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“Blood is a juice of rarest quality.”

MEPHISTOPHELES (1)

To my family.






Popular science summary of the thesis

Blood transfusions are a cornerstone of modern medicine, often used to manage
life-threatening bleeding during childbirth. Their availability depends on the
generosity of numerous healthy individuals who, without personal gain donate
blood. However, much about transfusions remains unknown. Do we use blood
products to the same extent today as before? What is the risk of needing another
transfusion in a future delivery if one was required in the first? Are there long-
term consequences for the mother of being transfused during childbirth? Could
blood donation before pregnancy affect a woman’s health or her baby? This
doctoral thesis explores these questions through four large-scale Swedish
population studies utilizing national health and blood donation registries.

Our first study examined patterns and trends in red-cell transfusion use in
obstetric care in Sweden. The study included 1.6 million births between 2003 and
2017 and indicated that transfusion rates among women in delivery remained
relatively stable over time. However, the number of high-volume transfusions
declined, low-volume transfusions became more common, and the total number
of blood units used per delivery decreased. The overall transfusion rate was
surprisingly high—3 percent—compared to other high-income countries. Most
transfusions occurred on the day of delivery, but they were also administered
several days later. The study revealed considerable differences in transfusion
practices between hospitals, even after adjusting for maternal risk factors. Our
results suggest that there may be room for harmonizing transfusion decisions
and practices, although further research is needed to clarify these discrepancies.

Previous studies have revealed that a significant risk factor for transfusion during
delivery is having received one previously. Our second study examined the
impact of transfusion recurrence by analyzing data from 825000 women who
had multiple deliveries between 2000 and 2017. We found that women who
received a transfusion during their first childbirth were five times more likely to
be transfused during their next delivery than those who did not. Certain
pregnancy complications, particularly those having to do with the placenta,
preeclampsia, and iron deficiency, further increase this risk. We also observed
that having a sister who had received a transfusion in childbirth slightly increased

the odds of needing one, suggesting a possible familial or genetic influence.



Receiving a transfusion affects the immune system in ways not fully understood.
Studies have connected blood transfusions to an increased risk of autoimmune
diseases and lymphoma. In our third study, we followed over one million women
up to 25 years after childbirth from 1987 and forward to find out whether
receiving a transfusion during delivery affected the risk of certain immune-
related diseases. We found that transfused women had a slightly higher risk of
developing some disorders, such as lupus and systemic sclerosis. However, we
found no increased risk for lymphoma or rheumatoid arthritis. These findings
suggest a potential association between transfusions and long-term effects on
the immune system. That said, it is a complex relationship to investigate, and

more research approaches are needed to confirm these findings.

In the fourth study, we turned our focus to blood donors. Female blood donors
who donate frequently are at a high risk of developing iron deficiency, as it is
challenging to replenish lost iron, and women typically do not have large iron
stores to begin with. Iron deficiency, in turn, is connected to an increased risk of
pregnancy complications affecting both mother and child. We investigated 2.5
million deliveries between 1985 and 2017 and compared pregnancy and delivery
complications in women who had donated blood before pregnancy, both
amongst themselves and non-donating women. Overall, donors had fewer
complications and slightly heavier babies than non-donors, likely reflecting the
“healthy donor effect,” where donors are healthier than the average population.
However, comparisons among donors revealed a different pattern. Women who
had donated eight times or more in the five years before pregnancy had lower-
birth-weight babies and higher risks of complications like preterm birth and
preeclampsia compared to those donating only once or twice. These findings
suggest that frequent donations in reproductive age may carry risks that warrant
a discussion on policies for female blood donors planning for pregnancy.

Taken together, these studies address essential aspects of blood transfusions
and donations in the context of obstetric care and beyond. They emphasize the
importance of safe and consistent transfusion practices, the necessity of
considering transfusion history in prenatal care, and the potential risks
associated with iron depletion in frequent blood donors. We believe that the
findings offer valuable guidance on protecting maternal and neonatal health for

healthcare professionals, blood banks, and policymakers.



Abstract

Blood transfusion therapy is a cornerstone of modern obstetric care, commonly
administered during childbirth to manage acute hemorrhage. Meanwhile, blood
donation represents a vital public health act sustained by healthy individuals,
many of whom are women of reproductive age. This thesis examines red-cell
transfusion and whole blood donation from multiple perspectives, including
clinical patterns, recurrence, long-term outcomes, and the effects of pre-
pregnancy donation on maternal and offspring health. It combines four register-
based cohort studies using Swedish health data and blood donation data
integrated within the SCANDAT3-S database to evaluate how blood, both
received and given, intersects with maternal and neonatal health.

