 820/4,759 2,461/14,655 0.95 (0.89-1.02) ‘
Male fresh 187/1,410 1,846/11,905 0.86 (0.79-0.93) - f
Ever-pregnant female fresh 13/140 1,764/11,545 0.83 (0.52-1.30) E— —é—
Never-pregnant female fresh 11/150 1,760/11,544 0.68 (0.42-1.11) ——:“
05 }I 2 log scale
HR (95% CI)

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)

units from ever-pregnant donors was not associated with mortality in female
patients (HR 0.83 (95% Cl 0.52-1.30)). For female patients, receiving fresh male
units was associated with a small survival benefit (HR 0.86 (95% Cl 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 S3-54).

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
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analysis in both direction and magnitude of the effect of exposure. The HR was
0.87 (95% Cl 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% Cl 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 accessto theindication 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 1% donation 2" donation  3“donation 4™ donation 5" donation

Pregnant Pregnant Pregnant Pregnant
. Ever been . . . .
Pregnancy question since the last  since the last since the last  since the last
pregnant . . . .

donation donation donation donation

Pregnancy Answer  No No No Yes Yes

Status of the Never- Never- Never-

. Ever-pregnant Ever-pregnant
donation pregnant pregnant pregnant

Female donor B
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Pregnancy question Ever been Pregnant since Pregnant since Pregnant since
9 ya pregnant the last donation the last donation the last donation
Pregnancy Answer Yes No No Yes

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

Female donor C

. P i h P i h
Pregnancy question Ever been pregnant regnant since the regnant since the

last donation last donation
Pregnancy Answer Missing No No
Status of the donation Unknown Unknown Unknown

Female donor D

Pregnant Pregnant Pregnant Pregnant
. Ever been . . . .
Pregnancy question since the last  since the last since the last  since the last
pregnant . . . .
donation donation donation donation
Pregnancy Answer  Missing No No Yes No
Status. of the Unknown Unknown Unknown Ever-pregnant Ever-pregnant
donation

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 S1shows five examples which illustrate this.
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T T2 Legend:
A Twvas | Tvee | [ fresh units (stored 1-10 days)
I|Reference End of [ old units (stored 11-36 days)
: ® [ ] follow-
L i
(|- | JI comparison:
@ 0 male, fresh (exposure) vs. male, old (reference)
C=—=0 ever-pregnant female, fresh (exposure) vs. male, old (reference)
T T2
[ I
B : Male Male |
|
i - > Death
e
(.24 w4y J comparison:
@ @ male, fresh (exposure) vs. male, old (reference)
X ever-pregnant female, fresh (exposure) vs. male, old (reference)
T T2 T3
e s e |
C ([wae Male Never- |
| Reference| | Pregnant
| female End of
-~ Q 2 follow-
LR S
= = L = 1 __ J ..
comparison:
[ male, fresh (exposure) vs. male, old (reference)
X ever-pregnant female, fresh (exposure) vs. male, old (reference)
D T T2 T3
———
I| Male Male Ever- !
||Reference pfregnzlant
: ° ° e'ﬁa © Death
Tt .
it - JL - _J ___ ) comparison:
C=———0 male, fresh (exposure) vs. male, old (reference)
@ ®  ever-pregnant female, fresh (exposure) vs. male, old (reference)
T1 T2 T3
e
E Ever- Male Male !
pfrg%r;?gt Reference End of
[ ° [ ] follow-

__________________ J comparison:
X male, fresh (exposure) vs. male, old (reference)
® ®  ever-pregnant female, fresh (exposure) vs. male, old (reference)

Figure S1. Explanatory graphic with Five patient examples for reference and exposure groups in
the Full cohort

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 isincluded 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
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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 animportant confounder (Figure S2), because more
severely ill patients receive more transfusions.["” 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]

Patient age

}

U

/

Produet
Cumulative number characteristics
of transfusions® (donor pregnancy
and product storage)

— Mortality

Ca Gy

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;
cy: patient sex, hospital;

¢,: calendar year, blood group
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-
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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 S7). 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% Cl1 0.31-1.25)), and the association in the single transfusion cohort
was also similar but less precise (HR 0.59 (95% Cl 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% C1 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% ClI 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% Cl 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% Cl 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% C10.79-0.94)). 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 (7able S6) and female patients (Table S7).
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Abstract

Background

Convalescent plasma and hyperimmune immunoglobulin may reduce mortality
in patients with respiratory virus diseases, and are currently being investigated
in trials as a potential therapy for coronavirus disease 2019 (COVID-19). A thor-
ough understanding of the current body of evidence regarding the benefits and
risks is required.

Objectives

To assess whether convalescent plasma or hyperimmune immunoglobulin trans-
fusion is effective and safe in the treatment of people with COVID-19.

Search methods

The protocol was pre-published with the Center for Open Science and can be
accessed here: osf.io/dwf53

We searched the World Health Organization (WHO) COVID-19 Global Research
Database, MEDLINE, Embase, Cochrane COVID-19 Study Register, Centers for
Disease Control and Prevention COVID-19 Research Article Database and trials
registries to identify ongoing studies and results of completed studies on 23
April 2020 for case-series, cohort, prospectively planned, and randomised con-
trolled trials (RCTs).

Selection criteria

We followed standard Cochrane methodology and performed all steps regarding
study selection in duplicate by two independent review authors (in contrast to
the recommendations of the Cochrane Rapid Reviews Methods Group).

We included studies evaluating convalescent plasma or hyperimmune immuno-
globulin for people with COVID-19, irrespective of disease severity, age, gender
or ethnicity.

We excluded studies including populations with other coronavirus diseases

(severe acute respiratory syndrome (SARS) or Middle East respiratory syndrome
(MERS)) and studies evaluating standard immunoglobulins.
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Data collection and analysis

We followed recommendations of the Cochrane Rapid Reviews Methods Group
regarding data extraction and assessment.

To assess bias in included studies, we used the assessment criteria tool for obser-
vational studies, provided by Cochrane Childhood Cancer. We rated the certainty
of evidence using the GRADE approach for the following outcomes: all-cause
mortality at hospital discharge, improvement of clinical symptoms (7, 15, and
30 days after transfusion), grade 3 and 4 adverse events, and serious adverse
events.

Main results

We included eight studies (seven case-series, one prospectively planned, single-
arm intervention study) with 32 participants, and identified a further 48 ongoing
studies evaluating convalescent plasma (47 studies) or hyperimmune immuno-
globulin (one study), of which 22 are randomised.

Overall risk of bias of the eight included studies was high, due to: study de-
sign; small number of participants; poor reporting within studies; and varied type
of participants with different severities of disease, comorbidities, and types of
previous or concurrent treatments, including antivirals, antifungals or antibiot-
ics, corticosteroids, hydroxychloroquine and respiratory support.

We rated all outcomes as very low certainty, and we were unable to summarise
numerical data in any meaningful way. As we identified case-series studies only,
we reported results narratively.

Effectiveness of convalescent plasma for people with COVID-19

The following reported outcomes could all be related to the underlying natural
history of the disease or other concomitant treatment, rather than convalescent
plasma.

All-cause mortality at hospital discharge

All studies reported mortality. All participants were alive at the end of the report-
ing period, but not all participants had been discharged from hospital by the end
of the study (15 participants discharged, 6 still hospitalised, 11 unclear). Follow-
up ranged from 3 days to 37 days post-transfusion. We do not know whether
convalescent plasma therapy affects mortality (very low-certainty evidence).
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Improvement of clinical symptoms (assessed by respiratory support)

Six studies, including 28 participants, reported the level of respiratory support
required; most participants required respiratory support at baseline. All studies
reported improvement in clinical symptoms in at least some participants. We do
not know whether convalescent plasma improves clinical symptoms (very low-
certainty evidence).

Time to discharge from hospital
Six studies reported time to discharge from hospital for at least some partici-
pants, which ranged from four to 35 days after convalescent plasma therapy.

Admission on the intensive care unit (ICU)

Six studies included patients who were critically ill. At final follow-up the major-
ity of these patients were no longer on the ICU or no longer required mechanical
ventilation.

Length of stay on the ICU
Only one study (1 participant) reported length of stay on the ICU. The individu-
al was discharged from the ICU 11 days after plasma transfusion.

Safety of convalescent plasma for people with COVID-19

Grade 3 or 4 adverse events

The studies did not report the grade of adverse events after convalescent
plasma transfusion. Two studies reported data relating to participants who had
experienced adverse events, that were presumably grade 3 or 4. One case study
reported a participant who had moderate fever (38.9 °C). Another study (3 par-
ticipants) reported a case of severe anaphylactic shock. Four studies reported
the absence of moderate or severe adverse events (19 participants). We are very
uncertain whether or not convalescent plasma therapy affects the risk of moder-
ate to severe adverse events (very low-certainty evidence).

Serious adverse events

One study (3 participants) reported one serious adverse event. As described
above, this individual had severe anaphylactic shock after receiving convalescent
plasma. Six studies reported that no serious adverse events occurred. We are
very uncertain whether or not convalescent plasma therapy affects the risk
of serious adverse events (very low-certainty evidence).
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Authors' conclusions

We identified eight studies (seven case-series and one prospectively planned
single-arm intervention study) with a total of 32 participants (range 1 to 10).
Most studies assessed the risks of the intervention; reporting two adverse events
(potentially grade 3 or 4), one of which was a serious adverse event. We are very
uncertain whether convalescent plasma is effective for people admitted to hos-
pital with COVID-19 as studies reported results inconsistently, making it difficult
to compare results and to draw conclusions. We identified very low-certainty
evidence on the effectiveness and safety of convalescent plasma therapy for
people with COVID-19; all studies were at high risk of bias and reporting quality
was low.

No RCTs or controlled non-randomised studies evaluating benefits and harms
of convalescent plasma have been completed. There are 47 ongoing studies
evaluating convalescent plasma, of which 22 are RCTs, and one trial evaluating
hyperimmune immunoglobulin. We will update this review as a living systematic
review, based on monthly searches in the above mentioned databases and regis-
tries. These updates are likely to show different results to those reported here.

Plain language summary

Plasma from people who have recovered from COVID-19 to treat
individuals with COVID-19

Background

Coronavirus (COVID-19) is a highly infectious respiratory illness caused by a new
strain of virus. The outbreak has spread rapidly on a global scale. People infected
with this virus may not show signs of the disease, others may develop symptoms,
including fever, cough, shortness of breath and sore throat. In some people the
infection is more severe and can cause severe breathing difficulties, leading to
hospitalisation, admission to intensive care or death. Currently, no vaccine or
specific treatment is available.

People who have recovered from COVID-19 develop natural defences to the
disease in their blood (antibodies). Antibodies are found in part of the blood
called plasma. Plasma from blood donated from recovered patients, which
contains COVID-19 antibodies, can be used to make two preparations. Firstly,
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convalescent plasma, which is plasma that contains these antibodies. Secondly,
hyperimmune immunoglobulin, which is more concentrated, and therefore con-
tains more antibodies.

Convalescent plasma and hyperimmune immunoglobulin have been used suc-
cessfully to treat other respiratory viruses. These treatments (given by a drip or
injection) are generally well-tolerated, but unwanted effects can occur.

What did we want to find?

We wanted to know whether plasma from people who have recovered from
COVID-19 is an effective treatment for people with COVID-19, and whether this
treatment causes any unwanted effects.

Our methods

We searched major medical databases for clinical studies on treatment with con-
valescent plasma or hyperimmune immunoglobulin for people with COVID-19.
Studies could be conducted anywhere in the world and include participants of
any age, gender or ethnicity, with mild, moderate or severe COVID-19.

COVID-19 is spreading rapidly, so we needed to answer this question quickly.
This meant that we shortened some steps of the normal Cochrane Review pro-
cess - only one review author extracted data from studies and assessed study
quality; normally two review authors would do this.

Key results

We included eight completed studies, with 32 participants who received conva-
lescent plasma. None of the studies randomly allocated participants to different
treatments (randomised trials produce the best evidence). None of the studies
included a group of people who did not receive convalescent plasma, as a com-
parison group.

All participants in the studies were alive at the end of follow-up, but not all had
been discharged from hospital. Follow-up varied from 3 to 37 days after treat-
ment with convalescent plasma.

Six studies used the level of breathing support that participants required as a
measure of recovery. Breathing support included oxygen therapy, mechanical
ventilation and the need for a special machine that oxygenates the blood. All
six studies reported clinical improvement in at least some of their participants,

86



Convalescent plasma or hyperimmune immunoglobulin for people with COVID-19

but it remains uncertain whether this improvement was related to convalescent
plasma, another treatment, or the natural progression of the disease.

Six studies reported time to discharge from hospital for some of their partici-
pants, all of whom received convalescent plasma. The time to discharge ranged
from 4 to 35 days after convalescent plasma treatment.

Six studies included participants with severe COVID-19. Most had improved at
final follow-up, but this improvement may have been due to another treatment,
the natural progression of the disease or convalescent plasma treatment.

Two participants reported unwanted effects related to convalescent plasma.
One participant developed a fever, and a second participant experienced ana-
phylactic shock (severe allergic reaction) early on in the transfusion.

Certainty of the evidence

Our certainty (confidence) in the evidence was very limited because the studies
were not randomised and did not use reliable methods to measure their results.
Furthermore, they had only a small number of participants, who received vari-
ous treatments alongside convalescent plasma, and some had underlying health
problems.

Conclusion

We are very uncertain whether plasma from people who have recovered from
COVID-19 is an effective treatment for people with COVID-19. The completed
studies we found were poor quality and their results could be related to the natu-
ral progression of the disease, other treatments that the participants received,
or to convalescent plasma. However, our searches found 48 ongoing studies: 47
evaluating convalescent plasma and 1 evaluating hyperimmune immunoglobulin,
of which 22 are randomised. We will update this review with their results when
these studies are completed.

Background

Description of the condition

The clinical syndrome coronavirus disease 2019 (COVID-19) is a new, rapidly emerg-
ing zoonotic infectious disease caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2; WHO 2020a). On 11 March 2020, the World Health
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Organization (WHO) declared the current COVID-19 outbreak a pandemic, with the
outbreak resulting in almost 3.5 million cases and over 239,000 deaths worldwide
(WHO 2020b; WHO 2020c). Although there are similarities with historic corona-
virus epidemics, with severe acute respiratory syndrome (SARS) and Middle East
respiratory syndrome (MERS) responsible for 813 and 858 deaths respectively, the
scale and impact of the COVID-19 pandemic presents unprecedented challenges to
health facilities and healthcare workers all over the world (WHO 2007; WHO 2019).

With a preliminary hospitalisation rate of 12.3 patients per 100,000 population
in the USA, COVID-19 has taken a toll on healthcare capacity, and especially on
intensive care unit (ICU) capacity (CDC 2020a). Early reports of the case fatality
rate suggest that it ranges between of 0.7% to 4%, with higher rates also report-
ed (WHO 2020a; WHO 2020c). However, these numbers should be interpreted
with great care due to the data pertaining to the early emergency response,
which due to shortage of test kits has led to selective testing of people with
severe disease, underreporting of cases and delays from confirmation of a case
to time of death (Kim 2020). The median incubation period of SARS-CoV-2 was
reported to be five days, with 97.5% of cases developing symptoms within 11.5
days of infection (Lauer 2020). Common signs and symptoms can include fever,
dry cough, fatigue and sputum production (WHO 2020a). Other, less commonly
reported signs and symptoms are shortness of breath, sore throat, headache,
myalgia or arthralgia, chills, nausea or vomiting, nasal congestion, diarrhoea,
haemoptysis and conjunctival congestion (WHO 2020a). Of the reported cases,
80% are estimated to have a mild or asymptomatic course of infection, and an
estimated 5% of cases are admitted to the ICU with acute respiratory distress
syndrome (ARDS), septic shock or multiple organ failure, or both (Team 2020;
WHO 2020a). A risk factor for developing infection and progressing to severe
disease is old age, with people aged over 80 years at highest risk of mortality.
Other risk factors are cardiovascular disease, obesity, hypertension, diabetes,
chronic respiratory disease, cancer and compromised immune status (Chen 2020;
Huang 2020; Liang 2020; WHO 2020a; Wu 2020a).

SARS-CoV-2 is a positive-sense, single-stranded RNA (ribonucleic acid) virus with
a large RNA genome. Although not much is known about the specific mechanisms
underlying severe disease in COVID-19, there are indications that the virus is ca-
pable of inducing an excessive immune reaction in the host, with highly activated
but decreased numbers of CD4" and CD8* T cells detected in the peripheral blood
of people with COVID-19 (Xu 2020). Early reports also showed that people criti-
cally ill with COVID-19 frequently exhibit a hypercoagulable state and endothelial
inflammation, which is hypothesised to lead to the high burden of thromboembolic
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events seen in this population (Driggin 2020). Preliminary reports into the patho-
physiology of SARS-CoV-2 have further indicated that the observed decrease in
human angiotensin-converting enzyme 2 (ACE2) activity may play a role in causing
the rapid deterioration of patient lung function (Tolouian 2020; Van de Veerdonk
2020). ACE2 is a protein that functions as the receptor facilitating entry of SARS-
CoV-2 into the host cell, and is most abundant on type Il alveolar cells in the lungs.

Description of the intervention

Convalescent plasma, convalescent serum and hyperimmune immunoglobulin
prepared from convalescent plasma, are interventions that have been used in
the past to treat conditions when no vaccine or pharmacological interventions
were available. Diphtheria, pneumococcal pneumonia, hepatitis A and B, mumps,
polio, measles and rabies are conditions where convalescent plasma has been
shown to be effective (Eibl 2008).

Asystematic review has shown that convalescent plasma may have clinical benefit
for people with influenza and SARS (Mair-Jenkins 2015). This systematic review
included observational studies and randomised controlled trials (RCTs) investi-
gating the use of convalescent plasma, serum or hyperimmune immunoglobulin
for treating severe acute respiratory infections of laboratory-confirmed or sus-
pected viral aetiology, and included investigations with patients of any age and
sex. Controlinterventions consisted of sham, or placebo, therapy and no therapy.
The authors concluded that, although the included studies were generally small
and of low quality, with a moderate to high risk of bias, the use of convalescent
plasma may reduce mortality and appears safe (Mair-Jenkins 2015). The authors
also suggested that the effectiveness of convalescent plasma in reducing hospi-
tal length of stay is dependent on early administration of the therapy, and use as
prophylaxis is more likely to be beneficial than treating severe disease. However,
the optimal timing and dosage of convalescent plasma therapy is unknown.

There is conflicting evidence about the effect of convalescent plasma or hyperim-
mune immunoglobulin for treating severe acute respiratory infections. Studies
investigating the effectiveness of hyperimmune immunoglobulin for influenza
have been contradictory, with some RCTs showing effectiveness (Hung 2013),
whereas others show no benefit (Beigel 2017; Beigel 2019; Davey 2019).

Although convalescent plasma is generally thought to be a safe and well-toler-
ated therapy, adverse events can occur. Limited information is available about
specific adverse events related to convalescent plasma therapy, but symptoms
that have been reported are similar to those for other types of plasma blood
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components, including fever or chills, allergic reactions, and transfusion-related
acute lung injury (TRALI; Beigel 2019; Chun 2016; Luke 2006). Furthermore, the
transfer of coagulation factors present in plasma products is potentially harm-
ful for people with COVID-19, who are already at an increased risk of throm-
boembolic events (Driggin 2020). Plasma transfusions are also known to cause
transfusion-associated circulatory overload (TACO). TACO and TRALI are espe-
cially important to consider, because COVID-19 patients with comorbidities, who
might be eligible for experimental treatment with convalescent plasma therapy,
are at an increased risk of these adverse events. There are risk-mitigation strate-
gies that can be implemented to prevent TRALI. These include limiting donations
from female donors, especially those with a history of pregnancy, and screening
of donors for antibodies that are implicated in TRALI (Otrock 2017). In addition
to the aforementioned adverse events, transfusion-transmitted infections, red
blood cell alloimmunisation and haemolytic transfusion reactions have also been
described following plasma transfusion, although they are less common (Pandey
2012). Pathogen inactivation can be implemented to decrease the risk of trans-
mitting infections by transfusion (Rock 2011).

When compared to convalescent plasma, hyperimmune immunoglobulin has the
advantage of preventing transfer of potentially harmful coagulation factors that
are present in plasma products. The amount and antibody concentration can be
more accurately dosed compared to convalescent plasma, and hyperimmune
immunoglobulin can be prepared in a consistent manner (Hung 2013). Not many
studies have reported on adverse events of hyperimmune immunoglobulin, but
the safety profile of standard intravenous immunoglobulin is known and the ad-
verse events reported here are also likely to occur in hyperimmune immunoglob-
ulin therapy. Common adverse events of intravenous immunoglobulin that occur
immediately after administration are: infusion site pain; swelling and erythaema;
and immediate systemic reactions, such as head and body aches, chills and fever
(Stiehm 2013). Other, less common early adverse reactions to immunoglobulin
therapy are pulmonary complications, such as pulmonary embolism, pulmonary
oedema and pleural effusion, with TRALI also reported (Baudel 2020; Stiehm
2013). Anaphylactic and anaphylactoid reactions to immunoglobulin therapy are
rare (Brennan 2003; Stiehm 2013). Delayed adverse events of immunoglobulin
therapy, which occur within hours to days of initiation of immunoglobulin
therapy, are persistent headaches (common), aseptic meningitis, renal Failure,
thromboembolic events, and haemolytic reactions (Sekul 1994; Stiehm 2013).
Transmission of infectious agents has been described after administration of
intravenous immunoglobulin, but this risk is considered to be low (Stiehm 2013).
Other, severe adverse events that occur late after administration are lung dis-
ease, enteritis and dermatological disorders (Stiehm 2013).
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A theoretical risk related to virus-specific antibodies, which are transferred with
convalescent plasma and hyperimmune immunoglobulin administration, is anti-
body-dependent enhancement of infection (Morens 1994). Here, virus-binding
antibodies facilitate the entry and replication of virus particles into monocytes,
macrophages and granulocytic cells and thereby increase the risk of more severe
disease in the infected host. Although antibody-dependent enhancement has
not been demonstrated in COVID-19, it has been seen with previous coronavirus
infections when the antibodies given targeted a different serotype of the virus
(Wan 2020; Wang 2014). A mechanism for antibody-dependent enhancement
in COVID-19 has recently been proposed, with non-neutralising antibodies to
variable S domains potentially enabling an alternative infection pathway via Fc
receptor-mediated uptake (Ricke 2020). Antibody-dependent enhancement is
therefore a potentially harmful consequence of convalescent plasma and hyper-
immune immunoglobulin therapy for COVID-19.

In summary, the benefits of the intervention, both for convalescent plasma or
hyperimmune immunoglobulin, should be carefully considered in view of the
risks of adverse events.

How the intervention might work

Convalescent plasma contains pathogen-specific neutralising antibodies, which
can neutralise viral particles, and treatment with convalescent plasma or hyper-
immune immunoglobulins confers passive immunity to recipients. The duration
of conferred protection can differ depending on the timing of administration,
ranging from weeks to months after treatment (Casadevall 2020).

By neutralising SARS-CoV-2 particles, early treatment with convalescent plasma
is postulated to increase the patient’s own capacity to clear the initial inoculum
(Casadevall 2020; Robbins 1995). This could lead to a reduction in mortality and
fewer hospitalised patients progressing to the ICU. Furthermore, convalescent
plasma may reduce the length of ICU stay in critically ill patients (Mair-Jenkins
2015), thus helping to lift pressure from global healthcare systems and increas-
ing ICU capacity.

Preliminary evidence in humans and rhesus macaques has shown that reinfection
with SARS-CoV-2 is not likely, with most (but not all) patients who recovered
from COVID-19 producing sufficient amounts of neutralising antibodies to pro-
tect against reinfection (Bao 2020; Wu 2020b). This implies that convalescent
plasma from people who have recovered from SARS-CoV-2 infection is capable
of conferring passive immunity. A recently reported case series also indicated
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sufficient neutralising antibody titres in convalescent plasma to neutralise
SARS-CoV-2 in five COVID-19 patients, who all recovered after treatment (Shen
2020). It is important to note, however, that research in other coronavirus spe-
cies has shown that immunity may not be long-lasting, with two to three years
of protection estimated from work with SARS and MERS (Mo 2006; Payne 2016).
Furthermore, there are indications that the severity of infection has an impact on
antibody titres, with less severe disease leading to lower neutralising antibody
response in people with SARS and COVID-19 (Ho 2005; Zhao 2020).

Why it is important to do this review

There is a clear, urgent need for more information to guide clinical decision-
making for COVID-19 patients. Pharmacological interventions have not yet
proven to be effective, and current treatment consists of supportive care with
extracorporeal membrane oxygenation in severe cases and oxygen supply in
mild cases (CDC 2020b; WHO 2020d). A vaccine could aid in inducing immunity
in the population and preventing transmission to those who are at risk for se-
vere disease, but no vaccine is currently available, although multiple candidate
vaccines are in development. Until these vaccines are available and distributed,
convalescent plasma is a potential therapy for COVID-19 patients. Convalescent
plasma, and hyperimmune immunoglobulin to a certain extent, can be prepared
and made rapidly available by blood banks and hospitals when enough potential
donors have recovered from the infection, using readily available materials and
methods (Bloch 2020). However, its safety and efficacy are not well characterised,
and there are costs associated with pursuing the use of convalescent plasma for
treatment of COVID-19.

A multitude of clinical trials investigating the safety and effectiveness of con-
valescent plasma or hyperimmune immunoglobulins have been announced, and
their results will need to be interpreted with care. Thus, there needs to be a
thorough understanding of the current body of evidence regarding the use of
convalescent plasma for people with COVID-19, and an extensive review of the
available literature is required.

Objectives

To assess whether convalescent plasma or hyperimmune immunoglobulin trans-
fusion is effective and safe in the treatment of people with COVID-19.
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Methods

Criteria for considering studies for this review

Types of studies

The protocol for this review was registered with the Center for Open Science
(Piechotta 2020).

As planned at the protocolstage, we included prospective non-comparative study
designs (e.g. case series), because there was no evidence from randomised con-
trolled trials (RCTs), non-randomised studies of interventions (NRSIs), and only
one prospective observational study available (please find further explanations
in Appendix 1). We followed the suggestions specified in the Cochrane Handbook
for Systematic Reviews of Interventions (Higgins 2019a), as far as possible, and ap-
plied the methodology outlined in the following sections. We considered studies
including one or more participant(s) with coronavirus disease 2019 (COVID-19).

We included full-text publications, abstract publications, and results published
in trials registries, if sufficient information was available on study design,
characteristics of participants, interventions and outcomes. We did not apply
any limitation with respect to the length of follow-up.

Types of participants
We included individuals with a confirmed diagnosis of COVID-19, with no age,
gender or ethnicity restrictions.

We excluded studies including populations with other coronavirus diseases
(severe acute respiratory syndrome (SARS) or Middle East respiratory syndrome
(MERS)). We also excluded studies including populations with mixed virus dis-
eases (e.g. influenza), unless the trial authors provided subgroup data for people
with COVID-19.

Types of interventions

We included the following interventions.
Convalescent plasma from people who recovered from SARS-CoV-2 infection
Hyperimmune immunoglobulin therapy

We did not include studies on standard immunoglobulin.

In future updates we plan to include the following comparisons for studies with
a control arm.
Convalescent plasma versus standard care or placebo
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Convalescent plasma therapy versus control treatment, for example, drug
treatments (including but not limited to hydroxychloroquine, remdesivir). Co-
interventions will be allowed, but must be comparable between intervention
groups.

Convalescent plasma therapy versus hyperimmune immunoglobulin
Hyperimmune immunoglobulin versus standard care or placebo
Hyperimmune immunoglobulin versus control treatment, for example, drug
treatments (including but not limited to hydroxychloroquine, remdesivir). Co-
interventions will be allowed, but must be comparable between intervention
groups.

Types of outcome measures

We evaluated core outcomes as pre-defined by the Core Outcome Measures in
Effectiveness Trials Initiative for Covid-19 patients (COMET 2020).

Primary outcomes

Effectiveness of convalescent plasma for people with COVID-19
All-cause mortality at hospital discharge
Time to death

Secondary outcomes

Effectlveness of convalescent plasma for people with COVID-19
Improvement of clinical symptoms, assessed by need for respiratory support
at up to 7 days; 8 to 15 days; 16 to 30 days:

o oxygen by mask or nasal prongs

o oxygen by non-invasive ventilation (NIV) or high-flow
o intubation and mechanical ventilation

o mechanical ventilation plus high-flow oxygen

o extracorporeal membrane oxygenation (ECMO)
30-day and 90-day mortality

Time to discharge from hospital

Admission on the ICU

Length of stay on the ICU

Safety of convalescent plasma for people with COVID-19

Number of participants with grade 3 and grade 4 adverse events, including
potential relationship between intervention and adverse reaction (e.g. TRALI,
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transfusion-transmitted infection, TACO, transfusion-associated dyspnoea
(TAD), acute transfusion reactions)
Number of participants with serious adverse events

Timing of outcome measurement

For time-to-event outcomes, such as mortality, discharge from hospital, and
improvement of clinical symptoms, we included outcome measures representing
the longest follow-up time available.

We included all other outcome categories for the observational periods that the
study publications reported. We included those adverse events occurring during
active treatment and had planned to include long-term adverse events as well. If
sufficient data had been available, we planned to group the measurement time
points of eligible outcomes, for example, adverse events and serious adverse
events, into those measured directly after treatment (up to seven days after
treatment), medium-term outcomes (15 days after treatment) and longer-term
outcomes (over 30 days after treatment).

Search methods for identification of studies

We searched for studies in all languages in order to limit language bias. However,
we prioritised articles in languages that our review team could accommodate
(these are English, Dutch, German, French, Italian, Malay and Spanish). We did
not seek translators for this version of the review. We tagged all references in
additional languages as 'awaiting classification' and will seek translators via
Cochrane TaskExchange in an update of this review.

Electronic searches

We designed and tested search strategies for electronic databases according
to methods suggested in the Cochrane Handbook for Systematic Reviews of In-
terventions (Lefebvre 2019), CD developed them and Cochrane Haematology's
Information Specialist (IM) peer reviewed them. In this emerging field, we ex-
pected that at least the abstract would be in English. If studies are published
in other languages than those our review team could accommodate (English,
Dutch, German, French, Italian, Malay and Spanish), we plan to involve Cochrane
TaskExchange to identify people within Cochrane to translate these studies for
an update of this review.

As publication bias might influence all subsequent analyses and conclusions, we

searched all potential relevant trials registries in detail to detect ongoing as well
as completed studies, but not yet published studies. Nowadays, it is mandatory
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to provide results at least in the trials registry. In case results were not published
elsewhere, we had planned to extract and analyse these data. However, no out-
come data have yet been added to the trials registries (also stated in Differences
between protocol and review).

We searched the following databases and sources, from 1 January 2019 to 23

April 2020.
Databases of medical literature
o WHO COVID-19 Global Research Database (search.bvsalud.org/global-

research-on-novel-coronavirus-2019-ncov/advanced/?lang=en), searched
23 April 2020; Appendix 2

o MEDLINE (Ovid, 1 January 2019 to 23 April 2020), Appendix 3

Embase (Ovid, 1 January 2019 to 23 April 2020), Appendix 4

o PubMed (for epublications ahead of print only; searched 23 April 2020), Ap-
pendix 5

o Center for Disease Control and Prevention COVID-19 Research Article
Database (www.cdc.gov/library/researchguides/2019novelcoronavirus/
databasesjournals.html; downloaded 22 April 2020), Appendix 6

o Cochrane COVID-19 Study Register (covid-19.cochrane.org; searched 23
April 2020), Appendix 7

Trials registries and registry platforms to identify ongoing studies and results

of completed studies

o ClinicalTrials.gov - COVID-19 Subset (clinicaltrials.gov/ct2/results?cond
=COVID-19; searched 23 April 2020), Appendix 8

o WHO International Clinical Trials Registry Platform (ICTRP) - COVID-19
Subset (www.who.int/ictrp/en); searched 23 April 2020), Appendix 9

o

Searching other resources

In an update of this rapid review we plan to:
handsearch the reference lists of all identified studies, relevant review ar-
ticles and current treatment guidelines for further literature; and
contact experts in the field, drug manufacturers and regulatory agencies in
order to retrieve information on unpublished studies.

Data collection and analysis

Selection of studies

Two out of four review authors (SJV, KLC, VP, NS) independently screened the
results of the search strategies for eligibility for this review by reading the
abstracts using Covidence software. We coded the abstracts as either 'retrieve'
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or 'do not retrieve'. In the case of disagreement or if it was unclear whether
we should retrieve the abstract or not, we obtained the full-text publication for
further discussion. Two review authors assessed the full-text articles of selected
studies. If the two review authors were unable to reach a consensus, they con-
sulted a third review author to reach a final decision.

We documented the study selection process in a flow chart, as recommended in
the PRISMA statement (Moher 2009), and show the total numbers of retrieved
references and the numbers of included and excluded studies. We list all articles
that we excluded after full-text assessment and the reasons for their exclusion
in the Characteristics of excluded studies table.

Data extraction and management

One review author (SJV or KLC) performed all data extractions and assess-
ments. Two other review authors (VP, NS) verified the accuracy and (where ap-
plicable) the plausibility of extractions and assessment.

One review author (VP or NS) assessed eligible studies obtained in the process of
study selection (as described above) for methodological quality and risk of bias,
the other review author verified the 'Risk of bias' assessment.

One review author (SJV or KLC) extracted data using a customised data extrac-
tion form developed in Microsoft Excel (Microsoft Corporation 2018); please see
Differences between protocol and review). Another review author (NS) verified
the accuracy and (where applicable) the plausibility of extractions and assess-
ment. We conducted data extraction according to the guidelines proposed by
Cochrane (Li 2019). If the review authors were unable to reach a consensus, we
consulted a third review author (VP).

We collated multiple reports of one study so that the study, and not the report,
is the unit of analysis.

We extracted the following information.
Generalinformation: author, title, source, publication date, country, language,
duplicate publications
Quality assessment: study design, confounding, definition of risk estimates,
selection bias, attrition bias, detection bias, reporting bias
Study characteristics: trial design, setting and dates, source of participants,
inclusion/exclusion criteria, comparability of groups, treatment cross-overs,
compliance with assigned treatment, length of follow-up
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Participant characteristics: age, gender, ethnicity, number of participants re-
cruited/allocated/evaluated, disease, severity of disease, additional diagno-
ses, previous treatments (e.g. experimental drug therapies, oxygen therapy,
ventilation)
Interventions: convalescent plasma therapy or hyperimmune immunoglobulin
therapy, concomitant therapy, duration of follow-up
o For studies including a control group: comparator (type)
Outcomes
o Effectiveness of convalescent plasma for people with COVID-19:
§ all-cause mortality at hospital discharge
§ time to death
§ improvement of clinical symptoms, assessed through need for respira-
tory support at up to 7 days; 8 to 15 days; 16 to 30 days
30-day and 90-day mortality
time to discharge from hospital
admission on the ICU
length of stay on the ICU
o Safety of convalescent plasma for people with COVID-19:
§ number of participants with grade 3 and grade 4 adverse events, includ-
ing potential relationship between intervention and adverse reaction
(e.g. TRALI, transfusion-transmitted infection, TACO, TAD, acute trans-
fusion reactions)
§ number of participants with serious adverse events

w W W W

Assessment of risk of bias in included studies

If RCT data had been available, we had planned to use the Risk of Bias 2.0 (RoB 2)
tooltoanalyse therisk of biasin the underlying study results (Sterne 2019). If non-
randomised studies of interventions (NRSIs) data had been available, we had
planned to use the Risk Of Bias in Non-randomised Studies - of Interventions
(ROBINS-I) tool (Sterne 2016). Please refer to Appendix 1 for detailed informa-
tion regarding how we had planned to assess the risk of bias of RCTs and NRSls.

Non-controlled, prospectively planned studies

As specified in the Types of studies section we only included non-controlled
prospective studies because we did not identify any controlled studies.

One review author (VP or NS) assessed eligible studies for methodological qual-
ity and risk of bias (using the 'Risk of bias' assessment criteria for observational
studies tool provided by Cochrane Childhood Cancer (see Table 1; Mulder2019). A
second review author (VP or NS) verified the accuracy and the plausibility. Any
'Risk of bias' judgements were performed and presented per outcome per study.
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The quality assessment strongly depends upon information on the design,
conduct and analysis of the trial. The two review authors (VP, NS) resolved any
disagreements regarding the quality assessments by discussion, in case of dis-
agreement they would have consulted a third review author (SJV or KLC).

We assessed the following domains of bias.
Internal validity
o Unrepresentative study group (selection bias)
o Incomplete outcome assessment/follow-up (attrition bias)
o Outcome assessors unblinded to investigated determinant (detection bias)
o Important prognostic factors or follow-up not taken adequately into ac-
count (confounding)
External validity
o Poorly defined study group (reporting bias)
o Poorly defined follow-up (reporting bias)
o Poorly defined outcome (reporting bias)
o Poorly defined risk estimates (analyses)

For every criterion, we made a judgement using one of three response options.
High risk of bias
Low risk of bias
Unclear risk of bias

Measures of treatment effect

Please refer to Appendix 1 for information regarding how we had planned to
measure the treatment effects of RCTs and NRSls.

Uncontrolled studies

For uncontrolled studies we did not carry out an analysis using quantitative data
from indirect controls, as we are aware of the difficulties of indirect comparisons
of participant groups with varying baseline characteristics, especially in the ab-
sence of individual patient data. Because authors of one-arm, non-comparative
studies, often discuss their findings using information from other intervention
and observational studies as implicit controls, we discussed our findings ex-
tensively in the context of what is known about the outcome of 'comparable'
patients receiving other experimental treatments but not convalescent plasma
therapy or hyperimmune immunoglobulin therapy. We did not meta-analyse the
data but provided information from individual studies within tables.
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Unit of analysis issues

As we identified uncontrolled studies only, meta-analysis was not appropriate.
Instead, we narratively described and presented results per study in tables.

Please refer to Appendix 1 for information regarding how we had planned to
combine studies with multiple treatment groups.

Dealing with missing data

Chapter 6 of the Cochrane Handbook for Systematic Reviews of Interventions sug-
gests a number of potential sources for missing data, which we will need to take
into account: at study level, at outcome level and at summary data level (Hig-
gins 2019b). In the first instance, it is of the utmost importance to differentiate
between data 'missing at random' and 'not missing at random'.

We will request missing data from the study authors in an update of this review.
If, after this, data are still missing, we will have to make explicit assumptions
of any methods the included studies used. For example, we will assume that
the data were missing at random or we will assume that missing values had a
particular value, such as a poor outcome.

Assessment of heterogeneity

As we identified uncontrolled studies only, meta-analysis was not appropriate.
Instead, we narratively described and presented results per study in tables.

Please refer to Appendix 1 for information regarding how we had planned to
assess heterogeneity.

Assessment of reporting biases

As mentioned above, we searched trials registries to identify completed studies
that have not been published elsewhere, to minimise or determine publication
bias.

In an update of this review, we intend to explore potential publication bias by
generating a funnel plot and statistically testing this by conducting a linear re-
gression test (Sterne 2019), for meta-analyses involving at least 10 studies. We
will consider P < 0.1 as significant for this test.

Data synthesis

Please refer to Appendix 1 for information regarding how we had planned to
synthesise data from RCTs and NRSiIs.
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We did not meta-analyse data from uncontrolled trials, as there might be no
additional benefit in meta-analysing data without a control group. We reported
outcome data of each included trial within tables.

As data did not allow quantitative assessment, we presented outcome data
individually per study within tables.

Subgroup analysis and investigation of heterogeneity
In an update of this review, we plan to perform subgroup analyses of the follow-
ing characteristics.
Age of participants (divided into applicable age groups, e.g. children; 18 to
65 years, 65 years and older)
Severity of condition
Pre-existing conditions (diabetes, respiratory disease, hypertension, immuno-
suppression)

We will use the tests for interaction to test for differences between subgroup
results.

Sensitivity analysis
In an update of this review, we will perform only one sensitivity analysis for the
following.

'Risk of bias' assessment components (low risk of bias versus high risk of bias)

To assess the influence of study quality on an outcome, we will perform sensitiv-
ity analyses per outcome, comparing studies with at least one domain of high risk
of bias to those without high risk of bias.

Influence of completed, but not published studies

Influence of premature termination of studies

Summary of findings and assessment of the certainty of the evidence

We used the GRADE approach to assess the certainty of the evidence for the
following outcomes (please find the rationale for the amendment of graded
outcomes in the Differences between protocol and review).

All-cause mortality at hospital discharge

Time to death

Clinical improvement (assessed by need for respiratory support) at the fol-

lowing time points

o 7 days post-convalescent plasma transfusion

o 15 days post-convalescent plasma transfusion
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o 30 days post-convalescent plasma transfusion
Grade 3 and 4 adverse events
Serious adverse events

We used GRADEpro GDT software to create an 'evidence profile'. We will also
use the GRADEpro GDT software to create a 'Summary of findings' table, as sug-
gested in the Cochrane Handbook for Systematic Reviews of Interventions when
results of controlled trials are available (Schiinemann 2019).

Results

Description of studies

Results of the search

We identified 1267 potentially relevant references. After removing duplicates,
we screened 1039 references based on theirtitles and abstracts, and we excluded
956 references that were irrelevant because they did not meet the prespecified
inclusion criteria. We evaluated the remaining 83 references and screened the
full texts, or, if these were not available, abstract publications or trials registry
entries. Of these, we classified two studies as awaiting classification for this
review (Qiu 2020; Tu 2020).

We identified 56 potentially eligible studies within 57 citations: eight com-
pleted studies (Ahn 2020; Duan 2020; Pei 2020; Shen 2020; Tan 2020; Ye 2020;
Zhang 2020a; Zhang 2020b), and 48 ongoing studies (ChiCTR2000029757,
ChiCTR2000029850; ChiCTR2000030010; ChiCTR2000030039; ChiC-
TR2000030179; ChiCTR2000030627; ChiCTR2000030702; ChiCTR2000030841;
ChiCTR2000030929; ChiCTR2000031501; EUCTR2020-001310-38;
IRCT20151228025732N53; IRCT20200310046736N1; IRCT20200325046860N1;
IRCT20200404046948N1; IRCT20200409047007N1; IRCT20200413047056NT1;
NCT04264858; NCT04292340; NCT04321421; NCT04327349; NCT04332380;
NCT04332835; NCT04333251; NCT04333355; NCT04338360; NCT04340050;
NCT04342182; NCT04343261; NCT04343755; NCT04344535; NCT04345289;
NCT04345523; NCT04345679; NCT04345991; NCT04346446; NCT04346589;
NCT04347681; NCT04348656; NCT04348877; NCT04352751; NCT04353206;
NCT04354831; NCT04355767; NCT04355897; NCT04356482; NCT04356534;
NCT04357106). See PRISMA flow diagram (Figure 1; Moher 2009).
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Included studies

We included eight studies describing 32 participants in this review (Ahn 2020;
Duan 2020; Pei 2020; Shen 2020; Tan 2020; Ye 2020; Zhang 2020a; Zhang 2020b).
The eight included studies were all uncontrolled studies, seven studies were
case series (Ahn 2020; Pei 2020; Shen 2020; Tan 2020; Ye 2020; Zhang 20203;
Zhang 2020b), and one was a prospectively registered single-arm intervention
study (Duan 2020). Of the eight included studies, seven originated from China
(Duan 2020; Pei 2020; Shen 2020; Tan 2020; Ye 2020; Zhang 2020a; Zhang 2020b),
and one from South Korea (Ahn 2020). In seven of the eight studies, convalescent
plasma was transfused in critically ill individuals (Ahn 2020; Duan 2020; Pei 2020;
Shen 2020; Ye 2020; Zhang 2020a; Zhang 2020b). One study described a person
with moderate disease severity (Pei 2020), and one study described a hospital-
ised participant with moderate disease severity (Tan 2020).

The dose, volume and timing of convalescent plasma varied greatly between
studies. The total volume of convalescent plasma transfused varied between
200 mL and 2400 mL, with participants receiving between one to eight doses of
plasma. Antibody titres were reported in four studies (Duan 2020; Pei 2020; Shen
2020; Zhang 2020b). Characteristics of the donors of convalescent plasma also
varied between studies, although reporting was not complete. Out of the
eight studies, only six reported information on plasma donors (Ahn 2020; Duan
2020; Pei 2020; Shen 2020; Ye 2020; Zhang 2020b). Most donors were male,
but Pei 2020 included a female donor with a previous history of pregnancy.
The age of the donors varied: Ahn 2020 included donors in their twenties; Shen
2020 included donors aged between 18 and 60 years; Duan 2020 included donors
with a median age of 42 years; and Zhang 2020b included donors aged between
30 and 50. Some studies provided information on previously reported symptoms
and disease severity of convalescent plasma donors (Ahn 2020; Duan 2020; Zhang
2020b). Ahn 2020 reported that the two included donors had been admitted to
hospital with fever, cough and pneumonia. Duan 2020 reported that donors had
been admitted to hospital, but no other information on severity of illness was
available. Zhang 2020b reported that all six donors had fever and cough during
the course of disease and were admitted to the hospital. In the five studies that
reported assessment of donor recovery, all donors were symptom-free and com-
pletely recovered from coronavirus disease 2019 (COVID-19) prior to donating
plasma (Ahn 2020; Duan 2020; Shen 2020; Ye 2020; Zhang 2020b). Four studies
required a negative SARS-CoV-2 reverse transcription polymerase chain reaction
(RT-PCR) test prior to convalescent plasma donation (Duan 2020; Shen 2020; Ye
2020; Zhang 2020b), with three studies requiring two consecutive negative
results as a requirement for donation (Duan 2020; Ye 2020; Zhang 2020b). Four
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studies used an enzyme-linked immunosorbent assay (ELISA) to quantify neu-
tralising antibodies (Duan 2020; Pei 2020; Shen 2020; Zhang 2020b), with limited
information available on the type of ELISA that was used. One study additionally
used a plaque reduction neutralisation assay to assess the neutralising activity
of the plasma (Duan 2020).

We had also planned toinclude studies on hyperimmune immunoglobulin therapy
in this rapid review. However we did not identify any eligible studies.

Please refer to the Characteristics of included studies for more detailed informa-
tion.

Ongoing studies

Of the 48 ongoing studies, 22 are RCTs (ChiCTR2000029757; ChiC-
TR2000030010; ChiCTR2000030179; ChiCTR2000030627; ChiCTR2000030702;
ChiCTR2000030929; EUCTR2020-001310-38; IRCT20200310046736N1;
IRCT20200404046948N1; IRCT20200409047007N1; IRCT20200413047056N1;
NCT04332835; NCT04333251; NCT04342182; NCT04344535; NCT04345289;
NCT04345991; NCT04345523; NCT04355767; NCT04346446; NCT04348656;
NCT04356534).

Of these, 16 are expected to be completed in 2020 (ChiCTR2000030010; ChiC-
TR2000030179; ChiCTR2000030627; ChiCTR2000030702; ChiCTR2000030929;
IRCT20200310046736N1; IRCT20200404046948N1; IRCT20200409047007N1;
IRCT20200413047056N1; NCT04332835; NCT04342182; NCT04345523;
NCT04345991; NCT04346446; NCT04348656; NCT04356534), and plan to evalu-
ate between 15 and 1200 participants.

Two further large RCTs are planned to be completed in 2021: NCT04344535,
randomising 500 participants and NCT04345289, evaluating 1500 participants.

Please refer to Characteristics of ongoing studies for more detailed information.

Excluded studies

We excluded 24 studies that did not match our inclusion criteria:
11 were a review of the literature, a letter or an opinion (Bloch 2020; Casa-
devall 2020; Chen 2020; Jawhara 2020; Roback 2020; Syal 2020; Tanne 2020;
Tiberghien 2020; Wong 2020; Yoo 2020; Zhao 2020b);
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six studies were performed with an intervention other than convalescent
plasma or hyperimmune immunoglobulin (Cao 2020; Diez 2020; Hu 2020;
NCT04261426; Shi 2020; Xie 2020);

four studies were cancelled by the investigator before recruiting participants
into the study (ChiCTR2000030312; ChiCTR2000030381; ChiCTR2000030442;
NCT04325672);

two studies pertained to feasibility of collection of convalescent plasma only
(NCT04344015; NCT04344977);

one study included the wrong participant population (participants exposed to
COVID-19; NCT04323800).

Risk of bias in included studies

Overall, we rated the risk of bias within and across studies to be serious. In
addition to the high risk of bias due to the non-randomised study design, we
assessed the internal and external validity as outlined in the 'Risk of bias' assess-
ment criteria for observational studies tool provided by the Cochrane Childhood
Cancer Group (see Additional Table 1; Mulder 2019). The full judgement per
trial and category is presented in Figure 2 and the support for judgement in the
Characteristics of included studies.
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Figure 2.

'Risk of bias' summary: review authors' judgements about each 'Risk of bias' item for each included study

Allocation

All studies were at high risk of selection bias. We considered study groups not
to be representative, as all studies included low numbers of participants (1 to 10
participants) with no control groups.
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Blinding

All studies were unblinded and therefore at high risk of performance and detec-
tion bias for subjective outcomes. All outcomes apart from all-cause mortality
are subjective to a greater or lesser extent and therefore at risk of bias.

Incomplete outcome data

We assessed attrition bias in terms of whether studies (equally) assessed
outcomes for all participants. We evaluated attrition bias for three outcome
categories.

Mortality

All studies assessed this outcome until discharge from hospital or the latest
point of follow-up. We judged the risk for attrition bias to be unclear for seven
studies (Ahn 2020; Duan 2020; Shen 2020; Tan 2020; Ye 2020; Zhang 20203;
Zhang 2020b), because some participants were either still hospitalised or it was
unclear whether participants had been discharged. Therefore the outcome for
these participants is unknown.

We judged the risk for attrition bias to be low for one study (Pei 2020), as all
participants had been free of disease and were discharged from the hospital.

Adverse events

We judged the risk of attrition bias to be low for four studies (Ahn 2020; Duan
2020; Ye 2020; Zzhang 2020b), because they assessed and reported adverse
events for all participants.

We judged the risk of attrition bias to be unclear for the other four studies (Pei
2020; Shen 2020; Tan 2020; Zhang 2020a), because it was unclear whether they
had assessed adverse events for all participants or whether they had selectively
reported outcomes. Pei 2020 reported one serious adverse event occurring in
one participant, however did not report whether they had assessed or observed
other adverse events. Shen 2020 did not provide any information regarding the
safety of plasma transfusion. Tan 2020 reported that their participant experi-
enced moderate fever after the transfusion, however did not report whether
other adverse events occurred. Zhang 2020a described that they had observed
no adverse events for one of their participants after plasma transfusion, but did
not provide any information regarding the occurrence of adverse events for the
other participants. They stated in the conclusions that they had not observed any
serious adverse events.
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Clinical improvements

We judged the risk of bias to be low for six studies (Ahn 2020; Duan 2020; Shen
2020; Ye 2020; Zhang 2020a; Zhang 2020b), because they assessed and reported
clinical improvements for all participants.

We judged the risk of attrition bias to be high for one study (Tan 2020), because
it was unclear why the participant was still hospitalised and they did not report
clinical improvements.

Pei 2020 did not report the course of disease after convalescent plasma transfu-
sion so we judged it at unclear risk of bias for this domain.

Selective reporting

We assessed reporting bias in terms of whether the study group and interven-
tion were well-defined and whether the outcomes were equally reported for all
participants and the length of follow-up was mentioned.

Well-defined study group and intervention

We judged the risk of reporting bias to be low for four studies (Ahn 2020; Duan
2020; Shen 2020; Ye 2020), because both the study population and intervention
were well described.

Zhang 2020a described the study population, but reported only limited informa-
tion on the intervention. Zhang 2020b provided clear information on the inter-
vention, but scarcely described the participant. We therefore judged the risk of
reporting bias to be unclear for these two studies.

We judged the risk of bias to be high for two studies (Pei 2020; Tan 2020), which
only reported limited information on the study population and the intervention.
However, Pei 2020 was a preprint only, and claimed that the patient characteris-
tics would be provided in the supplementary material once published.

Well-defined outcomes
We evaluated reporting bias for three outcome categories.

Mortality

We judged the risk for reporting bias to be low for seven studies (Ahn 2020; Pei
2020; Shen 2020; Tan 2020; Ye 2020; Zhang 2020a; Zhang 2020b), because all
reported information for this outcome per participant until discharge from hos-
pital or the latest point of follow-up.

108



Convalescent plasma or hyperimmune immunoglobulin for people with COVID-19

We judged the risk for reporting bias to be high for Duan 2020 because the
follow-up was unclear and it was unclear whether all participants were free of
disease and discharged.

Adverse events

We judged the risk of reporting bias to be low for two studies (Ye 2020; Zhang
2020b), because observation period and results were reported for all partici-
pants.

We judged therisk of reporting bias to be high for the other six studies (Ahn 2020;
Duan 2020; Pei 2020; Shen 2020; Tan 2020; Zhang 2020a), because it was unclear
whether adverse events had not been (equally) assessed for all participants or
whether outcomes were selectively reported. Pei 2020 reported one serious
adverse event occurring in one participant, however did not report whether they
had assessed or observed other adverse events. Shen 2020 did not provide any
information regarding the safety of plasma transfusion. Tan 2020 reported that
their participant experienced moderate fever after the transfusion, however did
not report whether other adverse events occurred. Zhang 2020a described they
had not observed any adverse events for one of their participants after plasma
transfusion, but did not provide any information regarding the occurrence of
adverse events for the other participants. They stated in the conclusions that
they had not observed any serious adverse events.

Clinical improvements
Reporting of clinical improvements was very heterogeneous across studies.

We judged the risk of reporting bias to be low for three studies (Duan 2020; Ye
2020; Zhang 2020a), which clearly described clinical improvements and periods
of follow-up per participant.

We judged the risk of reporting bias to be unclear for three studies (Ahn 2020;
Shen 2020; Zhang 2020b), because of the following reasons. Reporting and
follow-up was unclear for one participant of Ahn 2020, two participants of Shen
2020 probably were still on the intensive care unit (ICU) but it was unclear,
and Zhang 2020b did not provide details but the participant was transferred to
another ward.

We judged the risk of reporting bias to be high for Tan 2020 because neither

clinical symptoms nor clinical improvement were reported in detail, but the
participant was still in hospital.
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Pei 2020 did not report the course of disease after convalescent plasma transfu-
sion so we judged it at unclear risk of bias for this domain.

Other potential sources of bias

We further considered confounding and poorly-defined risk estimates as poten-
tial sources of bias.

Confounding
All studies were at high risk of confounding because none of the studies adjusted
for confounding factors, including concomitant treatments.

Poorly-defined risk estimates
None of the studies performed any analyses.

Effects of interventions
In the 'Evidence profile' (Additional Table 2), we present certainty of the evidence
for the outcomes that were prioritised in the protocol (Piechotta 2020).

Effectiveness of convalescent plasma for people with COVID-19

As no RCTs or well conducted non-randomised studies evaluating benefits and
harms of convalescent plasma have yet been completed, we are not sure if the
following results are related to convalescent plasma therapy; they could also be
related to the underlying natural history of the disease or other concomitant
treatments.

All-cause mortality at hospital discharge

All-cause mortality at hospital discharge cannot be Ffully evaluated, as not all
of the participants had been discharged at the end of follow-up. None of the
studies reported any deaths during their study periods, meaning that all 32
participants were alive at the end of follow-up. Participants were followed until
discharge from hospital or from three (Duan 2020), to 37 days (Shen 2020), after
transfusion. Two participants of Shen 2020 and one participant each of Ahn
2020, Ye 2020, Zhang 20203, and Zhang 2020b were still hospitalised. The partici-
pantin Zhang 2020a still remained on the ICU. Further, it was unclear, whether all
11 participants of Duan 2020 and Tan 2020 had been discharged from hospital.

Time to death
All participants were alive at the end of follow-up (3 to 37 days).
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Improvement of clinical symptoms (assessed by need for respiratory support)

The effect of convalescent plasma on improvement of clinical symptoms was
reported in six included studies (Ahn 2020; Duan 2020; Shen 2020; Ye 2020;
Zhang 2020a; Zhang 2020b), including 24 participants on respiratory support
at baseline, and four participants who did not require respiratory support. The
results of these studies can be found in Additional Table 3. We grouped them
according to the prespecified time points; day 7, day 15, and day 30 after the
plasma transfusion, and summarised baseline information and clinical status at
the longest time of follow-up for each study.

Six studies reported on improvement of clinical symptoms, but we could not
extract all information about timing of improvement and types of respiratory
support from all the studies.

Ahn 2020 described two critically ill people with COVID-19 requiring intuba-
tion and mechanical ventilation. The two participants received a tracheotomy
and one participant was reportedly successfully weaned from the ventilator
by day 18 after convalescent plasma therapy. For the other participant, the date
of cessation of respiratory support was not evident from the publication, but
tracheotomy and weaning from mechanical ventilation were reported during the
study period.

Duan 2020 reported decreased need for respiratory support in four out of 10
participants within three days of convalescent plasma transfusion. One other
participant was reported to require only intermittent oxygenation after previ-
ously receiving continuous low-flow oxygenation via nasal cannula. The study
also reported on two individuals who required no respiratory support preceding
convalescent plasma therapy. No information on improvement of clinical symp-
toms for other time points was available.

Shen 2020 reported a case series that included five participants who were de-
scribed as critically ill at baseline, with four participants in need of mechanical
ventilation and intubation and one participant receiving extracorporeal mem-
brane oxygenation (ECMO). Of these five participants, three were discharged
from hospital at the end of the study period, and two were in a stable condition,
intubated and receiving mechanical ventilation.

Ye 2020 included six participants, four of whom required oxygen at baseline

(one via nasal cannula, with the other modes not specified in the publication).
Two individuals did not require respiratory support before convalescent plasma
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was administered. All four participants previously requiring respiratory support
experienced alleviation of symptoms after convalescent plasma therapy, with
none of them requiring respiratory support at the end of the study follow-up.
The study reports information on respiratory support but lacks information on
the type of support received by the participants, and the timing of this outcome
is not part of the presented data for all participants.

Zhang 2020a reported in detail the clinical characteristics and timing of convales-
cent plasma therapy for four people with COVID-19. One participant was on non-
invasive ventilation (NIV) and high-flow oxygenation, one participant was me-
chanically ventilated and intubated at baseline, and two participants received
ECMO. Three out of the four participants were discharged at the end of the study
period, and all participants were reported to have recovered from the infection
eventually. For one participant it was unclear whether oxygen support was still
required by the end of the study period.

Zhang 2020b described one participant who was mechanically ventilated and
intubated before receiving convalescent plasma therapy. At day 11 after conva-
lescent plasma therapy, the participant was removed from mechanical ventila-
tion. Whether the participant required other types of respiratory support was
not reported.

30-day and 90-day mortality

All participants were alive at the end of follow-up. Participants were followed
until discharge from hospital or three (Duan 2020), to 37 days (Shen 2020), after
transfusion.

Time to discharge from hospital

The time to discharge was reported for at least some of the participants in six
studies (Ahn 2020; Pei 2020; Shen 2020; Ye 2020; Zhang 2020a; Zhang 2020b).
The day of discharge after convalescent plasma therapy ranged from 4 days to
35 days. Only one study (3 participants) reported time to discharge from hospital
for all participants (Pei 2020). Please refer to Additional Table 4 for further infor-
mation regarding each trial and participant.

It was unclear, whether all participants of Duan 2020 and Tan 2020 had been
discharged from the hospital.
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Admission on the ICU

This outcome was not reported in a consistent way in the included studies. Ye
2020, Zhang 2020a and Zhang 2020b reported the number of participants on
the ICU at baseline (Additional Table 5). These were none of six (Ye 2020), four
of four (Zhang 2020a), and one of one (Zhang 2020b), respectively. The other
studies did not report the number of participants on the ICU at baseline, how-
ever Ahn 2020, Duan 2020, Pei 2020, and Shen 2020 reported the number of
participants that were mechanically ventilated, and so presumably on the ICU
(please see Additional Table 5). The participant reported in Tan 2020 presented
with moderate symptoms only, and so presumably was not on the ICU.

Length of stay on the ICU

We could not evaluate the length of stay on the ICU as none of the included
studies reported this outcome in a consistent way. Zhang 2020a reported that
one participant was still on the ICU at the end of follow-up, the other three
participants had been discharged from the ICU. Zhang 2020b reported that their
participant could be released from the ICU 11 days after plasma transfusion to a
general ward; 18 days after admission on the ICU. Based on the reported clinical
course of disease presumably one participant of Ahn 2020 and two participants
of Shen 2020 were also still on the ICU at the end of follow-up (please see Table
5). However, this was not clearly reported.

Safety of convalescent plasma for people with COVID-19

Number of participants with adverse events of possibly grade 3 or grade 4
severity

Seven studies reported assessment of adverse events (Ahn 2020; Duan 2020; Pei
2020; Tan 2020; Ye 2020; Zhang 2020a; Zhang 2020b), however, Zhang 2020a only
reported for one of their participants that no adverse event had been observed. It
was unclear whether the other three participants did or did not experience any
adverse events.

Six studies therefore reported the presence or absence of adverse events for all
participants. Two studies reported adverse events that were possibly grade 3 or
4 severity but they did not report the degree of severity (see Additional Table
6). Tan 2020, a case study, reported that their participant experienced moderate
fever (38.9 °C) after convalescent plasma transfusion. One of the three partici-
pants in Pei 2020 had severe anaphylactic shock after receiving 30 mL of plasma
from a female donor with a history of pregnancy. Four other studies reported no
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adverse events that were possibly of grade 3 or grade 4 severity (19 participants;
Ahn 2020; Duan 2020; Ye 2020; Zhang 2020Db).

Number of participants with serious adverse events

Seven studies assessed and reported serious adverse events (Ahn 2020; Duan
2020; Pei 2020; Tan 2020; Ye 2020; Zhang 2020a; Zhang 2020b). One participant
in Pei 2020 (3 participants) experienced a serious adverse event (see Additional
Table 7). As described above, this individual had severe anaphylactic shock after
receiving convalescent plasma from a female donor with a history of pregnancy.
No serious adverse events occurred in six studies (24 participants).

Discussion

Summary of main results

The aim of this review was to assess the effectiveness and safety of convalescent
plasma and hyperimmune immunoglobulin in the treatment of coronavirus dis-
ease 2019 (COVID-19) illness.

We included eight studies in this review - seven case-series and one prospec-
tively planned, single-arm intervention study, all evaluating convalescent
plasma (32 participants in total). There were no completed studies evaluating
hyperimmune immunoglobulin. We identified 47 ongoing studies evaluating
convalescent plasma and one ongoing study evaluating hyperimmune im-
munoglobulin. Twenty-two of the ongoing studies on convalescent plasma are
randomised.

Effectiveness of convalescent plasma for people with COVID-19

As no RCTs or high-quality, non-randomised studies evaluating benefits and
harms of convalescent plasma are completed yet, we do not know whether the
following results are related to the underlying natural history of the disease,
other concomitant treatment, or convalescent plasma.

All-cause mortality at hospital discharge

All studies reported mortality, and all participants were alive at the end of re-
porting, but not all of the participants had been discharged from hospital at the
end of follow-up. We do not know whether convalescent plasma has any effect
on all-cause mortality (very low-certainty evidence).
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Improvement of clinical symptoms (as assessed by respiratory support)

Six studies reported on the level of respiratory support required in participants;
most participants required respiratory support at baseline. All studies reported
improvement in clinical symptoms in at least some of their participants. We do
not know whether convalescent plasma improves clinical symptoms or whether
this improvement was due to other interventions, or the natural history of the
disease (very low-certainty evidence).

Time to discharge from the hospital

Six studies reported time to discharge from hospital for at least some of their
participants. The day of discharge after convalescent plasma therapy ranged
from 4 to 35 days.

Admission on the intensive care unit (ICU)

Six studies included participants who were critically ill. The majority of these par-
ticipants were no longer on the ICU or no longer required mechanical ventilation
at final follow-up.

Length of stay on the ICU
None of the studies clearly reported this outcome.

Safety of convalescent plasma for people with COVID-19

Adverse events

Two studies reported participants who had experienced adverse events, presum-
ably of grade 3 or 4 (they did not report degree of severity). One case study
reported a participant who had moderate fever (38.9 °C) after the transfusion of
convalescent plasma. The other study (3 participants) reported a case of severe
anaphylactic shock after convalescent plasma transfusion. Four studies reported
that no participants experienced moderate or severe adverse events (19 partici-
pants). We are very uncertain whether convalescent plasma therapy affects the
risk of moderate to severe adverse events (very low-certainty evidence).

Serious adverse events

One study with three participants reported one serious adverse event. This par-
ticipant had severe anaphylactic shock after receiving convalescent plasma. Six
studies reported that no serious adverse events occurred. We are very uncertain
whether convalescent plasma therapy affects the risk of serious adverse events
(very low-certainty evidence).
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Overall completeness and applicability of evidence

We found eight published non-randomised, uncontrolled studies (seven case-se-
ries, one prospectively planned study) evaluating convalescent plasma in adults,
most with severe COVID-19. These studies included 32 participants (ranging
from 1 to 10 participants). Most of these participants had already received differ-
ent treatment options either solely or in combination. These included antivirals,
antifungals or antibiotics, corticosteroids, hydroxychloroquine and respiratory
support (extracorporeal membrane oxygenation (ECMO), mechanical ventilation
or oxygen). Therefore, the participant population might have been too small and
heterogeneous to generalise results.

We identified 48 ongoing studies, of which 22 are designed as RCTs. Of these
ongoing studies, 47 evaluate convalescent plasma and one evaluates hyperim-
mune immunoglobulin. Sixteen RCTs are planned to be completed in 2020. The
publication of the results of these studies will necessitate an update of this
review. The conclusions of the updated review could differ from those of the
present review, and may allow for a better judgement regarding the effective-
ness and safety of convalescent plasma therapy.

Certainty of the evidence

It is important to note that the outcome measures are heterogeneous with
wide variation in reporting across the included studies. Only one study was
prospectively planned (Duan 2020), a non-randomised and uncontrolled study,
evaluating 10 participants. However, this study reported a very short follow-up
only (three days after convalescent plasma was given). The other seven small
case-series studies were not registered. These study designs lead to high risk of
bias, both in terms of selection and detection bias. Studies were not adjusted
for potential confounders (e.g. severity of disease, comorbidities, previous or
concomitant COVID-19 treatment). Currently, there is no standard instrument
available to assess risk of bias for this type of study. We used the form developed
by the Cochrane Childhood Cancer Group (Additional Table 1; Mulder 2019).

As we included eight small observational studies only (32 participants alto-
gether), the results are very imprecise and very inconsistent, with very high risk
of bias. Therefore, the certainty of the evidence is very low for all prioritised
outcomes.

Potential biases in the review process

To avoid potential bias in the review, we had planned to include the best available
evidence. However, as COVID-19 is a novel disease, results from RCTs and non-
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RCTs are not yet available. In fact, we could only identify uncontrolled studies,
reporting on a small number of participants. To increase the informative value of
our review, we are tracking all registered trials and will update this review on a
monthly basis as more evidence becomes available.

Two experienced Information Specialists developed a sensitive search strategy,
toidentify allongoing and completed studies. We searched all relevant databases
and trials registries, and in contrast to the recommendations of the Cochrane
Rapid Reviews Methods Group, we decided to conduct all review steps regard-
ing the study selection in duplicate by two independent review authors. We are
confident that we identified all relevant published and ongoing studies and will
monitor them closely in the future.

Unlike standard Cochrane methodology, only one review author performed data
extraction and 'Risk of bias' and GRADE assessments for this rapid review. To mi-
nimise bias in these steps, at least one other review author verified the accuracy
and (where applicable) the plausibility of extractions and assessment.

Although we have very limited confidence in the available evidence, we are not
aware of any deficiencies in our review process. However, we are certain that
the results are likely to be substantially different and conclusions may change as
soon as high-certainty evidence becomes available.

Agreements and disagreements with other studies or reviews
This systematic review identified very low-certainty evidence on the safety and
effectiveness of convalescent plasma for people with COVID-19.

A recent systematic review and meta-analysis found low-certainty evidence
for the use of convalescent plasma for treating people with infections with
different aetiologies (Mair-Jenkins 2015). The authors reported a systematic
review and meta-analysis of the literature on the use of convalescent plasma and
hyperimmune immunoglobulin in treating severe acute respiratory infections of
viral aetiology, and found that this treatment is likely to be both safe and effec-
tive in preventing mortality. The study identified a 75% reduction in the odds of
mortality in their exploratory post hoc meta-analysis across all viral aetiologies.
The studies included in this review were performed with people treated with
convalescent plasma for severe acute respiratory syndrome (SARS) and influenza.
The limited number of identified studies and the low quality of included, mainly
uncontrolled studies restricted the authors’ ability to analyse extensively the
risks and benefits of convalescent plasma therapy. Recommendations from the
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authors were to investigate the use of convalescent plasma and hyperimmune
immunoglobulinin large, well-designed clinical trials or other formal evaluations
to obtain better-certainty evidence, and to evaluate the optimal treatment regi-
men.

Results from several large RCTs on the use of convalescent plasma and hyper-
immune immunoglobulin in treating severe influenza have recently been made
public (Beigel 2017; Beigel 2019; Davey 2019; Hung 2013). However, the results
from these studies are inconsistent, with some studies showing a beneficial ef-
fect of convalescent plasma for treating people with severe influenza, whereas
other studies show no benefit. The studies were well designed and reported in
detail the timing of the intervention and relevant outcomes. One trial reported
effectiveness of hyperimmune immunoglobulin, but only in a post hoc analysis
of a subgroup of participants treated within five days of symptom onset (Hung
2013). In a different trial, for the subgroup analysis of people with influenza B,
the effect of hyperimmune immunoglobulin also resulted in a demonstrable
clinical and virological benefit (Davey 2019). Different mechanisms in the human
immune system and their role in responding to different circulating influenza
strains might further explain why the results of clinical trials of convalescent
plasma and hyperimmune immunoglobulin for influenza varied (Davey 2019).
Influenza A immunity is reported to carry over to the next years, known as het-
erosubtypic immunity (Kreijtz 2011), and the current outbreak of COVID-19 can,
in that sense, not be compared with seasonal influenza. Notwithstanding these
dissimilarities which might explain why the aforementioned influenza studies
were not successful in clearly demonstrating benefit, the possibility of a null ef-
fect of convalescent plasma over a suitable comparator cannot be ruled out with
the currently available evidence on COVID-19.

The adverse events associated with plasma transfusions are well characterised.
Critically ill patients receiving plasma transfusions have an especially high risk of
TACO, which is the leading cause of transfusion-related mortality (Pandey 2012).
Many countries have now introduced risk mitigation strategies to decrease the
risk of TRALI. In the UK in 2018 there was only one confirmed case of TRALI.

In this systematic review of the literature, which mainly identified studies that
included people with COVID-19 with critical illness, we identified one potentially
grade 3 adverse event and one potentially grade 4 adverse event (which also
qualified as a serious adverse event). With the information available at this mo-
ment from published trials registry entries, it is apparent that the majority of
clinical trials are enrolling people with COVID-19 who have progressed to moder-
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ate or severe disease. Despite there being some evidence from other infectious
diseases that early therapy might be more effective (Mair-Jenkins 2015), target-
ing this population is justifiable given the evident lack of effective interventions
for COVID-19. The population that is eligible for treatment in these trials with
convalescent plasma is potentially at high risk of transfusion reactions, and
when treating critically ill people with COVID-19, their status should be carefully
monitored.

Authors' conclusions

Implications For practice

The currently available evidence on the safety and effectiveness of convalescent
plasma and hyperimmune immunoglobulin for treatment of people with CO-
VID-19 is of very low certainty. Thus, any conclusions that are drawn based on
these data are of limited value and these conclusions are subject to change as
more reliable results become available. For the primary outcomes, the included
studies reported that all participants were alive at the end of follow-up. Clinical
improvement assessed through the need for respiratory support was reported
by most studies, but details on timing and type of respiratory support were
not clear for all studies. Other outcomes that were reported in a subset of the
included studies were length of stay on the intensive care unit (ICU) and time
to discharge from hospital, but reporting of these outcomes was not complete.
Two studies reported adverse events that were potentially grade 3 and grade 4,
of which one was a serious adverse event. More thorough investigations, prefer-
ably well-designed clinical trials, are needed in order to assess the benefits and
risks of convalescent plasma therapy for people with COVID-19.

Implications For research

In this systematic review of the literature, we identified seven case-series studies
and one prospectively planned, single-arm intervention study. We encountered
difficulties while extracting data from these studies because there were major
differences in the way these studies reported participant characteristics, details
on the intervention, and outcomes. Future publications could benefit from
more standardised reporting, especially of timing of intervention and clinically
relevant outcomes, like days until discharge from hospital and improvement of
clinical symptoms. We support the adoption of a reporting guideline in this rap-
idly evolving field of research.
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Randomised controlled trials (RCTs) or at least non-randomised trials with a
control group are needed to confirm the findings of this review. As there are 47
ongoing studies evaluating convalescent plasma and one ongoing study evaluat-
ing hyperimmune immunoglobulin, of which 22 are randomised, we will screen
search results monthly and publish updates as a living systematic review in the
near future. It might well be that this update will show different results than
those published in this rapid review.
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a content expert.

LJE: co-lead of the COVID-19 immunoglobulin domain of the REMAP-CAP trial. |
will not be involved in bias assessment, data extraction or interpretation, but will
serve as a content expert.

NS: none known
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Sources of support

Internal sources
Sanquin Blood Supply, Netherlands
Center for Clinical Transfusion Research
University Hospital of Cologne, Germany
Cochrane Cancer, Department | of Internal Medicine
Monash University, Australia
Transfusion Research Unit, Department of Epidemiology and Preventive Medi-
cine
NHS Blood and Transplant, UK
NHS Blood and Transplant

External sources
No sources of support supplied

Differences between protocol and review

Types of outcome measures

We revised the secondary outcome 'Improvement of clinical symptoms, assessed
through need for respiratory support at up to 7 days; 8 to 15 days; 16 to 30 days'
and added to the fourth bullet point: 'plus high-flow oxygen', to differentiate
from the third bullet point. It now reads:

Improvement of clinical symptoms, assessed by need for respiratory support at
up to 7 days; 8 to 15 days; 16 to 30 days:

o oxygen by mask or nasal prongs

o oxygen by NIV (non-invasive ventilation) or high flow

o intubation and mechanical ventilation

o mechanical ventilation plus high-flow oxygen

o extracorporeal membrane oxygenation (ECMO)

Electronic searches

As publication bias might influence all subsequent analyses and conclusions, we
searched all potential relevant trials registries in detail to detect ongoing as well
as completed studies, but not yet published studies. Nowadays, it is mandatory
to provide results at least in the trials registry. In case results were not published
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elsewhere, we had planned to extract and analyse these data. However, no out-
come data had yet been added to the trials registries.

Data extraction and management

We had planned to extract data using a standardised data extraction form devel-
oped in Covidence. However, we could not adapt the standardised form to our
needs. Therefore we generated a customised data extraction form in Microsoft
Excel (Microsoft Corporation 2018).

Summary of findings and assessment of the certainty of the evidence

At protocol stage we had planned to assess the certainty of the evidence for our
primary outcomes (all-cause mortality at hospital discharge and time to death),
only. However, as none of the included studies reported any deaths during their
study periods, we decided to assess the certainty of the evidence also for priori-
tised secondary outcomes (clinical improvement, grade 3 and 4 adverse events,
and serious adverse events) to increase the informative value on effectiveness
and safety of convalescent plasma therapy.

Some passages in this protocol, especially in the methods section, are from the
standard template of Cochrane Haematology.
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Chapter 5

Abstract

Previous studies found exposure to red blood cell transfusions from female do-
nors who have been pregnant reduces survival in male patients compared to ex-
posure to male donor products, but evidence is not consistent. We postulate the
previously observed association is modified by offspring sex, with an expected
increased mortality risk for male patients receiving units from female donors
with sons. Here, marginal structural models were used to assess the association
between exposure to units from ever-pregnant donors, ever-pregnant donors
with sons and ever-pregnant donors with daughters, and mortality. Clinical data
were collected on first-ever transfusion recipients in the Netherlands and donor
data were supplemented with information about offspring sex and date of birth.
In this analysis, 56,825 patients were included, of whom 8,288 died during follow-
up. Exposure to red blood cell units from ever-pregnant donors with sons was
not associated with increased all-cause mortality risk among male transfusion
recipients (hazard ratio [HR] 0.91, 95% confidence interval 0.83-1.01). Exposure
to ever-pregnant donors, irrespective of offspring sex, was associated with
mortality in male patients aged between 18 and 50 years (ever-pregnant donors:
HR 1.81,95% Cl 1.31-2.51) compared to male donor units, but was protective in
female patients. This study suggests that the observed increased mortality risk
for exposure to red blood cell units from parous female donors does not depend
on offspring sex. The increased risk of mortality seen in younger adult male
patients is a finding consistent with previous observations, but the underlying
biological mechanism could not be identified in this study.
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Introduction

Red blood cell transfusions are given to improve tissue oxygenation in patients
suffering from anemia and hemorrhage. There is substantial variation in clinical
practice leading to possible over-transfusion’, and furthermore transfusions are
associated with harms, such as bloodborne infections and transfusion-associated
circulatory overload.?

In 2011, an association was reported between transfusions of red blood cells
from female donors and increased mortality in male patients under 50 years of
age.? Later, this finding was replicated in an independent cohort.* This associa-
tion was shown to be limited to female donors with a history of pregnancy, and
it was estimated that this association could be responsible for one potentially
preventable death per day in the Netherlands.** Although recent investigations
from other countries have not found an effect of donor pregnancy on mortality
after transfusion®’, differences between blood product production methods and
used materials, differences between donor and patient populations, as well as
differences in applied methodology could explain the discrepancies in results
between studies. Evidently, transfusion practices should not be changed based
on these contradictory findings, yet better understanding of the biological
mechanisms that gave rise to these results might enable targeted changes to
blood transfusion practice.

The observation that younger adult male patients exposed to ever-pregnant
donors were at increased mortality risk compared to other patient subgroups
suggests that these patients are somehow ‘sensitive’ to a component of the
red blood cell product. This sensitivity could be due to the involvement of
male-targeted minor histocompatibility antigens (HY-antigens) as well as the
transfusion indication.® Pregnant women have been shown to immunize against
male antigens (e.g. HY-antigens) during pregnancy or delivery. At the same time,
young men often receive blood for the indication of trauma, which is known to
cause a transient immune suppression.’ Thus, younger male patients could be
more sensitive to the effects of unintentionally transferred immune cells in red
blood cell transfusions because of the indication for the transfusion. Further-
more, they could be more sensitive to immune cells primed against HY-antigens.
Accordingly, we hypothesize blood products from female donors who have male
offspring are harmful to young male patients. We hypothesize that the effect of
exposure could become apparent early, but also later in life, as can be seen by
the diverging Kaplan-Meier curves in a previous publication.”
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To investigate this hypothesis, we aimed to first replicate the previously found
association of increased mortality in male patients receiving red blood cells
from female donors with a history of pregnancy. Second, we aimed to quantify
the association between mortality and red blood cell transfusions from female
donors who gave birth to a son or who gave birth to a daughter. Third, we aimed
to investigate these associations in different age subgroups of male patients,
as effect measure modification by patient age has been observed previously.>*

Three comparisons were performed (outlined in Figure 1):

1. Male donors (reference) compared to ever-pregnant female donors (exposure
group 1) and never-pregnant female donors (exposure group 2)

2. Male donors (reference) compared to ever-pregnant female donors with male
offspring (exposure group 1) and female donors without male offspring (con-
sisting of female never-pregnant donors and female ever-pregnant donors
without male offspring, exposure group 2)

3. Male donors (reference) compared to ever-pregnant female donors with
female offspring (exposure group 1), and female donors without female off-
spring (consisting of female never-pregnant donors and female ever-pregnant
donors without female offspring, exposure group 2)

Methods

The ‘Mortality After Transfusion of Ever-pregnant donor Red blood cells’ (MA-
TER) study is an observational cohort study, including data between the 1% of
January 2005 and the 1% of January 2019 from two earlier cohort studies®*,
supplemented with data from recent years (2015-2018) and additional exposure
information pertaining to donor pregnancy history. Patient data were collected
to the ‘Risk Factors for Alloimmunization after red blood Cell Transfusions’ (R-
FACT) study database (CCMO-NL29563.058.09; clinicaltrials.gov study number:
NCT01616329).>"° During the study period, all blood products underwent a
leukodepletion step as part of production, and an estimated 4% of units was
irradiated prior to transfusion. The need for informed consent was waived by the
Medical Ethics Review Board.

This large cohort of patients with transfusion data was supplemented with data
from the national registration of Dutch inhabitants (Basisregistratie Personen,
‘BRP’) on registered offspring of donors. Mortality data were obtained from the
hospital administration at the hospital’s end of data collection or the administra-
tive end of study.**
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Although the MATER study is an observational study, we expected that the po-
tential for confounding in this study was small. As the information about donor
sex and pregnancy is not available to treating physicians, in practice red blood
cell units are allocated independently of donor characteristics (notably, sex and
parity of the donor). However, the logistics of the distribution of blood products
depend on a number of factors that we consider to be potential confounders
(Figure S1). In brief, confounders were included because they are predictive of
both the distribution of blood products in the population, and the outcome. All
information on potential confounders was obtained from the hospital adminis-
tration and the R-FACT study at baseline.>"

To be able to compare the effect of the different exposure categories, patients
were censored at the time they received a transfusion from a different category
than their previously received transfusions. This resulted in patients receiving
more transfusions (and thus more likely to have a worse prognosis) being more
likely to be censored, a phenomenon known as informative censoring.”” Further-
more, the possibility exists that treatment-confounder feedback by hemoglobin
present in the blood product further exacerbates the already existing bias in any
analysis not adjusted for informative censoring.®

To correct for both confounding at baseline, and the informative censoring dur-
ing follow-up and treatment-confounder feedback, inverse probability weight-
ing (IPW) was applied.""* Weights were trimmed at a fixed level of 10, to reduce
instability of the IPW estimator. Weighted marginal structural Cox proportional
hazards models were fitted using the R packages ipw and survey."

Analyses were stratified by patient sex and age (0-17, 18-50, 51- 71 and =71
years), as prespecified in the statistical analysis plan and in line with previous
studies.*’ Sensitivity analyses were performed to:
evaluate alternative statistical analyses with methods similar to earlier re-
search (1),
test assumptions about data quality (l1),
form an independent study cohort not previously described (ll1),
assess the effect of excluding donors with both sons and daughters (IV),
assess the effect of excluding donors with both sons and daughters and in
addition excluding never-pregnant female donors (V).

Analyses were performed in Stata, version 16 (StataCorp. 2019. Stata Statistical

Software: Release 16. College Station, TX: StataCorp LLC; data preparation and
sensitivity analysis 1), and R (version 3.6.3) and R Studio (version 2022.02.0+443)
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software (sensitivity analyses II-V). An extended methods section can be found
in the Supplemental materials.

Results

Population

Table 1 contains donor and patient characteristics of the complete study popu-
lation and the population included in the main analysis. The complete dataset
contained data on 546,102 transfusions, and the donations linked to these trans-
fusions originated from 134,046 male donors and 135,992 female donors. In
total, 98,676 patients were included, and 51% (n=50,138) of the patients were
female. During a median follow-up of 278 days (counted from the date of the
first transfusion to the date of death, censoring or end of follow-up) 33,487
patients died (34%).

Table 1. Patient and transFusion characteristics

Complete dataset Main analysis*
Characteristics Female Male Female Male
patients patients patients patients

Number of patients N=48,538 N=50,138 N=28,115 N=28,710
Number of deaths, (%) 18,191 (37%) 15,296 (31%) 4,280 (15%) 4,008 (14%)
Follow-up, median (IQR), days' 1,081 (230-2,415) 1,372 (373-2,662) 151 (6-1597) 434 (11-2007)
Person-time, sum in years 191,573 223,156 69,558 85,898
Age of patients, median (IQR), years 65 (50-75) 65 (42-77) 64 (39-75) 65 (36-77)

Oto17 6,681 (14%) 5,395 (11%) 5,931 (21%) 4,819 (17%)

18 to 50 5,626 (12%) 10,295 (21%) 2,644 (9%) 4,865 (17%)

51to 70 18,412 (38%) 14,636 (29%) 9,687 (34%) 7,787 (27%)

>71 17,819 (37%) 19,812 (40%) 9,853 (35%) 11,239 (39%)
Transfusions of red blood cell units
per patient, median (IQR) 3(2:6) 2(2-5) 2(1-2) 2(1-2)
Units of red blood cells transfused, 301,250 244,852 49,992 51,052
Number (%)*

female donor, never-pregnant 49,607 (16%) 40,448 (17%) 4,467 (9%) 4,648 (9%)

Zi?lglrem?"”' everpregnant, male o 0y 0006y 47,378 (19%) 6,602 (13%) 6,721 (13%)

female donor, ever-pregnant, no
male offspring
male donor 172,316 (57%) 140,126 (57%) 36,662 (73%) 37,447 (73%)

18,415 (6%) 15,089 (6%) 6,644 (13%) 6,749 (13%)

* Consists of all the follow-up time during which patients either received all their red blood cell transfusions
exclusively from one exposure category: female donors without a history of pregnancy (never-pregnant do-
nors), female donors with a history of pregnancy (ever-pregnant donors, with or without sons), or male donors.

+ Median follow-up time is defined as the median of longest time any patient is in one of the comparisons. Ex-
posure categories are: female donors without a history of pregnancy (never-pregnant donors), female donors
with a history of pregnancy (ever-pregnant donors, with or without sons), male donors.

# Includes units from female donors with offspring of unknown sex.
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From the complete study population, only 56,825 patients could be included in the
cohort for the main analysis because they received only one exposure category
on their first transfusion day, of whom 51% (n=28,710) were female. From this
selected population, 8,288 deaths could be included in the main analysis (15%). The
median age of the complete population was 65 (interquartile range (IQR) 46-76)
and the median age in the main analysis was 64 (IQR 37-76). Compared to the com-
plete study population, patients included in the main analysis were followed up
for a shorter duration (median (IQR): 278 days (7-1,815) vs. 1,226 days (297-2,547)).
Patients in the main analysis also received fewer transfusions (median (IQR): 2 (1-2)
transfusions vs. 3 (2-6) transfusions) and were more likely to receive transfusions
from male donors (73%) compared to the complete population (57%). Linkage of
donorrecords resulted in complete exposure information (99.7% for comparison 1,
99.3% for comparison 2 and 3). Of note, male patients on average had a substantially
shorter length of follow-up than female patients, which was more pronounced in
the ever-pregnant and never-pregnant exposure arm (Table S1).

Donor and patient characteristics for the populations included in the sensitivity
analyses can be found in Table S2. In Table S3, the study population restricted
to patients aged 18 years and older is described. Absolute standardized mean
differences (SMD) were calculated to assess balance after weighting for baseline
factors for comparison 1 (Figure S3). Balance was sufficient after weighting for all
baseline characteristics (SMD <0.1), for the population comparing ever-pregnant
donor exposure to male donors.

No increased risk of mortality after exposure to ever-pregnant donor units
Results for the three comparisons in the main analysis are reported in Figure 2.
Exposure to female donors who have previously been pregnant compared to male
donors was not associated with mortality (hazard ratio (HR) 0.96 (95% confidence
interval (Cl) 0.88-1.04)) in male patients (Figure 2). Exposure to ever-pregnant
donors with sons and ever-pregnant donors with daughters was not associated
with mortality in this analysis (comparison 2: HR 0.91 (95% Cl 0.83-1.01); compari-
son 3: HR 0.94 (95% Cl 0.85-1.03)). Blood products from never-pregnant female
donors were protective (HR 0.88 (95% Cl 0.78-0.98)) in male patients, compared
to exposure to male donors. No other significant associations were observed.

For female patients, exposure to blood products from ever-pregnant donors was
associated with decreased mortality compared to exposure to male donor units
(HR 0.91 (95% CI 0.83-0.99)). Exposure to units from female donors with sons
was not associated with mortality (HR 0.93 (95% CI 0.84-1.03) and exposure to
units from ever-pregnant donors with daughters was associated with decreased
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Male recipients Female recipients
No. of No. of H HR No. of No. of H HR
Donor category Deaths Recipients  (95% Cl) (95% CI) Deaths Recipients  (95% Cl) (95% Cl)
Comparison 1
Male (reference) 3,068 18,367 1 (reference) 2,904 18,964 1 (reference)
Female, ever-pregnant 823 6,274  0.96 (0.88-1.04) —r 686 6,218  0.91(0.83-0.99) —~i
|
Female, never-pregnant 389 3474 0.88(0.78-0.98) _,_ | 418 3,528 1.00(0.90-1.12) i
Comparison 2 :
Male (reference) 3,068 18,367 1 (reference) 2,904 18,964 1 (reference) i
1
Female, ever-pregnant with sons 519 4,301 0.91(0.83-1.01) = 457 4,308 0.93(0.84-1.03) -t
Female, never-pregnant with sons 645 5,209 0.94 (0.86-1.03) — 620 5,214 0.97 (0.88-1.06) _‘i.
H
Comparison 3 H
Male (reference) 3,068 18,367 1 (reference) 2,904 18,964 1 (reference) '
|
Female, ever-pregnant with daughters 525 4367 0.94(0.85-1.03) 3 426 4228 085(0.76-0.95) ——!
Female, never-pregnant with daughters 644 5,183 0.94 (0.86-1.02) —”—5 637 5,305 0.98 (0.89-1.08) —*i—
E i
H |
1 log scale 1 log scale
08 1 125 08 1 125

Figure 2. Mortality Hazard Ratio OF Male and Female Transfusion Recipients of Male, Ever-Preg-
nant (with Sons or Daughters) and Never-Pregnant Female Donor Red Blood Cell Products

Exposure to ever-pregnant donor red blood cell products compared to male donor exposure is not associated
with mortality in the complete population of male patients, nor in the complete population of female transfu-
sion recipients. Offspring sex is not predictive of patient mortality, with HRs similar in size and direction for
both male and female offspring sex.

Abbreviation: HR, hazard ratio.

mortality, compared to male donor unit exposure (HR 0.85 (95% CI 0.76-0.95).
No significant associations were observed for exposure to blood products from
never-pregnant donors, female donors without sons and female donors without
daughters.

For reasons of conciseness, the remainder of the Results section will focus on
male patients only.

For the main analysis, restricted to patients aged 18 years and older, HRs were
0.99 (95% C1 0.92-1.09) for male patients exposed to ever-pregnant donors, 0.98
(95% C10.88-1.08) for exposure to ever-pregnant donors with sons and 0.99 (95%
C1 0.89-1.10) for exposure to ever-pregnant donors with daughters (7able S4), all
compared to exposure to male donors as reference. Exposure to never-pregnant
female donors was significantly associated with decreased mortality (HR 0.87
(95% CI1 0.78-0.98). No other significant associations were observed.

Association between exposure to ever-pregnant donors and mortality in younger
adult male patients

Results for the analysis stratified by age for male patients are reported in Table
2. In male patients aged between 18 and 50 years, receiving units from ever-
pregnant donors was associated with mortality (HR 1.81 (95% CI 1.31-2.51)).
Receiving units from ever-pregnant female donors with sons was similarly associ-
ated with mortality in this subgroup, with a HR of 1.86 (95% Cl 1.27-2.71), and
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exposure to units from ever-pregnant female donors with daughters was also
associated with mortality (HR 1.58 (95% Cl 1.05-2.37)). There was a significant
interaction of exposure with age in the exposure groups of ever-pregnant do-
nors, ever-pregnant donors with sons and ever-pregnant donors with daughters
(p-value of 0.0001 (comparison 1); 0.001 (comparison 2); 0.020 (comparison 3)).

Results for female patients can be found in Table S5. No significant associations
were observed. The fully independent cohort of patients included after 1 of
September 2015 showed a similar magnitude and direction of the association
between exposure to ever-pregnant donors and mortality for male (Table S6) and
female patients (Table S7).

Sensitivity analyses

Sensitivity analyses were performed to verify the previously described assump-
tions about the data and the used methods, and the results were in agreement
with the main result showing robustness of the methods to changes in these as-
sumptions. Results for the sensitivity analyses can be found in the Supplemental
materials (I, Table S8-10, and II-V, Table S11).

Discussion

In this study of donor characteristics and transfusion recipient mortality, the
observed mortality of male patients after exposure to ever-pregnant donor
units was not explained by donor offspring sex. In the subgroup of male pa-
tients aged between 18 and 50 years, exposure to red blood cell products from
ever-pregnant donors, regardless of the donor's offspring sex, was significantly
associated with worse outcomes after transfusion (HR 1.86 (95% CI 1.27-2.71)).
This result is consistent with a previous publication from our research group, and
constitutes an independent replication of those earlier findings.>* The same as-
sociation in female patients was actually in the direction of moderate protection;
an unexpected finding which we cannot explain (HR 0.91 (95% Cl 0.83-0.99)).
Notably, a recent publication’ on a large pragmatic randomized controlled trial
investigating donor sex found an increased risk of mortality after female donor
exposure in patients aged 20-29 years, although the population was small and
not stratified by patient sex.

Analyses using traditional methods (sensitivity analysis /) were used to evaluate
the magnitude and direction of bias due to informative censoring.' Indeed, in
the single-transfusion cohort investigating exposure to ever-pregnant donors,
potential bias in the direction of harm from ‘rare’ exposure was visible in these
most selective, most censored analyses (HR 1.14 (95% Cl 1.02-1.28)). This, as op-
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posed to the main analysis, with a HR of 0.96 (95% CI 0.88-1.04). We postulate
previous work could have suffered more from this bias, due to missing data in
the pregnancy history of the donor necessitating more frequent censoring of pa-
tient follow-up. Treatment-confounder feedback, with more transfusions given
to patients receiving blood from female donors through lower hemoglobin con-
centration in products donated by female donors as compared to male donors, is
a potential cause of bias here.® If chosen as exposure, any variable which affects
the hemoglobin dose of the product may lead to bias if not accounted for cor-
rectly, because the hemoglobin dose of the product affects (in part) the time to
next transfusion, and the number of transfusions is associated with underlying
disease severity. As women have a lower normal level of hemoglobin compared
to men, treatment-confounder feedback should be accounted for in the analyses.
It is recommended that future investigations of blood product characteristics
that relate to hemoglobin-raising capacity, e.g. product storage and any traits
related to red blood cell storage and stress hemolysis'’, incorporate measures to
counteract this methodological artefact.

One of the strengths of this study is the large cohort of real-world data that
was used and analyzed using appropriate methods. By pooling together into
combined exposure groups the subgroups of ever-pregnant donors with both
sons and daughters, and never-pregnant donors (depending on the comparison
made), the main analysis had a large sample size. Expected challenges with
regards to data quality and appropriateness of used methods were thoroughly
investigated using sensitivity analyses, and these results were consistent with
the main analysis. Thereby, these challenges were adequately addressed.

Limitations of the study include the granularity of the data, as the data were
organized per day. This necessitated the exclusion of patients receiving transfu-
sions from multiple categories on their first transfusion day, which could have
led to bias and limited generalizability to patient populations requiring multiple
transfusions early in the treatment course. Second, findings presented here are
applicable to the study population of transfusion recipients between 2005 and
2019 in six hospitals in the Netherlands who received a median of two trans-
fusions, and may not be generalizable to other settings, especially those with
higher disease burden. Third, the use of inverse-probability weighted methods
was only possible with larger intervals following the initial 4-week follow-up
that was analyzed by transfusion day owing to sparse multivariable data, and
this interval-censoring is a potential source of bias. Fourth, multiple comparisons
were made but no adjustments for multiple testing were applied. However, all
comparisons were pre-specified and no post-hoc analyses were included. Fifth,
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pregnancies resulting in miscarriages and stillbirths are not reported to the BRP
and could therefore not be included in this study. These limitations are mitigated
by using multiple control conditions (e.g. never-pregnant donors and never-
pregnant donors with daughters) and the inclusion of separate analyses for the
fully independent cohort.

The aforementioned methodological limitations apply to the full population, and
would not explain the repeated observation of increased mortality in younger
adult male patients. The association between mortality and exposure to ever-
pregnant donors in male patients aged between 18 and 50 years was also pres-
ent in the population included after September 2015, which was not previously
described in other publications, and thereby constitutes an independent replica-
tion of this previously observed finding (Table S70 for male patients; Table S11
for female patients). Methodological explanations were sought, and we hypoth-
esized these male patients received multiple transfusions on their first day due
to their transfusion indication, excluding them from the analysis and potentially
introducing bias. However, after examining the frequency of exclusion due to
mixture of exposures on the first day, this was not different between male and
female patients for the different exposure categories (Table S712). More research,
specifically on transfusion indications and causes of death, could further clarify
the clinical relevance of this repeated observation. Transfusion policy changes
which could be considered in the future (e.g. irradiation, matching for patient
subgroups) must be based on a solid understanding of the underlying biological
mechanism.

If some male patients are indeed sensitive to blood products from ever-pregnant
female donors, there should be a biological rationale. Male recipients of alloge-
neic stem cell transplantations (aSCT) from female donors who previously gave
birth to a son have a poor prognosis due to increased risk of Graft-vs-Host disease
(GvHD), which could be due to micro-chimerism of the male offspring inducing an
immune response directed at male cells.'®'” However, transplants from female
donors with only daughters are not associated with GvHD, with these women
having a more tolerogenic immune status comparable to that of nulliparous do-
nors."” Furthermore, male patients could be sensitive to external stimuli due to
their transfusion indication, as they more often receive large volumes of blood
products in a short timeframe, in a trauma setting. Micro-chimerism has been
detected following transfusions for trauma indications, with reports of long-
term engraftment of donor cells, but evidence is conflicting.?® An alternative
explanation of the observed mortality in young male patients, not related to sex
of the offspring, is immunization of the female donor against inherited paternal
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human leukocyte antigens (IPA) of the fetus. However, the exact mechanisms
underlying the observed increase in mortality following transfusions from ever-
pregnant female donors in young men are incompletely understood and may be
multifactorial.

To conclude, in young adult male patients, blood products from ever-pregnant
female donors are consistently associated with mortality, which continues to be
a concern. With a large observational database containing complete exposure in-
formation on over 99% of red blood cell units, and an appropriate methodology
that could account for possible treatment-confounder feedback, this research
question was thoroughly investigated.
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Supplemental methods

Exposure

Information was collected on the date of birth of all offspring and the sex of
the biological offspring. If the date of birth preceded the date of transfusion,
and the child was determined to be biological offspring (which was determined
by comparing the date of birth with the date of start of the family relation), the
donor was classified as 'ever-pregnant’, with sons and/or daughters, respectively.
Three comparisons were performed (outlined in Figure 7). Comparison 3 acts as
a control comparison for the study hypothesis, because exposure to blood prod-
ucts from female donors with daughters was not expected to be associated with
mortality. All exposure information was obtained from the BRP at the date of
donation for every female donor, and from the blood bank information system
for the male donors.

Comparison 1 can be considered a comprehensive reproduction study of the
earlier found association between ever-pregnant donors and mortality, as it uses
the same exposure and outcome as have been previously reported in a partially
overlapping cohort (period January 1% 2005-September 1% 2015)." Comparisons
2 and 3 pertain to different exposures that have not been described elsewhere
previously and should therefore be viewed as an independent analysis."? Analy-
ses were also performed separately for the population aged =18 years to have a
study population that is comparable with other studies.

Outcome

The study outcome was all-cause mortality. Mortality data were obtained from
the hospital administration at the hospital’s end of data collection or the admin-
istrative end of study (1/1/2019)."?

Covariates

Although the MATER study is an observational study, we expected that the po-
tential for confounding in this study was small. As the information about donor
sex and pregnancy is not available to treating physicians, in practice red blood
cell units are allocated independently of donor characteristics (notably, sex and
parity of the donor).

However, the logistics of the distribution of blood products depend on a number
of factors that we consider to be potential confounders (Figure S7). Hospital (cat-
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egorical, six levels) is considered a potential confounder, because it is associated
with mortality and can become associated with exposure through geographical
differences in product distribution. Year (continuous) is a potential confounder,
because (1) mortality risk following transfusions varies over time due to more
restrictive transfusion policies becoming the norm, and (2) characteristics of the
donor population vary over time**. Blood group (categorical variable, 9 levels)
is another potential confounder, because it is associated with mortality and
because some blood groups are rare, the distribution of donor factors can differ

L

AN

Ty——» C u

Figure S1. Directed acyclic graph of the effect of product characteristics (donor pregnancy and
sex of the offspring) on mortality

between blood groups. All information on potential confounders was obtained
from hospital administration and the R-FACT study at baseline.?®

In Figure S1, A represents assignment to study arm at time k-7. L represents the
set of ‘center’ variables consisting of year of transfusion, hospital and patient
blood group. These center variables together influence the receival of a next
transfusion and the risk of mortality of the patient, and are therefore a suffi-
cient set for adjustment of the confounding at study start. D is a mediator, here
influenced by treatment arm A and on the causal path of A to Y, and stands for
the dose of hemoglobin received by the patient after the transfusion at time
k-1. T, represents the receival of a next transfusion. C stands for censoring of
the patient following receival of the transfusion, and in the population where
follow-up is limited to time until mixture of arms, C is conditioned on by design.
This conditioning is removed by weighing the population by the inverse prob-
ability of censoring weights estimated with T,. Y,.; and Y, represent mortality at
timepoints k-7and k, respectively. U is a vector containing all unmeasured covari-
ates that could influence mortality (e.g. disease severity of patients at k-7 and
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k), hemoglobin dose received (blood bank logistic factors) and center variables
(patient population differences between centers).

Follow-up

Follow-up started with the Ffirst receipt of a transfusion during study period
(starting 1/1/2005) and ended when patients were censored, which was at the
time of death, time of transfusion from different exposure group, or administra-
tive end of study (1/1/2019), whichever came first. Patients could only contribute
follow-up to the analyses if they received all their transfusions from the same
exposure category on their first day.

Statistical analysis

To be able to compare the effect of the abovementioned different exposure
categories, patients were censored at the time they received a transfusions from
a different category than their previously received transfusions. This resulted
in patients receiving more transfusions (and thus more likely to have a worse
prognosis) being more likely to be censored, a phenomenon known as informa-
tive censoring.® Furthermore, the possibility exists that treatment-confounder
feedback by hemoglobin present in the blood product further exacerbates the
already existing bias in any analysis not adjusted for informative censoring.” This
is because blood products from female donors have a consistently lower hemo-
globin content compared to male donors, and this difference is not adjusted dur-
ing the production process of red blood cell units in the Netherlands.? If chosen
as exposure, any variable which affects the hemoglobin dose of the product may
lead to bias if not accounted for correctly, because the hemoglobin dose of the
product affects (in part) the time to next transfusion, and the number of trans-
fusions is associated with underlying disease severity. As women have a lower
normal level of hemoglobin compared to men, treatment-confounder feedback
should be accounted for in the analyses.

To correct for both confounding at baseline, and the informative censoring dur-
ing follow-up and treatment-confounder feedback, inverse probability weighting
was applied in three steps.

First, a propensity score was estimated based on the identified potential con-
founders using a logistic model with exposure (i.e., assignment to either expo-
sure arm or reference arm) as the dependent variable. Second, to correct for
the censoring upon receiving a transfusion from a different exposure category,
a propensity-score weighted pseudo-population was created in which further
inverse probability of censoring weights (IPCW) were estimated. Weights were
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constructed per transfusion day for the first 28 days, and per 4-weekly interval
thereafter, using a Cox model with the cumulative number of transfusions as
continuous covariate. The IPCW estimator (predicted probability of censoring)
corrects for censored subjects by redistributing weights of similar censored and
uncensored patients when used to calculate the survival probabilities. As censor-
ing, due to reaching the end of follow-up at the reference date of the hospital,
is not influenced by patient characteristics, this information was not included
in the censoring model. Instead, we developed a censoring model for time to
non-administrative censoring only. Third, the propensity score was multiplied
with the censoring score to obtain the final weights.”"" Weights were trimmed at
a fixed level of 10, to reduce instability of the IPW estimator. Weighted marginal
structural Cox models were fitted using the R packages ipw and survey."

Analyses were stratified by patient sex and age, in line with previous studies.""
We consider age as a proxy for transfusion indication, with young male patients
more often receiving transfusions for trauma and massive transfusion.* Age cat-
egories were defined as 0-17, 18-50, 51-70 and over 70 years of age. This analysis
was repeated in the independent cohort of data collected after 1°t of September
2015 to the 1% of January 2019, and can be viewed as an effort to independently
replicate the previous findings of Caram-Deelder et al. which included data up to
1%t of September 2015."

In sensitivity analysis I, hazard ratios were calculated using standard Cox PH
survival analysis. This analysis was performed to compare with previous work"'?
and to empirically assess the necessity of accounting for treatment-confounder
feedback. Three ways of specifying the included study population were analyzed
(Figure S2). In the Full cohort analysis, exposures from the concerned reference
and exposure could be mixed, and censoring took place when a patient received
an exposure from a different exposure category. In the no-mixture cohort,
patients were censored when they received a transfusion from a different ex-
posure category than the one of their first transfusion. In the single transfusion
cohort, patients were censored when they received a second transfusion. Cox
proportional hazards models were fitted, adjusted for:

cumulative number of transfusions [time-varying, restricted cubic spline with

five knots];

hospital [fixed];

blood group [fixed];

calendar year [fixed];

age of the donor [time-varying, cumulative number of units from donors aged

>50 years];
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interaction term for cumulative number of transfusions and hospital [time-
varying].

In sensitivity analysis I, when products from female donors with uncertainty
about their offspring (due to BRP records being less complete before 1958) were
transfused, patients were censored. Sensitivity analysis Ill was repeated for the
independent cohort of patients included after 1% of September 2015 to the 1
of January 2019, and can be viewed as an effort to independently replicate the
previous findings of Caram-Deelder et al." Other sensitivity analyses included
censoring at the time a product from a donor with both sons and daughters
was given (sensitivity analysis IV.), and censoring for both the donor with sons
and daughters and the exclusion of never-pregnant women from the exposure
groups (sensitivity analysis V.).

Supplemental results

Additional results for the manuscript are presented here. In brief, Table S2
contains donor and patient characteristics for the cohorts used in the sensitivity
analyses. Table S3 contains donor and patient characteristics of the study popu-
lation aged =18 years. Table S4 contains the results for the main analysis for the
study population aged =18 years.

Results for the analysis stratified by patient age for female patients are reported
in Table S5.

Results for the analysis in the independent cohort included after 1st of Septem-
ber 2015 stratified by patient age for male patients are reported in Table S6.
Results for the analysis in the independent cohort included after 1st of Septem-
ber 2015 stratified by patient age for female patients are reported in Table S7.

Results for the sensitivity analyses are reported in Tables S8-11. The following
figure provides a visual aid for the content of tables S8-11:

162



Transfusion of ever-pregnant donor red blood cells and mortality of male patients

Comparison 1 Comparison 2 Comparison 3
Ever-pregnant Ever-pregnant with sons Ever-pregnant with daughters
| Main analysis Male Never- Ever- Male Female Femal Male ||Female no||Female with | |
| pfree%r;?gl pfl'eelg'r;?ent no sons with sons daughters | | daughters | |
! ° ° e o e o ° o o e o |
oL IR IR (TP e (TR eke!
| |
___________________________ o e e e
| Sensitivity analysis (1.) Male Never- Evel Male Female Female Male ||Female no||Female with | |
. - wil U U
! No mixture p{gr%r;?gl pfrser%r;zlaé\t no sons ith sons daughters || daughters :
° ° o _o s _ o
|
|+ Full cohort Table 58 @ Table 59 J%‘Q w Table 510 |
== I I =1 L =TT =1 |
(e e e =
| Sensitivity analysis (11.) Male Female Female |
| Censored if donor is born before 1958 O ED with aols !
| |
| TR e
|
L ____________________________ L= _"TlL= =,
_______________________ oS- ======—1
|Sensmvuy analysis (lIl.) Male Never- Ever- Male Female Female | |
|Restricted to patients enrolled pregnant || pregnant nosons || withsons | |
| female female
Iafter 1-1-2015 ° ° ° ° ° o e o I
| TR (TR e
[ | e | S S gy o | S L Il
e e e e ey e =
Male Female Female | |
ISensitivity analysis (IV.) nosons || onlysons | | Table 511
| Censored if donor had both sons and daughters 2 22 :
‘ % b ||
_____________________________ e e e
_____________________________________________ =
| Sensitivity analysis (V.) Male Fenr;m@le o}r:\\eyné%lﬁs |
| Censored if donor had both sons and daughters, or donor was a daughters |
| never-pregnant female donor - & a I
: Tl % |

Figure S2. Schematic representation of exposure definition in sensitivity analyses and corre-
sponding tables

Table S12 contains results for the comparison of exposure categories as as-
signed on the first day for the complete study population. TableS13 contains the
distribution of the weights prior to truncation, for the population of male and
female patients in the primary analysis, comparison 1.
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Sensitivity analyses I-V

Sensitivity analyses were performed to verify the previously described assump-
tions about the data and the used methods, and results can be found in Tables
S8-11.

Sensitivity analysis | was performed on the full cohort, the no-mixture of expo-
sure cohort and the single-transfusion cohort, which are reported on in Table
S8 (comparison 1), Table S9 (comparison 2) and Table S710 (comparison 3). Of
these, exposure to ever-pregnant donors, ever-pregnant donors with sons and
ever-pregnant donors with daughters was not associated with mortality in the
full cohort (comparison 1: HR 1.02 (1.00-1.05); comparison 2: HR 1.01 (95% ClI
0.98-1.05); comparison 3: HR 1.03 (95% Cl 0.99-1.06)). In the no-mixture cohort,
exposure to ever-pregnant donors was significantly associated with mortality
(HR 1.05 (95% CI 1.00-1.09), but exposure to ever-pregnant donors with sons
and ever-pregnant donors with daughters was not (comparison 2: HR 1.04 (95%
Cl 0.98-1.10); comparison 3: HR 1.04 (95% CI 0.98-1.11)). The single-transfusion
cohort had the comparatively largest effect sizes for exposure to ever-pregnant
donors, ever-pregnant donors with sons and ever-pregnant donors with daugh-
ters (comparison 1: HR 1.14 (95% Cl 1.02-1.28); comparison 2: HR 1.11 (95% ClI
0.98-1.26); comparison 3: HR 1.13 (95% Cl 0.99-1.28)). Of note, these analyses
are performed with exposure as a continuous variable as opposed to the main
analysis, and the HRs should be interpreted as the HR for a one-unit increase in
the exposure category, compared to reference.

Results for sensitivity analyses II-V can be found in Table S71. Exposure to ever-
pregnant donors with sons born after 1958 was not associated with mortality
(HR 0.87 (95% Cl 0.76-1.00)). Exposure to ever-pregnant donors and ever-preg-
nant donor with sons was not associated with mortality in the study population
included after September 1** 2015 (comparison 1: HR 0.87 (95% Cl 0.68-1.11));
comparison 2: HR 0.83 (95% Cl 0.63-1.10)). Exposure to ever-pregnant donors
with sons, without daughters, was not associated with mortality (HR 0.94 (95%
C10.78-1.13)).
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Supplemental tables

Table S1. Censored patients and Follow-up of patients in the complete dataset and primary analy-

sis, by exposure group

Number of patients
Arm: male
Arm: ever-pregnant
Arm: never-pregnant

Number of patients censored
onday 1, (%)

Number of patients censored
during follow-up, (%)

Arm: male, (%)

Arm: ever-pregnant, (%)
Arm: never-pregnant, (%)
Follow-up, median (IQR), days'

Arm: male
Arm: ever-pregnant

Arm: never-pregnant

N=48,538 N=50,138 N=28,115 N=28,710
36,439t 37,762t 18,367 18,964
20,905t 21,219t 6,274 6,218
14,3471 14,7121 3,474 3,528

- 20,423 (42%) 21,428 (43%)

- - 8,790 (31%) 8,633 (30%)
- - 3,447 (39%) 3,376 (39%)
- - 2,874 (33%) 2,722 (32%)
- - 2,469 (28%) 2,535 (29%)

1,081 (230-2,415)
1,380 (337-2,691)
1,142 (298-2,388)
1,064 (308-2,221)

1,372 (373-2,662) 151 (6-1,597) 434 (11-2,007)
1,609 (496-2,849) 244 (9-1,817) 617 (22-2,227)
1,383 (427-2,499) 48 (4-1,208) 170 (4-1,592)

1,111 (348-2,260) 33 (3-1,020) 120 (3-1,247)

*In the complete dataset, all follow-up from patients is included and no censoring takes place
+In the complete dataset, patients could receive different exposures on day 1, and these can
therefore classified into multiple arms.
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Table S3. Patient and transfusion characteristics For the analysis with patients aged 218 years

Number of patients 41,857 44,743 22,184 23,891
Number of deaths, (%) 17,482 (42%) 14,709 (33%) 3,993 (18%) 3,777 (16%)
Follow-up, median (IQR), days' 956 (193-2,299) 1,309 (349-2,626) 95 (5-1,305) 393 (9-1,907)
Person-time, sum in years 157,340 195,710 49,169 69,219
Age of patients, median (IQR), y 68 (58-76) 68 (52-78) 69 (59-77) 69 (55-79)
18 to 50 5,626 (13%) 10,295 (23%) 2,644 (12%) 4,865 (20%)
51to 70 18,412 (44%) 14,636 (33%) 9,687 (44%) 7,787 (33%)
>71 17,819 (43%) 19,812 (44%) 9,853 (44%) 11,239 (47%)
Transfusions of red blood cell 3(2-7) 3(2-5) 2 (1-2) 2 (1-2)
units per patient, median (IQR)
Units of red blood cells transfused, 276,985 224,547 41,175 43,851
Number (%)*
female donor, never-pregnant 46,566 (17%) 37,771 (17%) 3,719 (9%) 3,951 (9%)
female donor, ever-pregnant, 53,957 (19%) 43,375 (19%) 5,146 (12%) 5,503 (13%)
male offspring
female donor, ever-pregnant,no 16,902 (6%) 13,822 (6%) 1,730 (4%) 1,721 (4%)
male offspring
male donor 157,658 (57%) 127,954 (57%) 30,492 (74%) 32,561 (74%)

* Consists of all the follow-up time during which patients either received all their red blood cell transfusions
exclusively from one exposure category: female donors without a history of pregnancy (never-pregnant do-
nors), female donors with a history of pregnancy (ever-pregnant donors, with or without sons), or male do-
nors. The main analysis uses this cohort definition.

1 Median follow-up time is defined as the longest time any patient is in one of the comparisons. Exposure
categories are: female donors without a history of pregnancy (never-pregnant donors), female donors with a
history of pregnancy (ever-pregnant donors, with or without sons), male donors.

# Includes units from female donors with offspring of unknown sex.
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Table S4. Mortality Hazard Ratio of Male and Female Transfusion Recipients in the Analysis with
Patients Aged 218 Years, Comparisons 1,2 and 3

Comparison 1
Male (reference) 2,881 14,665 1 (reference) 2,752 16,028 1 (reference)

Female, ever-
pregnant

744 4,696 0.99 (0.92-1.09) 636 4,935 0.95 (0.87-1.05)

Female, never- 368 2,823 0.87(0.78-0.98) 389 2,928 1.03 (0.92-1.16)
pregnant

Comparison 2
Male (reference) 2,881 14,665 1 (reference) 2,752 16,028 1 (reference)

Female, ever-
pregnant with 468 3,135 0.98 (0.88-1.08) 423 3,353 0.99 (0.89-1.11)
sons

Female, never-
pregnant with 604 4,173 0.95(0.86-1.04) 577 4,315 0.98 (0.89-1.08)
sons
Comparison 3
Male (reference) 2,881 14,665 1 (reference) 2,752 16,028 1 (reference)

Female, ever-
pregnant with 465 3,191 0.99 (0.89-1.10) 396 3,292 0.91(0.82-1.02)
daughters

Female, never-
pregnant with 607 4,154 0.93 (0.85-1.02) 591 4,398 1.00 (0.90-1.10)
daughters
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Table S8. Comparison 1: Mortality Hazard Ratio of Male and Female Transfusion Recipients Ex-
posed to Red Blood Cell Transfusions From Female (Never-Pregnant or Ever-Pregnant) Donors vs
Male Donors (Sensitivity Analysis I.)

Full cohort

Ever-pregnant female
analysis

Male (reference) 7,203 29,879 1 (reference) 6,517 30,916 1 (reference)
Female, ever-pregnant 4,958 19,771  1.02 (1.00-1.05) 4,299 19,726  1.02 (1.00-1.05)

Never-pregnant female
analysis

Male (reference) 4,850 26,162 1 (reference) 4,850 26,162 1 (reference)

Female, never-pregnant 2,403 11,467 1.02 (0.97-1.06) 2,364 11,888 1.03 (0.99-1.07)
No mixture of exposure

Male (reference) 3,068 18,367 1 (reference) 2,904 18,964 1 (reference)

Female, ever-pregnant 823 6,274 1.05 (1.00-1.09) 686 6,218 1.00 (0.95-1.04)

Female, never-pregnant 389 3,474 1.00 (0.93-1.08) 418 3,528 1.08 (1.01-1.16)
Single-transfusion

Male (reference) 911 10,028 1 (reference) 823 9,622 1 (reference)

Female, ever-pregnant 447 4,599 1.14 (1.02-1.28) 353 4,379 1.01 (0.89-1.15)

Female, never-pregnant 252 2,776 1.03 (0.90-1.19) 244 2,704 1.13(0.98-1.31)
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Table S9. Comparison 2: Mortality Hazard Ratio of Male and Female Transfusion Recipients Ex-
posed to Red Blood Cell Transfusions From Female (Never-Pregnant With Male Offspring or Ever-
Pregnant With Male Offspring) Donors vs Male Donors (Sensitivity Analysis 1.)

Full cohort

Ever-pregnant female,
sons analysis

Male (reference)

Female, ever-pregnant
with sons

Never-pregnant female,
no sons analysis

Male (reference)

Female, never-pregnant
with sons

No mixture of exposure
Male (reference)

Female, ever-pregnant
with sons

Female, never-pregnant
with sons*

Single-transfusion
Male (reference)

Female, ever-pregnant
with sons

Female, never-pregnant
with sons*

5,698

3,149

6,266

3,843

3,068

519

645

911

320

371

26,426

14,006

28,032

16,560

18,367

4,301

5,209

10,028

3,382

3,930

1 (reference)

1.01 (0.98-1.05)

1 (reference)

1.03 (1.00-1.07)

1 (reference)

1.04 (0.98-1.10)

1.04 (0.98-1.10)

1 (reference)

1.11 (0.98-1.26)

1.08 (0.96-1.22)

5,245

2,798

5,871

3,587

2,904

457

620

823

261

329

27,433

14,019

29,281

17,017

18,964

4,308

5,214

9,622

3,292

3,730

1 (reference)

1.04 (1.00-1.08)

1 (reference)

1.02 (0.98-1.05)

1 (reference)

1.02 (0.96-1.09)

1.03 (0.98-1.09)

1 (reference)

1(0.87-1.15)

1.11 (0.97-1.26)

* Combined category of products from never-pregnant female donors and ever-pregnant female donors with-

out sons.
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Table S10. Comparison 3: Mortality Hazard Ratio of Male and Female Transfusion Recipients Ex-
posed to Red Blood Cell Transfusions From Female (Never-Pregnant With Female OFffspring or
Ever-Pregnant With Female Offspring) Donors vs Male Donors (Sensitivity Analysis 1.)

Full cohort

Ever-pregnant female, daughters
analysis

Male (reference) 5,663 26,336 1 (reference) 5,209 27,337 1 (reference)

Female, ever-pregnant with 3120 13902  1.03(099-1.06) 2,731 13913  1.01(0.98-1.05)
daughters

Female, no daughters analysis
Male (reference) 6,301 28,083 1 (reference) 5,889 29,375 1 (reference)

Female, never-pregnant with 3,877 16,691  1.02(0.99-1.05) 3,622 17,144  1.02 (0.99-1.05)

daughters*

No mixture of exposure

Male (reference) 3,068 18,367 1 (reference) 2,904 18,964 1 (reference)
RS GV ST 525 4,367 1.04(0.98-1.11) 426 4,228 0.96 (0.89-1.02)
daughters

Female, never-pregnant with 644 5183 1.03(0.98-1.08) 637 5,305 1.04 (0.99-1.09)
daughters*

Single-transfusion

Male (reference) 911 10,028 1 (reference) 823 9,622 1 (reference)
Female, ever-pregnant with 333 3460  1.13(099-128) 262 3234 0.9 (0.87-1.14)
daughters

Female, never-pregnant with 358 3852  1.07(095121) 328 3788  1.11(0.97-126)

daughters*

* Combined category of products from never-pregnant female donors and ever-pregnant female donors with-
out daughters.
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Table S11. Mortality Hazard Ratio of Male and Female Transfusion Recipients Exposed to Red
Blood Cell Transfusions From Female (Never-Pregnant or Ever-Pregnant) Donors vs Male Donors
(Sensitivity Analyses Il. to VLI.)

1. Comparison 2, censored if donor born before 1958

Male (reference) 3,068 18,367 1 (reference) 2,904 18,964 1 (reference)

Female, ever-pregnant with sons 247 2,399 0.87(0.76-1.00) 225 2,385 0.88(0.76-1.03)

Female, never-pregnant with sons* 465 4,054 0.88(0.78-0.99) 474 4,052  0.99 (0.88-1.12)
11l. Comparison 1, patients enrolled after 1-9-2015

Male (reference) 441 3,479 1 (reference) 313 3,366 1 (reference)

Female, ever-pregnant 145 1,415  0.87(0.68-1.11) 108 1,401 1.10 (0.79-1.51)

Female, never-pregnant 100 1,009  1.06 (0.76-1.46) 86 972 1.12 (0.82-1.53)
Comparison 2, patients enrolled after 1-9-2015

Male (reference) 441 3,479 1 (reference) 313 3,366 1 (reference)

Female, ever-pregnant with sons 97 998 0.83 (0.63-1.10) 74 960 1.22 (0.82-1.81)

Female, never-pregnant with sons* 150 1,436 0.97(0.75-1.25) 118 1,379  1.21(0.83-1.79)
IV. Comparison 2, censored if donor had both sons and daughters

Male (reference) 3,068 18,367 1 (reference) 2,904 18,964 1 (reference)

Female, ever-pregnant, only sons 127 1,161  0.94(0.78-1.13) 106 1,190  0.88(0.71-1.09)

Female, never-pregnant with sons* 645 5209 0.94(0.86-1.03) 620 5,214  0.97 (0.88-1.06)
V. Comparison 2, censored if donor was never-pregnant female or if donor had both sons and daughters

Male (reference) 3,068 18,367 1 (reference) 2,904 18,964 1 (reference)

Female, ever-pregnant, only sons 127 1,161  0.94(0.78-1.13) 106 1,190  0.88(0.71-1.09)

Female, ever-pregnant, only

daughters 143 1,235 1.00(0.83-1.21) 98 1,125  0.78(0.63-0.97)

* Combined category of products from never-pregnant female donors and ever-pregnant female donors with-
out sons.
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Table S13. Weights distribution of primary analysis, comparison 1

Male patients, female ever-pregnant exposure 0,487292 51,05472 0,627831 1,692817
Male patients, female never-pregnant exposure 0,308522 4,166463 0,504654 1,687214
Female patients, female ever-pregnant exposure 0,456485 958,0321 0,587501 2,263018
Female patients, female never-pregnant exposure 0,316219 21132,81 0,504492 2,502784
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Chapter 6

ABSTRACT

Clinical transfusion research on the effectiveness and safety of blood products
differs greatly from other medical research fields. There are three main intrica-
cies which are specific to research of transfusion products: 1) patients frequently
require more than one unit, 2) each unit originates from a different donor, and
3) the likelihood of receiving a unit with certain characteristics depends on a
variety of external circumstances, that are commonly not within the control of
the investigator.

This commentary addresses methodological challenges when investigating
effectiveness and safety of blood products from observational data. As an ex-
ample, we focus on the association between donor sex, pregnancy history of
female donors and transfusion recipient mortality. We describe the current best
methodological practices and illustrate statistical analyses using an example
dataset, which allows other researchers to implement these practices in their
own research.
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Introduction

Clinical transfusion research aims to provide insight into the benefits and harms
of transfusions. Evidence from observational studies is the predominant source
of information about effects of donor and product characteristics of blood trans-
fusions on patient outcomes, as it can be used to study various factors using
large datasets. In contrast, evidence from randomized controlled trials often has
amore limited, specific scope, e.g. a single threshold for comparing restrictive to
liberal transfusion practices', or comparing fresh vs. older red blood cell transfu-
sions based on a predefined cutoff*>. Moreover, in randomized trials follow-up is
often limited in duration and sample size is relatively small to avoid unnecessary
burden for participants and reduce cost. However, the randomized trial design
is less suited to investigate research questions about blood product characteris-
tics. Provided observational studies are designed and executed rigorously, such
that potential bias is sufficiently mitigated, evidence from observational studies
can complement the evidence based on randomized trials.*>

In this commentary, we shine the spotlight on methodological aspects related
to confounding and selection bias of longitudinal observational data in clinical
transfusion research. The goal of this commentary is to inform readers and
researchers of such studies, to provide practical guidance and to encourage
discussion about these important topics. Specifically, we (7) discuss intricacies
of observational data of blood product characteristics, (2) present an overview
of methods used in studies of blood product characteristics, (3) discuss these
methods, including considerations for designing and analyzing clinical transfu-
sion studies of donor and product characteristics, and (4) provide a tutorial for
the use of marginal structural models in investigating transfusion exposures.

1. The challenges pertaining to blood product characteristics research

There are several specific challenges that contribute to the difficulty of studying
efficacy and safety in the clinical transfusion setting. First, because every transfu-
sion is linked to a specific donor, there is a wide variation in the pool of available
blood products. Depending on the research question, particular products might
be very common or very rare, potentially leading to limited statistical power.
Second, patients are frequently exposed to multiple transfusions. Although re-
strictive transfusion practices have become more common, on average patients
in the Netherlands receive two transfusions per transfusion episode, with more
transfusions given depending on the indication.® Third, external factors (e.g.
calendar time, patient blood group and geographic region) influence the prob-
ability of receiving a unit with any of these different characteristics. Last, the
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existence of a possible bidirectional relationship between donor characteristics
and patient outcomes is a recent insight that warrants increased scrutiny.’

Before addressing the different statistical analyses that could be applied to ac-
commodate these challenges, we Ffirst introduce the epidemiological concepts
that are important in research addressing the clinical outcomes of patients
treated with blood transfusion. From the standpoint of modern causal inference,
the concepts of confounding and selection bias are barriers in the estimation
of a causal effect, that can be overcome by identifying the minimally sufficient
adjustment set of covariates from a directed acyclic graph (DAG).> A causal DAG
identifies which variables to adjust for, and which not, to be able to estimate a
causal effect of the exposure of interest on the outcome. Drawing the DAG can be
challenging, as transfusion exposure investigations are complex studies, involv-
ing longitudinal data, often including time-varying confounding and censoring
of Follow-up. In contrast to single timepoint interventions, or ‘point treatments’,
transfusions are given over time and therefore conventional approaches to ad-
just for confounding might not be appropriate. The causal contrast of interest in
these studies is commonly defined as initiating and adhering to the initial expo-
sure assignment, that is, the characteristics of the first received transfusion. The
exposure of interest is then compared to a chosen reference category. However,
in longitudinal studies, intercurrent events need to be taken into account. As
patients are exposed to multiple transfusions over time, they often do not solely
receive the same exposure category throughout their follow-up. The question
arises, what should be done with the follow-up from these ‘cross-over’ patients?

The answer was generally thought to be: to adjust for the time-varying cumula-
tive number of transfusions by censoring the follow-up time of patients when
they no longer adhere to their earlier exposure category. Because the number
of transfusions is associated with the exposure (a particular product character-
istic), and the outcome (mortality), the causal effect of exposure to the product
characteristic of interest is estimated by adjusting for the cumulative number of
transfusions received over time. Follow-up should be included using time-varying
approaches, because patients who receive multiple transfusions are less likely
to adhere to their initial transfusion exposure, and selecting only patients who
adhered to their ‘assigned' exposure will therefore lead to bias.’ Thus, rather
than standard adjustment for covariates at baseline, control for confounding
when time-varying confounding is present requires adjustment for time-varying
covariates during follow-up of individual patients and censoring of follow-up at
the time of non-adherence to theinitial transfusion exposure category. However,
depending on assumptions about the reasons for non-adherence to the initial
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transfusion exposure category, more advanced statistical modelling techniques
may be required. This is because, when non-adherence is both 1. affected by
prior exposure and 2. informative of the outcome, traditional methods can fail,
and consequently yield biased results. This phenomenon is known as treatment-
confounder feedback, which is discussed in more detail in the next section.

2. Treatment-confounder feedback in studies of transfusion exposures

When time-varying confounders are affected by prior treatment, traditional
methods (e.g. stratification, matching, outcome regression) are generally not
suitable for confounding adjustment, as these may adjust away part of the effect
of the exposure, yet also introduce a spurious association between exposure and
outcome.’ In studying any exposures that are tied to the subsequent probability
of receiving additional transfusions, i.e. exposures associated with consistent
product hemoglobin increment differences, this hence becomes a problem that
can no longer be solved easily. We refer to this as treatment-confounder feed-
back by product hemoglobin content. This concept, previously described by Zhao
et al.’, isillustrated in Figure 1.

In Figure 1, panel A shows the partial DAG for the investigation of donor char-
acteristics and mortality. The number of transfusions received over time (L) is
associated with the probability of receiving female donor-only units (A) and the
underlying disease severity (U) and is therefore part of the minimally sufficient
adjustment set. Adjustment for L is required to estimate the effect of A on mor-
tality (Y); this can be done using traditional methods (not shown) or g-methods
(shown). With exposure to female donor-only units, however, comes a decreased
hemoglobin ‘dose’ and therefore an increased need for additional transfusions
(panel B). This can be illustrated by creating separate timepoints for treatment
A and confounder L, thereby providing the complete DAG for this research ques-
tion (panel C). This DAG shows that adjustment for L using traditional methods is
not appropriate when the combined effect of A, and A, is of interest, as L is now
located in the causal path of Acon 'Y, in addition to being a confounder for the ef-
fect of A, on Y. Alternative methods, such as g-methods (which include inverse
probability of treatment weighting of marginal structural models, the paramet-
ric g-formula, and g-estimation of structural nested models®), are required here.
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Figure 1. Different graphs to illustrate when advanced statistical modelling using g-methods is
required.

A) Partial directed acyclic graph (DAG) of the effect of exposure to female donors (A) on mortality (Y) in
transfusion recipients, confounded by unmeasured confounders (U, e.g. disease severity) through the cumula-
tive number of transfusions (L). Dashed arrow represents the use of g-methods for the estimation of a causal
effect of AonY in the absence of treatment-confounder feedback, by removing the dependence of Aon L.

B) Perceived bidirectionality if time is not taken into account, resulting in a cyclic graph, when assessing the
effectof AonY.

C) Complete DAG for the effect of exposure to female donor units including the treatment-confounder feed-
back over two timepoints (t, t+1) by lower hemoglobin concentration of units from female donors. Orange
arrow represents the treatment-confounder feedback. Dashed arrow represents analysis using g-methods,
removing the dependence of A..; on L, making estimation of the causal effect of A on'Y possible in the pres-
ence of treatment-confounder feedback.

Specific situations where extra attention is expected to be warranted are the
previously mentioned studies on donor sex, and pregnancy history of the donor.
Also, storage duration of blood products can lead to smaller hemoglobin incre-
ments, and irradiation of red blood cell products would similarly require caution
if chosen as exposure. Note that this is a non-exhaustive list, and researchers
are encouraged to think carefully if their research question necessitates the use
of alternative methods which can be used to estimate treatment effects in the
presence of treatment-confounder feedback.
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3. Appropriateness of methods applied in clinical transfusion research of product
characteristics

Several statistical analysis methods have been applied in the field of transfusion
product characteristics research (Table 7).

Table 1. Overview of methods used to study blood product characteristics as exposure

Can handle
e el Descrlpt'lon of application in clinical treatment- References
transfusion research confounder
feedback
Traditional Selection based on exposure classification No Middelburg,
methods — at end of follow-up Alshalani®®
restriction Stratification, matching, outcome
approach regression (including propensity score
regression adjustment and matching)
Traditional Exposure and confounder information No Caram-
methods - modelled as time-varying variables Deelder,
time-varying Cox proportional hazards model with time- Edgren'®"?
approach varying treatment and confounders
G-methods — Time-varying exposure and confounder Yes Zhao’,
inverse-probability information used for reweighing MATER study
of censoring population to mitigate bias due to (Chapter 5
weighting treatment-confounder feedback

Inverse probability-weighted marginal
structural models

Restriction approaches were employed, assessing the risk of exposure for groups
of patients that were exposed to a single exposure type, without time-varying
components.t This method is at risk of introducing selection bias, as the patients
who only received one type of exposure throughout the follow-up period are
inherently different from those who receive more transfusions, and are removed
from the analysis because they did not adhere to their initial exposure at the
start of follow-up. A more in-depth discussion of selection bias in cohort studies
can be found elsewhere." Specific for the clinical transfusion field, an example
would be the selection of male-donor only and female-donor only exposure in a
‘unisex’ recipient cohort (i.e. selective inclusion of patients who received transfu-
sions of single-sex donor origin Selection based on classification at the end of
follow-up is not appropriate in the presence of treatment-confounder feedback,
as this can lead to biased estimates of risk for transfusion characteristics.

Time-varying exposure and confounding adjustment has also been applied, with
the number of units received with a specific (donor or product) characteristic
included in the model as a continuous variable.'®'? A potential pitfall in applying
this method is the inclusion of continuous variables without properly taking into
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account nonlinearity.'> ' Stratified Cox proportional hazards regression models
with time-dependent exposures have recently been applied in this field." The
time-varying approach is not appropriate if there is treatment-confounder feed-
back, as it can lead to biased effect estimates.

Other possible analysis strategies include inverse probability of censoring
weighting, to account for patients in certain exposure categories being more
likely to receive additional transfusions and no longer being compliant to the
initial blood product exposure, and therefore having to be censored.” "

Alternative approaches for defining exposure exist: binary exposure (coded as 0
or 1; female donor exposure vs. no female donor exposure) and full data utiliza-
tion exposure (unexposed male vs. exposed male and female).”® As these are
either by design included in (or variations of) the methods presented here, we
will not discuss them further. Lastly, methods reclassifying the exposure into a
ratio have been proposed, but their complexity and computational intensity for
survival data make them Ffall outside the scope of this commentary."”

4. Example dataset with applied methods illustrating that some approaches can
lead to biased results

We applied the above-described methods to an example dataset to allow for a
comparison of their performance in a semi-controlled setting. For this dataset,
the study population consisted of male patients included in an earlier publica-
tion'™. These male patients received transfusions in one of six included hospitals
between 2005 and 2015. The complete exposure information was sourced from
the Dutch municipality registration (see Chapter 5) to overcome the limitation
of the original publication where 44% of the units donated by female donors
had missing information about the pregnancy history. In Table S1, patient and
blood product characteristics are described for this example dataset. Asso-
ciations described in Table 2 apply to the patient population from the original,
earlier publication and data were not altered or manipulated. This, opposed to
the dataset for which the results are described in Table S2, which underwent an
anonymization procedure that removed the empirical data, for the purpose of a
publicly accessible tutorial.
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Table 2. Results for different methods applied to the example dataset

No. of No. of

FIEIEE Deaths Recipients* I ESA ]

Restriction method

Male (reference) 1,916 6,430 1 (reference)

Ever-pregnant female 207 770 1.22 (1.05-1.42)
Time-varying exposure and confounding adjustment
method

Male (reference) 1,916 10,901 1 (reference)

Ever-pregnant female 207 1,494 1.21(1.04-1.41)
Inverse probability of censoring weighting method

Male (reference) 1,916 10,901 1 (reference)

Ever-pregnant female 207 1,494 1.01 (0.85-1.20)

*Population included all male transfusion recipients that were identified in both datasets'® with approx. 10%
of patients not identified in the new dataset because of changes to the hospital administration records. HR
hazard ratio; Cl confidence interval

In Table 2, the risk for exposure to ever-pregnant donor-only units compared to
the reference group of male-only unit exposure is presented for the three meth-
ods described in Section 2 applied to an example dataset. The inverse probability
of treatment- and censoring-weighted analysis, estimating the average treat-
ment effect of exposure to donors with a positive pregnancy history on mortal-
ity, is unbiased by treatment-confounder feedback present in the data (hazard
ratio 1.01, 95% confidence interval 0.85-1.20). In contrast, the application of the
time-varying adjustment method and restriction method give an estimate that is
further away from 1, which is likely because of treatment-confounder feedback
by hemoglobin increment differences between the two compared blood product
exposures. In conclusion, statistical choices have considerable influence on the
estimated hazard ratio in the investigation of blood product characteristics.

5. Tutorial for the application of marginal structural models as a way to estimate
causal associations in the presence of treatment-confounder feedback

The use of inverse-probability weighted marginal structural models is not wide-
spread in the field of clinical transfusion research, because their importance for
studying transfusion exposures has not been recognized until recently. By pro-
viding an open-access example dataset with donor and patient characteristics,
as well as concise R code, we hope to engage the scientific community, and en-
courage researchers to be more aware of the specific problems that arise when
studying donor and product characteristics that relate to product hemoglobin
content.
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We provide a structured tutorial to perform the inverse probability of censoring
weighting method described in Section 3 on a provided dataset (Supplemental
materials, page 4). The dataset used in Section 4 is made available, after having
applied an anonymization procedure to avoid sharing of personal patient data,
and can be obtained by contacting the author (hyperlink to be added upon pub-
lication). The results for the inverse probability of censoring weighted analysis
applied to the anonymized dataset can be found in Table S2. Because the original
structure in the dataset was lost and treatment-confounder feedback is not
present, all methods perform similar and are unbiased.

6. Conclusions

The importance of thorough epidemiological study design in clinical transfusion
research cannot be overstated. In this commentary, recent insights about he-
moglobin increments and their impact on blood product characteristics research
were extensively discussed, and an overview including an appraisal of these
methods was provided. As an example, we made use of a large observational
dataset of transfusion and patient data. We applied several methods used in the
past and present, from which inverse probability of censoring weighting should
be considered in the presence of treatment-confounder feedback because this
method can adequately account for time-varying confounding in the presence
of such feedback. We also provide a detailed tutorial to guide those pursuing
similar research.

Evidently, clinical transfusion outcomes research using observational data can
be complex. Specifically for blood product characteristics research, these chal-
lenges include the adjustment for time-varying confounders, the censoring of
follow-up time when mixed exposure occurs, and treatment-confounder feed-
back by product hemoglobin content. The appropriate statistical methodology
can be difficult to identify, and especially when complex research questions are
of interest, target trial emulation can provide useful insights. Target trial emula-
tion, where a hypothetical randomized controlled trial is imagined and replicated
with observational research, can be a useful tool to avoid both basic mistakes,
and more complex analytical pitfalls.”® With a target trial emulation approach,
the hypothetical randomized trial is imagined which the observational study
aims to mimic, including the specification of the start of follow-up, the exposure
definition, the approach for how intercurrent events are handled, and so on. Of
note, assumptions and decisions about the analysis are best specified up front,
to avoid the problems associated with ‘researcher degrees of freedom’.”” When
the aforementioned challenges are appropriately handled, it is possible to draw
causal conclusions from observational transfusion data.
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We emphasize that, while there are certainly limitations to several study designs
used in the past, there is always a tradeoff between bias and precision where in
some cases, a simpler method might be preferable. This can include the choice
of changing the exposure of interest to single timepoint exposures, as opposed
to sustained exposure over time. Researchers can and should give sufficient at-
tention to the strengths and limitations of their chosen approach, and sensitivity
analyses can be employed to test the impact of assumptions on the robustness
of the estimate.

To conclude, we addressed the appropriateness of specific statistical methods
in the presence of treatment-confounder feedback in the clinical transfusion
research field and have provided guidance for future research. The suitability
of any method depends on assumptions about the underlying causal relations
in the data, and careful consideration about this is needed to ensure interpreta-
tions are valid.

Data availability statement

The original data used in this article and an earlier publication is available for
inspection upon request. An anonymized dataset which can be used to run the
provided syntax on will be made available in a repository upon publication.
Anonymization was performed by random permutation.?® Note: the original
data structure is not completely retained following anonymization, but more
advanced anonymization methods that can retain the original data structure
have not yet been developed for survival analysis.?

Supplementary materials

The Supplementary materials contain the tutorial with syntax for use in R (Supple-
mentary materials). Additional tables with results for the provided, anonymized
dataset available from the repository are reported in Table S2.
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Supplemental methods

Inverse probability of censoring weighting method (IPW)

The dataset was organized as longitudinal survival data (with ¢_begin represent-
ing start of follow-up and ¢ _end representing the end of follow-up for each pa-
tient row), for use in the jpwand survey package in R." Initial follow-up is ordered
as daily intervals for the first 28 days, followed by 4-week intervals (“blocks”).
Weighted Cox proportional hazards models were fitted to correct for censoring
and confounding.” Analyses were performed in R (version 3.6.3) and R Studio
(version 2022.02.0+443) software.

The following variables were included in the multinomial logistic regression
to estimate the baseline inverse probability of treatment weights: year of First
transfusion exposure (Transfusion_Year first, continuous), patient blood group
(Patient_ABORN, categorical), hospital (Hospital, categorical). The outcome vari-
able for the logistic regression was the categorical variable Arm (taking 0 if ex-
posure was to the reference of male donors, 1 if exposure was to ever-pregnant
female donors, and 9 if exposure was to other/mixed products).

The cumulative number of transfusions was included as the only covariate in the
model for the generation of inverse probability of censoring weights (Arm_To-
tal_cum), as a time-varying continuous variable. The outcome for this model was
the censoring variable (Censored). Because patients could contribute multiple
transfusion episodes, robust standard errors were used for the computation of
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the confidence limits.? Only patients exposed to the reference arm (male, Arm
taking the value 0) donors or the exposure arm (ever-pregnant female, Arm tak-
ing the value 1) were included in the estimation of censoring weights. Censoring
weights were generated for the dataset weighted by the inverse probability
of treatment weights generated earlier. Weights were plotted within strata of
follow-up time to determine the distribution of the weights with ipwplot.

The resulting weights were multiplied to create the final weights. Truncation, or
trimming, of the weights in case of extreme weights (e.g. >10) is optional. The
spread of the weights was assessed by calculating the 0.5 and 99.5" percentiles
of the weights.

If patients were censored or died in a block, they were interval-censored. The
actual end of follow-up, the variable t_end_new, was then used to replace the
block time t_end for use in the Cox proportional hazards model.

The weighted Cox proportional hazards model was specified with the exposure
(Arm), the outcome (Death), the time variables (¢ _begin, t_end) and the final
weights. Only uncensored lines (Censored = 0) were included in the model.

A detailed R code including all steps described above is available at the end of
the Supplemental materials.

Time-varying exposure and confounding adjustment method

Cox proportional hazards models were fitted, adjusted for: cumulative number
of transfusions (restricted cubic spline with three knots); hospital (categorical);
blood group (categorical); calendar year (categorical); age of the donor (cumula-
tive number of transfusions from donors aged >50 years, continuous); interac-
tion term for cumulative number of transfusions and hospital.(see Chapter 5)
Exposure is included as a binary, categorical variable.

This method is expected to be biased if treatment-confounder feedback is
present due to limitations of traditional regression analysis. Analyses were per-
formed in Stata, version 16 (StataCorp. 2019. Stata Statistical Software: Release
16. College Station, TX: StataCorp LLC).

Restriction method

Similar to method described above, with the distinction that only patients who
received transfusions from the same exposure category as the first, are included
and Cox PH regression is performed without a time-varying component.
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This method conditions on information from the future follow-up of the patients,
and is also expected to lead to bias. Analyses were performed in Stata, version
16 (StataCorp. 2019. Stata Statistical Software: Release 16. College Station, TX:
StataCorp LLC).

Tutorial For use of IPW for transfusion-outcomes research in R

The below provided syntax can be used to perform an inverse probability of
treatment- and censoring-weighted analysis(see Chapter 5) for blood product
exposures related to hemoglobin increment raising capacity of the product, on a
provided, anonymized dataset. Note that this dataset does not retain all original
features of the real dataset, and the treatment-confounder feedback structure
was lost due to the anonymization process. The provided anonymized dataset
is a representative example of a dataset generated with random permutation
of the variables Arm (exposure, assigned randomly from original distribution),
Hospital (category for the hospital where the patient received the transfusion,
assigned randomly in one of four categories from original distribution of six
hospitals), Patient_ ABORh (category of the blood group ABO and Rhesus type,
assigned randomly from original distribution) and Transfusion_Year_first (year of
the first transfusion of the patient, i.e. year of patient’s start follow up, assigned
randomly from original distribution). All other variables were kept identical to
the original dataset.

Tutorial syntax in R:
The tutorial is organized as follows:

Step 0. Specify working directory and prepare files

Step 1. Inverse probability of treatment weights (IPTW) estimation with multinomial logistic re-
gression

Step 2. Inverse probability of censoring weights (IPCW) estimation with weighted Cox regression
Step 3. Multiplication of weights (IPTW*IPCW) to create final weights

Step 4. IPW-corrected Cox model

Step 0

#Tutorial Clinical transfusion-outcomes research: A practical guide #required: file
= "Datafile-clinicaltransfusion.Rdata"” (available upon request)

#Tutorial
#Male patients only
#Comparison: Male (@) vs Ever-pregnant female (1)

#Variables in the dataset are:
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#PIN: unique patient identifier.

#Arm: ©: control, patients whose first transfusion was donated by a male donor; 1:
exposure, patients whose first transfusion was donated by a female donor who had been
pregnant; 9: patients whose first transfusion was donated by blood donated by any
other than exposure and control, i.e. female without history of pregnancy or sex of
the donor unknown, and/or mixed exposure on day 1).

#Transfusion_Year_first: year of the first transfusion of the patient, i.e. year of patient’s start
follow up).

#Patient_ABORh: patient blood group, category.
#Hospital: hospital name, category.

#Censored: censoring indicator (@ if patient received all transfusions from the same
Arm group, 1 if patient no longer adhered to initial group assignment).
#Arm_Total_cum: cumulative number of transfusions, continuous.

#t_begin and t_end: time variables, each Line refers to a single time period (t_begin
refers to the start of the follow up, as required by the ipw package; all t_begin

Lines are rescheduled having -1 as reference; the first 28 days of follow up are
included as one Line per day and after day 28 the lines refer to blocks of 28 days).

#t_end _new: time variable, adjusted from block size (only blocks of 28 days are
allowed) to real end of follow-up (individual days are allowed, e.g. if the patient
has died at day 30, t_end _new would be 30’, while t_end would be 56”).

#Death: indicator for event at time t_end.

#step 0. specify working directory and prepare files
#install packages
#install.packages("ipw")
#install.packages("survival")
#install.packages("survey")
#install.packages("dplyr")
#load packages

library(ipw)
library(survival)
library(survey)
library(dplyr)

#set working directory: complete the path with the Local where the datafile "Datafile-
clinicaltransfusion.Rdata") is located

setwd("C:\\dir")

#clear workspace

rm(list=1s())

#load files

load(file= "Datafile-clinicaltransfusion.Rdata")
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Step 1-4

#istep 1. inverse probability of treatment weights (IPTW) estimation with multinomial
Logistic regression

confounder_weight <- ipwpoint(exposure = Arm, family = "multinomial", numerator =
~1, denominator =~Transfusion_Year_first + Patient_ABORh + Hospital, data = data)

#OUTPUT

# weights: 6 (2 variable)

## initial value 925365.525208

## iter 10 value 345710.424406

## iter 10 value 345710.424400

## iter 10 value 345710.424397

## final value 345710.424397

## converged

## # weights: 42 (26 variable)

## initial value 925365.525208

## iter 10 value 420905.812229

## iter 20 value 388504.584486

## iter 30 value 361899.264984

## iter 40 value 349123.738592

## iter 50 value 345305.718723

## iter 60 value 345284.712165

## iter 70 value 345284.435350

## final value 345284.422337

## converged

datag$iptwlogweights <- confounder_weight$ipw.weights
summary (data$iptwlogweights)

#OUTPUT

## Min. 1st Qu. Median Mean 3rd Qu. Max.
## 0.6927 0.9952 1.0009 1.0000 1.0066 1.3027

#iselection of subset of exposed (ever-pregnant, F1: coded as 1) and reference (male,
M: coded as ©); excluding Unknown, FO and mixed (coded as 9) after estimation of
iptwlogweights

data<-subset(data, Arm!=9)

#step 2. inverse probability of censoring weights (IPCW) estimation with weighted
Cox regression

#IPTCW is estimated in the population weighted by IPTW

ipcwcox <- ipwtm(
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Censored,
"survival",
~ 1,
~ Arm_Total_cum ,
PIN,
t_begin,
t_end,
"first",
data,
datag$iptwlogweights)
datag$ipcwcoxweights <- ipcwcox$ipw.weights
summary (data$ipcwcoxweights)
#OUTPUT
## Min. 1st Qu. Median Mean 3rd Qu. Max.
## 0.0039 0.8961 0.9788 1.0004 1.0004 2384.5971

#plot IPCW weights

ipwplot( ipcwcox$ipw.weights, data$t_end,
1, "Inverse probability of censoring weights" , c(0, 28))
#OUTPUT
Inverse probability of censoring weights
— ®©
5 © 7 [ .l M B
g - ||-|"'-"" .
= e ° Y
S T
- -
% o ﬂ- : . : . " i .
=S . . * ‘
‘gx I - . :
e

TTT T T T T T T T T T T T T T T T T T T T TTTT]T
02468 11 14 17 20 23 26

data$t_end

#interpretation:

#weights are depicted for the first 28 days; the distribution of the weights is
balanced with the exception of some large weights. Weights are selected for only the
uncensored lines in step 3., leading to less extreme weights.

#preparation of data for IPW-corrected model

#selection of non-censored observations only to Limit the model to follow-up time
eligible for analysis (Arm=0 or Arm=1)

data2<-subset(data, Censored!=1)

#step 3. multiplication of weights (IPTW*IPCW) to create final weights

199



Chapter 6

data2$weights <- (data2$ipcwcoxweights*data2$iptwlogweights)
summary (data2$weights)

#OUTPUT

## Min. 1st Qu. Median Mean 3rd Qu. Max.

## 0.6753 0.8999 0.9664 0.9792 0.9995 60.2151

#store ranges of weights for assessment of extreme weights and weights distribution
min <- min(data2$weights)

max <- max(data2$weights)

pct@o5 <- quantile(data2$weights, c(.005))

pct995 <- quantile(data2$weights, c(.995))

#store extreme weights

extreme <- subset(data2, weights>10)

#truncate weights (optional: lLarge weights Lead to instability of the IPW estimator;
truncation can reduce variance, but increase bias)

#data2[ "weights"][data2[ "weights"] >10] <- 10

#change t_end (to no longer be the 'block t _end', but the 'real t_end' from patient
final follow-up date)

data2$t_end <- data2$t_end_new

#step 4. IPW-corrected Cox model

surveydesignl<-svydesign(id = ~ PIN, strata = ~ Arm, weights = ~ data2$weights,
data = data2)

summary (svycoxph(Surv(t_begin, t_end, Death) ~ as.factor(Arm), design = survey-
designl))

#OUTPUT

## Stratified 1 - level Cluster Sampling design (with replacement)
## With (12395) clusters.

## svydesign(id = ~PIN, strata = ~Arm, weights = ~data2$weights,
## data = data2)

## Call:

## svycoxph(formula = Surv(t_begin, t_end, Death) ~ as.factor(Arm),
## design = surveydesignl)

#H#

## n= 830334, number of events= 2297

H#H#

## coef exp(coef) se(coef) robust se z Pr(>]|z])

## as.factor(Arm)1l 0.01564 1.01576 0.06244 0.07283 0.215 0.83

##

## exp(coef) exp(-coef) lower .95 upper .95
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## as.factor(Arm)l 1.016 0.9845 0.8806 1.172

##

## Concordance= 0.503 (se = 0.004 )

## Likelihood ratio test= NA on 1 df, p=NA

## Wald test = 0.05 on 1 df, p=0.8

## Score (logrank) test = NA on 1 df, p=NA

##

## (Note: the likelihood ratio and score tests assume independence of

## observations within a cluster, the Wald and robust score tests do not).

msm <- svycoxph(Surv(t_begin, t_end, Death) ~ as.factor(Arm), design = survey-
designl)

a <- exp(coef(msm))

b <- exp(confint(msm))

#store counts for Deaths/Recipients, by exposure (6/1)
n_distinct(data$PIN)

## [1] 12395

datade <- subset(data2, Arm==0)

c <- n_distinct(data@@$PIN) #Recipients @, total
data@l <- subset(data2, Arm==0 & Death==1)

d <- n_distinct(data@l1$PIN) #Recipients 0, died
datale <- subset(data2, Arm==1)

e <- n_distinct(datale$PIN) #Recipients 1, total
datall <- subset(data2, Arm==1 & Death==1)

f <- n_distinct(datall$PIN) #Recipients 1, died
#create output table

Tutorialclinicaltransfusion <- data.frame(expcoef = a,

confint = b,
totale = c,
deathse = d,
totall = e,
deathsl = f,
min = min,

max = max,
pctoos = pctoos,
pct995 = pct99s,
name = "Tutorialclinicaltransfusion")
#view output

View(Tutorialclinicaltransfusion)
Output
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Supplemental results

The characteristics of the anonymized dataset are presented in Table S1.

Table S1. Patient and product characteristics for the anonymized dataset

Characteristics Complete No-mixture Restriction
population subset* subset’
Number of patients N=18,206 N=13,361 N=7,659
Number of deaths, (%) 7,092 (39%) 2,234 (17%) 2,234 (29%)
Follow-up, median (IQR), days* 1,819 (389-2,744) 341 (7-2,253) 2,051 (679-2,977)
Person-time, sum in years 87,382 42,999 41,107
Age of patients, median (IQR), years 65 (49-75) 65 (44-75) 64 (27-74)
0to17 2,754 (15%) 2,589 (19%) 1,796 (23%)
18 to 50 1,947 (11%) 1,287 (10%) 660 (9%)
51to 70 6,825 (37%) 4,737 (35%) 2,568 (34%)
271 6,680 (37%) 4,748 (36%) 2,635 (34%)
'rl;]r(aegisaf::s(llc()}n;)of red blood cell units per patient, 3(2-6) 2(1-2) 2(1-2)
Units of red blood cells transfused, Number (%)® 103,016 25,600 14,172
male donor 65,239 (63%) 22,454 (88%) 12,617 (89%)
female donor, ever-pregnant 22,931 (22%) 1,939 (8%) 982 (7%)
female donor, never-pregnant 14,474 (14%) 1,207 (5%) 573 (4%)

* Consists of all the follow-up time during which patients either received all their red blood cell
transfusions exclusively from one exposure category: female donors with a history of pregnancy
(ever-pregnant donors), never-pregnant female donors, or male donors. The IPW analysis and Time-
varying analysis use this definition. Follow-up time was censored at the time this inclusion criterion
was violated.

1 Consists of patients who received only one type of exposure (ever-pregnant, never-pregnant or
male donor only) during the period in which they were followed up. Complete follow-up from these
patients was included in the Restriction analysis.

# Median follow-up time is defined as the longest time any patient is in one of the comparisons.
Exposure categories are: ever-pregnant donors and male donors.

§ Includes 372 (0.4%) transfusions with unknown donor sex and pregnancy history in the Complete
population.

Below, the results for the anonymized dataset are presented (Table S2).
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Table S2. Results for the different methods applied to the anonymized dataset

. No. of No. of
AL Deaths Recipients LEB5E)

Restriction method
1,860 6,316 1 (reference)

884  1.00(0.88-1.14)

Male (reference)
Ever-pregnant female 263

Time-varying exposure and confounding adjustment method
10,901 1 (reference)

1,494  1.01(0.89-1.15)

Male (reference) 1,860
Ever-pregnant female 263

Inverse probability of censoring weighting method
1,860 10,901 1 (reference)

263 1,494  1.02 (0.88-1.17)

Male (reference)

Ever-pregnant female

Here, due to the random permutation of the different variables, the original
structure of the data was not maintained. Thus, the treatment-confounder feed-
back necessitating the use of the here described Inverse probability of censoring
weighting method is not present, and all methods perform similarly. This, as
opposed to the performance of these methods on the original data, can be seen

in Table 2 of the main article.
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General discussion and summary

General discussion and summary

Blood products, by many measures, have evolved to be an extremely safe and
fundamental part of hospital care. Moreover, they are a valuable resource that
should be respected and safeguarded. In this thesis, we studied the relation of
donor and product characteristics with patient outcomes in detail. By using thor-
ough epidemiological methods, we found that there are still causes for concern
pertaining to donor characteristics and transfusion recipient outcomes. In all
chapters, in addition to describing the results and the most relevant aspects for
clinical transfusion practice, we extensively described study limitations, and in a
number of chapters we acknowledge that methodological limitations preclude
causal claims. It should be noted that the goal of the research included in this
thesis is not to criticize the use of blood products as a whole. Rather, the continu-
ous improvement of a therapy’s safety and effectivity for those in need of it is
always justified, and is the ultimate target of the research described here.

Donor parity and storage of blood products: where do we stand?

In Chapter 2, the different potential biological mechanisms that could underlie
the association between donor sex and donor pregnancy history with mortality
are discussed. We propose the most likely mechanism s the unintentional transfer
of donor-derived white blood cells of ever-pregnant female donors, potentially
specific to male-targeted minor histocompatibility antigens (HY-antigens), and
provide the biological rationale to study this in a later chapter. In brief, exposure
to alloantigens during pregnancy, transfusion, or transplantation can induce hu-
man neutrophil antigen or human leukocyte antigen (HLA)-specific leukocytes,
which we theorize are transferred to recipients by means of a transfusion. We
further elaborate on this potential biological mechanism in Chapter 3, where we
hypothesize that blood product storage, and with it, the decay of residual donor
leukocytes in the blood product, might explain the observations pertaining to
storage of blood products. In this chapter, we investigate the role of storage in
the association between exposure to ever-pregnant donor red blood cell units
with mortality. Although we are unable to conclusively show that storage modi-
fies the association between donor characteristics and patient mortality, the
most likely direction of the association seems to be harm from fresh products.
Therefore, storage remains a factor of interest in the study of blood product
safety and effectiveness.

Storage of blood products and its association with patient outcomes indeed
have been frequently studied, and researchers remain divided on its relevance.’
Observational studies were conducted, and an association between prolonged
storage and mortality was found, with storage hypothesized to affect red blood
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cell transfusion efficacy and safety due to the so-called “storage lesion”. How-
ever, the more early studies on this matter were conducted while not taking into
account the decreasing probability of patients to receive all their transfusions
from a single storage category, and are therefore not estimating a causal effect
of storage. Moreover, we now understand that even when carefully designing
these studies and incorporating the time-varying aspects of transfusion expo-
sures, their conclusions can still be subject to biases. This is due to the possibility
of treatment-confounder feedback by smaller hemoglobin-increments observed
with stored products, as described in this thesis and in the publication by Zhao
et al.%. Products that are stored, indeed have a lower capacity to increase the
patient’'s hemoglobin concentration, with a dose-response relationship between
storage and hemoglobin increment.> Randomized controlled trials have also not
given a decisive answer, with the results from a large meta-analysis showing
potential for 1-2% benefit and up to 9% harm (HR 1.04, 95% confidence interval
0.98-1.09).* The difficulty with these randomized controlled trials is that they
investigated overlapping categories of storage and did not restrict themselves
to the very fresh and very old groups, which led to a lack of power to determine
the effect of the very furthest ends of the storage spectrum. It is understand-
able that physicians might not want to subject their patients to perceived
inferior blood products, being very fresh or very old, respectively. However, as
the evidence base for the impact of storage on mortality is not yet fully estab-
lished, we do consider such trials to be justified, in particular, to find out if a
minimum storage threshold might be an easy to implement measure to decrease
transfusion-associated risks.

In relation to the aforementioned treatment-confounder feedback by differing
levels of product hemoglobin, we would like to draw attention to a relatively
recent development in clinical transfusion: patient blood management (PBM).
PBM is a strategy that aims to reduce the amount of blood products and thereby
make the restrictive transfusion policy more common, while also reducing the
patient’s own blood loss and, if possible, salvaging the blood that a patient loses
and returning it to them. Together, these actions have been shown to lead to a
safer and more cost-effective blood supply.® We propose that a better under-
standing of the effects of product characteristics (i.e. storage or donor sex)
could contribute to the evolution of PBM. As transfusion researchers, we need
to consider the ultimate target of transfusion: to improve tissue oxygenation
by providing oxygen-carrying capacity in the form of hemoglobin on the red
blood cell. So, why then are donor and product characteristics associated with
hemoglobin increment not taken into account here? It would be interesting to
see whether patient outcomes might be improved by using information known
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to be associated with lower hemoglobin-raising capacity of products (again, as
can be caused by donor sex and storage, but also by novel concepts like ‘poor
storing donors’®) to tailor transfusions to patients with certain characteristics
(e.g. different strategies for transfusion indications and/or relevant patient
characteristics such as sex). The undertaking of a pragmatic randomized con-
trolled trial comparing such a tailored transfusion strategy to a standard one
could help further understanding of associations in observational research, and
subsequently improve both patient outcomes and cost-effectiveness.

Convalescent plasma for COVID-19

The objective of Chapter 4 was to quantify the available evidence on the efficacy
and safety of convalescent plasma or hyperimmune immunoglobulin transfusion
as a treatment for individuals with COVID-19. The results of the review indicated
that the evidence on the effectiveness of convalescent plasma therapy for in-
dividuals hospitalized with COVID-19 is highly uncertain due to inconsistent
reporting of results, which made it difficult to draw definitive conclusions. We
found very low-certainty evidence on the effectiveness and safety of conva-
lescent plasma therapy for individuals with COVID-19, as all studies included
in the review had a high risk of bias and low reporting quality. Furthermore, at
the time of publication there were no completed randomized controlled trials
or controlled non-randomized studies that evaluated the benefits and harms of
convalescent plasma therapy. Since then, a plethora of studies of varying quality
have become public and it has become clear that convalescent plasma does not
reduce mortality and has little to no impact on clinical improvement for hospital-
ized patients with moderate to severe disease (Figure 1).” For outpatient with
mild disease, evidence from five randomized trials suggests that early and high-
titer convalescent plasma is safe and effective against hospitalization.®
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Convalescent plasma Placebo or standard care alone Risk Ratio Risk Ratio Risk of Bias
Study or Subgroup Events Total Events Total Weight M-H, Random, 95%Cl M-H, Random, 95%Cl ABCDEF
1.1.1 Individuals with moderate disease
Kirenga 2021 10 69 8 67 0.4% 1.21[0.51, 2.89] _t
Menichetti 2021 14 231 19 240 0.7% 0.77 [0.39, 1.49] _
AlQahtani 2021 1 20 2 20 0.1% 0.50[0.05,508] ¢— L
Simonovich 2020 25 228 12 105 0.7% 0.96[0.50, 1.83] RS E—
Agarwal 2020 34 235 31 229 1.5% 1.07 [0.68 , 1.68] PR N
Avendano-Sola 2021 7 179 14 171 0.4% 0.48[0.20,1.15] ¢— o L
Holm 2021 2 17 3 14 0.1% 055[0.11,2.84] ¢— o 1
Korley 2021 5 257 1 254 0.1% 4.94[0.58 , 42.00] PR B —
Subtotal (95%Cl) 1236 1100 4.0% 0.92[0.70, 1.22] ’
Total events: 98 90
Heterogeneity: Tau? = 0.00; Chi = 6.26, df =7 (P = 0.51); P = 0%
Test for overall effect: Z = 0.58 (P = 0.56)
1.1.2 Individuals with severe disease
Estcourt 2021 352 1074 300 904 18.8% 0.99[0.87,1.12] - (XX XXX
Li 2020 8 51 12 50 0.5% 0.65[0.29, 1.46] | 000000
Bar 2021 2 40 10 39 0.1% 0.20[0.05,0.83] — 200002
De Santis 2022 8 36 18 71 06% 0.88[0.42, 1.82] [ 200082
Subtotal (95%Cl) 1201 1064  20.1% 0.78 [0.50, 1.22] ‘
Total events: 370 340
Heterogeneity: Tau? = 0.10; Chi = 5.80, df = 3 (P = 0.12); P = 48%
Test for overall effect: Z=1.09 (P = 0.27)
1.1.3 Individuals with moderate to severe disease
Horby 2021b 1399 5795 1408 5763 64.7% 0.99[0.93, 1.05] ] XX KK
Begin 2021 141 614 63 307 4.5% 1.12[0.86 , 1.46] - (X XXXXK)
Sekine 2021 18 80 13 80  0.8% 1.38[0.73, 2.63] [ XXX X)
Koerper 2021 8 53 14 52 0.5% 0.56 [0.26 , 1.22] | (XXX
Devos 2021 29 320 14 163 0.8% 1.06 [0.57 , 1.94] [ (X X XXX
Gharbharan 2021 6 43 1 43 04% 0.55[0.22, 1.34] | [ XX X X X
Ortigoza 2022 59 462 71 462 3.0% 0.83[0.60, 1.14] . (XX XXX
Van den Berg 2022 11 52 13 51 0.6% 0.83[0.41, 1.68] I (X X XXX
Ray 2022 10 40 14 40 07% 0.71[0.36, 1.41] N 200002
Subtotal (95%Cl) 7459 6961  75.9% 0.98 [0.93, 1.04] (
Total events: 1681 1621
Heterogeneity: Tau? = 0.00; Chi? = 7.85, df = 8 (P = 0.45); P = 0%
Test for overall effect: Z = 0.58 (P = 0.56)
Total (95%Cl) 9896 9125 100.0% 0.98 [0.92, 1.03] ‘
Total events: 2149 2051
Heterogeneity: Tau? = 0.00; Chiz = 20.12, df = 20 (P = 0.45); F = 1% 02 o5 3 3
Test for overall effect: Z=0.88 (P = 0.38) Favours convalescent plasma Favours placebo or standard care alone

Test for subgroup differences: Chi? = 1.18, df =2 (P = 0.55), P = 0%

Risk of bias legend

(A) Bias arising from the randomization process

(B) Bias due to deviations from intended interventions

(C) Bias due to missing outcome data

(D) Bias in measurement of the outcome

(E) Bias in selection of the reported result

(F) Overall bias

Figure 1

The most recent update of the systematic review investigating the safety and effectiveness of convalescent
plasma transfusion as a treatment for individuals with COVID-19 showed there was no benefit in the primary
outcome of 28-day mortality when transfusing convalescent plasma compared to placebo or standard care in
hospitalized patients with moderate to severe disease (HR 0.98, 95% Cl 0.92-1.03, adapted from lannizzi et

al.’).

The continued threat of the emergence of variants, like the Omicron variant of
concern of SARS-CoV-2, has posed a significant challenge to the treatment of
COVID-19 with plasma or antibodies. Omicron indeed has shown increased resis-
tance to the anti-Spike monoclonal antibodies (mAbs) that have been authorized
for emergency use.’ Although plasma obtained following vaccination designed
against earlier strains might also be less effective against new variants, cross-
reactivity is more likely, while plasma of patients having cleared the new variant
might also be available rapidly. As a result, there is ongoing interest in the use of
COVID-19 convalescent plasma, particularly for immunocompromised patients.'
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In the context of the COVID-19 pandemic, notwithstanding effectivity given early
and with high titers for also immunocompetent patients, immunosuppressed
patients could especially benefit. They are more vulnerable to severe illness and
death, due to their decreased ability to mount an effective immune response to
the virus, and an estimated 2% of patients without a functional B-cell response
present with persistent COVID-19 and progressive respiratory failure." On top
of this, immunosuppressed patients are viewed as a potential public health
threat because of the development of new variants under these conditions.'
There are indications that a proportion of patients without antibody responses
to SARS-CoV-2 vaccines are able develop T cell responses, but evidence is incon-
sistent.’ Better treatment and prevention strategies are needed to protect this
vulnerable patient population, both now and in the future.

We recognize there are ample grounds to consider the use of convalescent
plasma in immunocompromised patients as a treatment option.' First, immu-
nocompetent individuals have responded well to early antibody-based therapy
of sufficient dosage, with some studies indicating benefit in patients without
antibodies at baseline.” ' Second, convalescent plasma contains a broader spec-
trum of also non-IgG type immunoglobulins than other formulations, such as
hyperimmune immunoglobulin' and monoclonal antibodies’. Third, preliminary
evidence suggests that even late administration of convalescent plasma may
have potential benefits in immunocompromised patients.”® While the definitive
benefits of convalescent plasma in immunocompromised patients remain to be
demonstrated, the available evidence supports its efficacy as a treatment option
and the therapy is available on compassionate need basis in the Netherlands. A
trial is in preparation on this subject.

The role of donor sex and pregnancy history of the donor

In 2017, our research group was the first to show that exposure to ever-pregnant
donor red blood cell products was associated with mortality, with a hazard ratio
(HR) of 1.43 (95% confidence interval (Cl) 1.13-1.82) in male patients between
18 and 50 years of age.'® This research was rooted in multiple studies consis-
tently indicating an association between female donor sex and mortality of male
patients.'®?® However, the association between donor parity and mortality was
not confirmed in a large observational cohort study in Sweden, Denmark, and
the USA?, while another study applying different statistical methodology also
was unable to detect an association®. What's more, the recent publication of the
iTADS trial showed that there was no difference in mortality rates at 30 days,
3 months, 6 months, 1 year, and 2 years when comparing assignment to male
donor units to assignment to female donor units in a large pragmatic random-
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ized controlled trial in Canada.” There was, however, a noteworthy association
between exposure to female donor units and mortality in the combined group of
male and female patients aged between 20-29 years, which was not explained.
The question remains: why did these studies not find the same effect? The an-
swer could lie in differences in country-specific production methods, population
differences in both donors and patients, and differences in the applied statistical
analyses. This last point pertaining to methodology, as we are able to show in
Chapter 5, does not alter our initial observation on the potential for harm from
exposure to ever-pregnant female donors for male patients.

We investigated whether offspring sex explains the association between donor
pregnancy history and mortality using newly collected data from the municipal-
ity registration in the Netherlands on over 130,000 female donors, and we relate
this to patient mortality using marginal structural models. Offspring sex was not
shown to play a role in the earlier observed association, and thereby the hypoth-
esis that blood products from female donors with sons was driving the previously
observed associations in clinical transfusion research could not be confirmed.
One noteworthy aspect that could have influenced the interpretation of the
study’s findings, is that female donors who have been pregnant are on average
older compared to never-pregnant women, meaning the association could also
(partly) be driven by this factor. Notwithstanding any donor age-mediated ef-
fects, the methodology used here was able to account for treatment-confounder
feedback due to donor hemoglobin concentration differences, and thereby this
research question has been thoroughly investigated.

Interestingly, the study was able toindependently replicate that exposure to ever-
pregnant donors is associated with male mortality in the age group between 18
and 50 years. Residual leukocytes from blood products persisting in the patient,
with some products containing up to 5x10° residual white blood cells following
leukodepletion, might cause this consistent observation. We can only speculate,
however, why male patients of the age group between 18 and 50 could be more
sensitive to these female products. First of all, concerning the higher sensitivity
of males between 18 and 50, we hypothesize that this is not because of their
Y-chromosome, but might be due to the different transfusion indications and
medical needs in that male age group. Young male patients indeed more often
receive their transfusions for trauma indications®, in which the induced raise in
Hb (or lack of it, e.g. by female donor units) could be more critical. Additionally,
trauma is known to lead to a rapid and, at times, sustained depression in cellular
and humoral immunity (Figure 2).*° It is important to point out the exclusion of
a proportion of the trauma patients from the study by design, because these
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patients often receive multiple transfusions, leading to limited generalizability
to this subgroup. Still, these patients are present in the study population, albeit
in lower numbers

Inflammation

Immune suppression

Time

L

Figure 2

The immune response to trauma forms a complex interplay of both pro-inflammatory compounds and mecha-
nisms (i.e. cytokines, fever, capillary leak, and early organ dysfunction) and anti-inflammatory responses (i.e.
anti-inflammatory mediators, suppressed cytokine production, antigen presentation capacity, and cellular im-
munity) known as the systemic inflammatory response syndrome (SIRS) and the compensatory anti-inflamma-
tory response syndrome (CARS). Transfusions are given at a time when these two responses are active, and
the delayed return to homeostasis over time is hypothesized to be a facilitator of microchimerism develop-
ment. (adapted from Shah et al.*")

Acting in tandem with the latter, is that HLA alloimmunization of women is more
common after pregnancy, and this immunization also having been shown to be a
strong predictor of Graft-vs-Host disease after stem cell transplantation.? While
it would be interesting to study the association between exposure to multiparity
of the donor, and patient mortality, this is complicated by the small sample size
of patients exposed only to women with multiple children, and a dose-response
relationship will be difficult to establish. Nevertheless, there is still a need to
further clarify 1. whether male patients of a certain age group are really at risk,
2. if the underlying transfusion indication further drives the epidemiological as-
sociations, and 3. what the causative agent(s) in the transfusion product might
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be, inducing that risk. Moreover, these speculations should include storage time
if the interest lies in studying its combined effects, with two different potential
risk modulating mechanisms: leukocytes are less present in older products with
hence less expected immunomodulating effects, and older products induce a
lower Hb increase and hence less efficiency. Because of the many expected op-
posing risk modulations of blood product characteristics, the combined effect
of these mechanisms is hard to predict. Data on cause-specific mortality have
an important role here and should have a high priority, as these could give valu-
able insight into the potential biological mechanisms underlying the observed
epidemiological associations.

Methodological implications for the field of transfusion medicine

Following up on the previous chapter, in Chapter 6 the importance of a thorough
understanding of clinical epidemiology in the clinical transfusion research field
is further emphasized. We present a structured approach to investigate any ex-
posure that is associated with both the subsequent probability of receiving ad-
ditional transfusions, and the outcome. This approach can be widely adopted by
researchers studying transfusion exposures, which are generally sustained over
time (e.g. trauma patients, receiving multiple transfusions in a short time frame,
or chronically transfused cancer patients receiving multiple transfusions divided
over a long period). Before this can be attempted, however, we recommend the
use of directed acyclic graphs (DAGs) to visualize the researcher’s assumptions
about the data before embarking on the analytical task.

DAGs are a visual tool for causal inference, and can be used in conjunction with
the target trial framework, aiding variable selection in statistical models and
thereby avoiding self-inflicted bias by the researcher.®® By definition, DAGs are
acyclic, meaning variables cannot have effects on their own parent variables oc-
curring before them in time. While this has led to the misconception that DAGs
cannot display bidirectional effects, bidirectional effects can, in fact, be incor-
porated into DAGs by specifying how causal relationships evolve over time.**
Incorporating bidirectional effects can improve the validity of statistical models
and provide a more accurate representation of complex biological relationships.
Not properly doing so can lead to mistakes that make a causal interpretation of
estimates from studies inappropriate. Therefore, clinical transfusion researchers
are encouraged to embrace incorporating bidirectional effects into DAGs, as we
demonstrated in this thesis.
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When to stop? An epidemiological perspective on innovation vs. replication

In the academic world, there is a lack of decisiveness regarding the need for pur-
suing the same research topic, or on the other hand, replicating and validating
previous findings. This is reflected in the overrepresentation of new prediction
models and the difficulty in publishing validation studies.*® The sentiment can
be summarized in the following quote, which was studied in psychological sci-
ence but can be extrapolated to science in general: 'Innovation points out paths
that are possible; replication points out paths that are likely; progress relies
on both.”® Therefore, it is crucial for clinical transfusion researchers to strike
a balance between innovation and replication to ensure that progress is made
towards improving transfusion practices and patient outcomes. Both can coex-
ist even within the same paper, as we demonstrated, but the decision to study
either one of them or both should be made after careful consideration.

The goal of clinical transfusion research is to further the knowledge and under-
standing about transfusion products and their effects, and thereby help improve
health. It is sometimes not clear when this goal is reached, and what a new study
would add to the available body of evidence on an intervention. There are always
additional research questions, study limitations and new research ideas, often
indicated by the phrase ‘more research is needed’ at the end of a manuscript.
Rather than paving the road for promising new research questions, this phrase
has become an empty one without meaning. There comes a time when the qual-
ity of evidence is sufficient to change direction; we think this time has arrived
for the research on donor pregnancy and patient mortality. The next section on
future perspectives therefore lacks further validation studies of this research
question, but instead focuses on novel study designs investigating personalized
transfusion strategies over population effects.

Future perspectives

Future perspectives for causal inference in clinical transfusion research should

focus on defining research questions with high clinical relevance and investigat-

ing important knowledge gaps. In this regard, we conclude that:

- The association between donor parity and subgroups of causes of death in
young men is of interest, and the causal mechanisms could be investigated
in a matched cohort study. This, however, would require the collaboration of
blood banks and hospitals to be successful, and the formation of a consortium
with representatives from hematology, blood banks and epidemiology. The
size of such a study should involve a large national or international collabora-
tion of research groups. Probing the interest and building the foundation for
such a study would be an excellent first step.
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The incorporation into clinical studies, of assays quantifying potential preg-
nancy induced micro-chimerism and leukocyte transfer from female donors
to patients, is required for complete understanding of the biological mecha-
nisms underlying the observed epidemiological associations.

The role of storage of blood products and its association with patient out-
comes — as it is still incompletely understood - should be studied using g-
methods (for which we refer to Chapter 6), or alternatively with well-designed
randomized controlled trials investigating different storage thresholds.

The effect of convalescent plasma for the treatment and prevention of respi-
ratory viral infections in immunosuppressed people' or for prophylaxis® is
still not clear and should be investigated to aid pandemic preparedness.

We expect the use of thorough epidemiological methods can help elucidate
these research questions and are confident to have contributed to their future
development with the research described in this thesis.
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Summary

Summary

Blood product characteristics have intrigued researchers since, in 1667, the
transfusion of docile lambs’ blood was thought to cure psychiatricillness.” More
recently, the transfusion of ‘young blood’ was made commercially available to
invigorate those seeking to return to their youthful self.? Clearly, these therapies
are far-fetched, not evidence-based, and should not be investigated further.
However, a number of clinically relevant, unresolved questions pertaining to
characteristics of blood products still puzzle epidemiologists. The research in
this thesis aims to answer several research questions related to blood product
characteristics, by using thorough epidemiological methods. Throughout this
thesis, clinical transfusion research in different shapes and forms is the central
theme. Clinical epidemiology and observational study design is an important
aspect of clinical transfusion research, and new developments in this field that
are applicable to future studies are covered extensively, including a tutorial to
apply inverse-probability weighted marginal structural models to longitudinal
transfusion data.

In Chapter 1, the different chapters are introduced and the background for the
research is described. The chapter consists of two parts: a general introduction
and an aim and outline of the thesis.

Chapter 2 contains a narrative review on the association between red blood cell
donor sex and patient mortality. In 2017, our research group was the first to
show that exposure to ever-pregnant donor red blood cell products was associ-
ated with mortality, with a hazard ratio (HR) of 1.43 (95% confidence interval
(CI) 1.13-1.82) in male patients between 18 and 50 years of age.? This research
was rooted in multiple studies consistently showing an association between
female donor sex and mortality of male patients, which puzzled transfusion
science.” However, the association between donor parity and mortality was not
seen in a large observational cohort study in Sweden, Denmark, and the USA®,
and it was unclear what the biological mechanism could be that would cause
these associations. This chapter brings together the available evidence on donor
sex and patient mortality up to the date of publication, evaluates the different
biological mechanisms that could underlie the epidemiological associations, and
states donor microchimeric cell-mediated immune modulation is the most likely
explanation for these associations in clinical transfusion research.

In Chapter 3, we investigated the importance of storage duration of red blood
cell units in relation to donor characteristics, in a large cohort of transfusion
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recipients in the Netherlands. Blood product storage has been indicated as a
potential modifier of transfusion efficacy and safety, but evidence has been con-
flicting, with studies showing both positive and negative associations between
storage duration of red blood cells and clinical outcomes. However, a small
potential for harm from fresh red blood cell transfusions has not been ruled
out and can be considered more plausible than benefit, based on evidence from
randomized trials.® In this chapter, we investigated whether storage plays a role
in modifying the effect of donor characteristics, namely sex and pregnancy his-
tory of the donor. Although a large initial cohort was used, due to blood product
distribution practices relying on a ‘first in, first out’ mechanism, subgroups were
small. This meant that the methods described in the later chapters of this thesis
(i.e. g-methods) could not be applied, and we were not able to definitively prove
storage plays a role in the effect of donor sex and pregnancy history on mortal-
ity. This chapter does, however, give a first indication that the direction of the
effect is more likely to be towards harm from ever-pregnant donor units that are
shortly stored.

Chapter 4 contains the first instalment of the systematic review series on con-
valescent plasma and hyperimmune immunoglobulin for people with COVID-19.
The review was performed during the early stages of the COVID-19 pandemic
in 2020, and followed Cochrane rapid review methodology. Evidence sources in
this review were of insufficient quality to allow strong conclusions. More recent
versions of this review were able to show convalescent plasma is not effective
For patients hospitalized with COVID-197, with continuously updated reviews
expected in the future to inform evidence-based healthcare decision making.

In Chapter 5, we present the results of a large observational cohort of Ffirst-
ever transfusion recipients in the Netherlands: the MATER study (“Mortality
After Transfusion of Ever-pregnant donor Red blood cells”). As we have care-
fully described, the marginal structural models used for this analysis capture
treatment-confounder feedback previously prohibiting a causal interpretation
of the association between donor pregnancy history, and mortality.® The results
confirm that male patients between 18 and 50 years are at risk of increased
mortality following transfusion from ever-pregnant donors, with a HR of 1.81
(95% ClI 1.31-2.51). Importantly, this was not explained by offspring sex, which
we hypothesized could play a role through the unintentional transfer of donor
helper T-cells or cytotoxic T-cells targeting HY-antigens, after exposure to female
donors with sons.* To conclude, we have extensively investigated this research
question and found the risk of mortality after exposure to ever-pregnant donors
continues to be present in a new cohort, which is intriguing.
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Chapter 6 covers the development of a methodology to study the association
between blood product characteristics and patient outcomes, when the product
characteristics are associated with hemoglobin-raising capacity of the product.
In addition to an extensive appraisal of the methods used in previous studies, the
application of said methods to real transfusion data, and a visual representation
of the epidemiological concepts applicable to this research, a detailed tutorial
including R code and an example dataset are included in the chapter.

Chapter 7 contains a summary of the evidence described in this thesis, how these
findings tie into the most recent literature, and a discussion of the implications
for future research on this topic.

In this thesis, we have covered a range of topics in the clinical transfusion re-
search field, located at the intersection of clinical and fundamental research. The
research was performed using thorough epidemiological methods, large cohorts
of patient and transfusion data, and critical appraisal of study assumptions.
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Al sinds 1667, zijn kenmerken van bloedproducten en hun relatie met klinische
uitkomsten een onderwerp van discussie. Men was bijvoorbeeld in de veronder-
stelling dat de transfusie van bloed afkomstig van “makke” lammetjes psychiatri-
sche aandoeningen kon genezen." Recent is het transfunderen van 'jong bloed'
voor commercieel gebruik in de media besproken, met als doel de ontvanger
te verjongen.? Het is duidelijk dat deze therapieén niet op betrouwbaar bewijs
gebaseerd zijn, oftewel, deze therapieén zijn niet ‘evidence-based’. Gedegen kli-
nisch transfusieonderzoek houdt zich bezig met de beantwoording van klinisch
relevante vragen over bloedproducten met behulp van solide onderzoeksmetho-
den, waardoor een oorzaak-gevolg relatie kan worden aangetoond.

Het onderzoek in dit proefschrift heeft als doel verschillende vraagstukken over
de kenmerken van bloedproducten op te helderen, door middel van gedegen
epidemiologische methoden. Klinisch transfusieonderzoek in verschillende
vormen en studie designs vormt het centrale thema van dit proefschrift. Obser-
vationeel onderzoek, dat wil zeggen, onderzoek met gegevens die verzameld
zijn uit de klinische praktijk en niet uit een gerandomiseerd onderzoek met con-
trolegroep (Engels: randomized controlled trial, RCT), is een belangrijk onderdeel
van klinisch transfusieonderzoek en vormt het hart van dit proefschrift. Nieuwe
ontwikkelingen op het gebied van observationeel studie-design die relevant zijn
voor toekomstige studies worden daarnaast uitgebreid behandeld, inclusief een
praktische handleiding voor het toepassen van zogenaamde g-methoden voor
gebruik met observationele transfusiegegevens.

In Hoofdstuk 1 worden de verschillende hoofdstukken geintroduceerd en wordt
de achtergrond van het onderzoek beschreven. Het hoofdstuk bestaat uit twee
delen: een algemene inleiding, en de doelstelling en het overzicht van het proef-
schrift.

Hoofdstuk 2 bevat een beschrijvend overzicht van het onderzoek naar de associ-
atie tussen het geslacht van de bloeddonor en de mortaliteit van de patiént. In
2017 toonde onze onderzoeksgroep als eerste aan dat blootstelling aan bloed-
producten van vrouwelijke donoren die ooit zwanger waren geweest, geassoci-
eerd was met mortaliteit bij mannelijke patiénten tussen 18 en 50 jaar, met een
hazard ratio (HR) van 1.43 (95% betrouwbaarheidsinterval (Bl) 1.13-1.82).2 Dit on-
derzoek was gebaseerd op meerdere studies die een associatie lieten zien tussen
het vrouwelijke geslacht van de donor en mortaliteit bij mannelijke patiénten,
een bevinding die niet kon worden verklaard en tot vragen leidde in de transfu-
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siewetenschap.? Echter, de associatie tussen zwangerschappen van de donor en
mortaliteit werd niet waargenomen in een grote observationele cohortstudie in
Zweden, Denemarken en de Verenigde Staten®, en het was onduidelijk wat het
biologische mechanisme zou kunnen zijn dat deze associaties veroorzaakte. Dit
hoofdstuk brengt het beschikbare bewijsmateriaal tot aan de datum van publica-
tie over het geslacht van de donor en mortaliteit van de patiént samen, evalueert
de verschillende biologische mechanismen die ten grondslag kunnen liggen
aan de epidemiologische associaties, en stelt dat de overdracht van donorcel-
len specifiek voor mannelijk DNA (d.w.z. HY-antigenen) de meest waarschijnlijke
verklaring is voor deze associaties in klinisch transfusieonderzoek.

In Hoofdstuk 3 hebben we onderzocht hoe de bewaarduur van transfusies samen-
hangt met kenmerken van de donor, in een groot cohort van ontvangers van bloed-
transfusies in Nederland. Bewaarduur van bloedproducten is een potentiéle factor
die de effectiviteit en veiligheid van transfusies kan beinvloeden, maar het bewijs
is tegenstrijdig, waarbij studies zowel positieve als negatieve associaties laten zien
tussen de bewaarduur van rode bloedcellen en klinische uitkomsten. Niettemin kan
een klein potentieel schadelijk effect van ‘verse’ bloedtransfusies niet worden uit-
gesloten en lijkt dit waarschijnlijker dan een positief effect, op basis van bewijs uit
RCTs.6 In dit hoofdstuk hebben we onderzocht of de bewaarduur een rol speelt bij
het modificeren van het effect van het geslacht en de zwangerschapsgeschiedenis
van de donor. Hoewel er aanvankelijk gebruik werd gemaakt van een groot cohort,
waren de subgroepen klein vanwege de praktijk van verdeling van bloedproducten
op basis van het "first in, first out"-mechanisme. Dit betekende dat de in latere
hoofdstukken van dit proefschrift beschreven methoden (d.w.z. g-methoden) niet
konden worden toegepast, en de vraag of bewaarduur een rol speelt bij het effect
van donorgeslacht en zwangerschapsgeschiedenis op mortaliteit blijft onvoldoen-
de beantwoord. Dit hoofdstuk geeft echter wel een eerste voorzichtige aanwijzing
dat een negatief effect waarschijnlijker is bij bloedtransfusies van ooit-zwangere
donoren, die kort werden bewaard.

Hoofdstuk 4 bevat het eerste deel van de serie systematische reviews over
convalescent plasma en hyperimmuun immunoglobuline voor mensen met CO-
VID-19. Het onderzoek werd uitgevoerd tijdens de vroege stadia van de COVID-
19-pandemie in 2020 en volgde de methodologie van Cochrane Rapid Reviews.
De kwaliteit van de geincludeerde studies in deze review was onvoldoende om
sterke conclusies te kunnen trekken. Meer recente versies van deze review heb-
ben kunnen aantonen dat convalescent plasma niet effectief is voor mensen die
in het ziekenhuis zijn opgenomen met COVID-19”. Snel bijgewerkte reviews wor-
den gepubliceerd om besluitvorming in de gezondheidszorg te ondersteunen.
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In Hoofdstuk 5 presenteren we de resultaten van een grote observationele
cohortstudie van ontvangers van een eerste bloedtransfusie in Nederland: de
MATER-studie (“Mortality After Transfusion of Ever-pregnant donor Red blood
cells”). Zoals we zorgvuldig hebben beschreven, zijn g-methoden die voor deze
analyse zijn gebruikt in staat te corrigeren voor factoren die anders een causale
interpretatie van de associatie tussen zwangerschappen van de donor en mor-
taliteit belemmeren.® De resultaten bevestigen dat mannelijke patiénten van 18
tot 50 jaar een verhoogd risico op mortaliteit hebben na transfusie van bloed van
ooit-zwangere donoren, met een hazard ratio van 1.81 (95% BI 1.31-2.51). We
zagen dat dit niet werd verklaard door het geslacht van het nageslacht, waarvan
we vermoedden dat dit een rol zou kunnen spelen door de onbedoelde over-
dracht van donorcellen die gericht zijn tegen HY-antigenen, na blootstelling aan
vrouwelijke donoren met zonen.? In conclusie: we hebben deze onderzoeksvraag
uitgebreid onderzocht en gevonden dat het risico op mortaliteit na blootstel-
ling aan ooit-zwangere donoren nog steeds aanwezig is in een nieuw cohort van
transfusie-ontvangers.

Hoofdstuk 6 behandelt de ontwikkeling van een methode om de associatie
tussen kenmerken van bloedproducten en patiéntuitkomsten te bestuderen,
wanneer de productkenmerken geassocieerd zijn met de toename van het hemo-
globinegehalte na transfusies. Deze methodologie, inverse-probability weighted
marginale structurele modellen, valt onder de groep g-methoden. Naast een
uitgebreide beoordeling van de gebruikte methoden in eerdere onderzoeken,
de toepassing van een drietal methoden op een grote transfusiedataset en een
visuele toelichting van de epidemiologische concepten die van toepassing zijn
op dit onderzoek, bevat het hoofdstuk een gedetailleerde handleiding inclusief
R-code en toegang tot een voorbeelddataset.

Hoofdstuk 7 bevat een samenvatting van het beschreven bewijs in dit proef-
schrift, hoe deze bevindingen aansluiten bij de meest recente literatuur en een
bespreking van de implicaties voor toekomstig onderzoek naar deze onderwer-
pen.

In dit proefschrift hebben we een breed scala aan onderwerpen behandeld
op het gebied van klinisch transfusieonderzoek, op het snijvlak van klinisch en
fundamenteel onderzoek. Het onderzoek is uitgevoerd met behulp van geavan-
ceerde epidemiologische methoden, grote cohorten van patiént- en transfusie-
gegevens en kritische beoordeling van aannames die ten grondslag liggen aan
het beschreven onderzoek.
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