Aims

e To describe the patterns and temporal trends of red-cell transfusion use
in obstetric care in Sweden.

e To assess the risk of recurrent transfusion in delivery.

e Toinvestigate whether red-cell transfusion during childbirth is associated
with long-term risks of autoimmune disease and non-Hodgkin lymphoma.

e To evaluate whether blood donation before pregnancy is associated with

adverse maternal or neonatal outcomes.

Study I. Transfusion practices in obstetric care in Sweden have evolved, but
national-level data on usage patterns remain limited. This study analyzed a
nationwide cohort of 1.6 million deliveries in Sweden between 2003 and 2017. In
addition to describing overall transfusion patterns, we examined temporal trends
and volume using logistic regression. For analyses of inter-hospital variations in
transfusion rates, we used direct standardization to the year 2003, adjusting for
parity and maternal age. Overall, 3 percent of women were transfused annually,
and there were no considerable changes over the study period. We saw an
increasing proportion of low-volume and a decline in high-volume transfusions.
The most common number of red-cell units transfused per delivery was two,
reflecting a broader pattern where even-numbered transfusions—particularly
two or four units—dominated clinical practice. We saw substantial variation in

the proportion of transfused deliveries across hospitals.



Summary: While overall transfusion rates remained stable, hospital-level
variation and the use of paired units may signal inappropriate use and warrant

further investigation.

Study Il. Although transfusion during childbirth is typically viewed as an event
determined by the specific circumstances of each delivery, some women
experience repeated transfusions across deliveries. We analyzed a nationwide
cohort of 825,000 women with deliveries between 2000 and 2017 to investigate
the recurrence of transfusion. We used logistic regression to estimate the odds
ratios of requiring a repeated transfusion in relation to specific risk factors.
Women transfused in their first delivery were overall approximately five times
more likely to be transfused in their second delivery (adjusted odds ratio [aOR]
54, 95% confidence intervals [CI]; 5.0-5.8) than non-transfused, non-
hemorrhaged women. The overall odds of repeat transfusion were similar
regardless of hemorrhage diagnosis in the first delivery. When considering
specific subtypes, we saw the most pronounced recurrence risk associated with
prior diagnoses of atony (aOR 6.7, 95% Cl 6.1-7.4), placental retention (aOR 4.4;
95% Cl, 3.8-5.1), and caesarian section with hemorrhage (aOR 6.8; 95% CI, 5.8—
8.0). Certain conditions in the second pregnancy (e.g., preeclampsia, placenta
previa, iron deficiency anemia) increased the odds of recurrence. Having a sister
transfused in childbirth was associated with higher odds of transfusion in
childbirth (aOR 1.8; 95% Cl, 1.5-2.1).

Summary: A prior transfusion is a strong risk factor for future transfusion,

underscoring the importance of individualized risk management.

Study lll. The long-term effects of obstetric transfusion on immune-mediated
conditions remain poorly understood. In this study, we followed a large register-
based cohort of over one million women, starting in 1987, for up to 25 years to
assess the risk of autoimmune disease and non-Hodgkin lymphoma. Cox
proportional hazard models were used, adjusting for both fixed and time-
dependent maternal factors. To reduce the risk of reverse causation, a six-month
lag period was applied before the start of follow-up after each delivery.
Transfusion in childbirth was modestly associated with increased risks for later
diagnosis of systemic lupus erythematosus (SLE) (adjusted hazard ratio [aHR]
1.38; 95% Cl, 1.01-1.87) and systemic sclerosis (aHR 1.89; 95% Cl, 1.21-3.21), but not

associated with risk of non-Hodgkin lymphoma or rheumatoid arthritis. However,



the absolute risk difference at 25 years was slight. Sensitivity analyses, applying
various stratifications and restrictions, generally supported the main findings.

Summary: Although the absolute risk difference was small, transfusion in
childbirth was associated with an increased risk of developing SLE and systemic
sclerosis.

Study IV. While blood donors are typically healthier than the general population,
frequent donation may deplete iron stores and influence pregnancy outcomes.
We analyzed a register-based cohort of 2.5 million deliveries between 1985 and
2017 to investigate any potential adverse effects of blood donations on
pregnancy and childbirth. We used mixed-effects linear models to estimate birth
weight by donation intensity, and logistic regression was applied to assess
maternal and neonatal outcomes. When comparing births to non-donors to
those to women who donated at least once within five years of delivery, we found
that donors were less likely to experience adverse pregnancy outcomes and that
the birth weight of their offspring was slightly higher. However, when considering
only donors, high-frequency donors (29 donations within five years of delivery)
had lower birth weight babies and higher risks of preeclampsia (aOR 1.18; 95% C|,
1.06-1.31), preterm birth (aOR 1.33; 95% Cl, 1.22-1.45), and SGA infants (aOR 117,
95% Cl,1.03-1.34) than low-frequency donors (1-2 donations). Specific temporal
analyses using interaction terms supported the notion of a biological effect.

Sensitivity analyses confirmed the main findings.

Summary: High-frequency whole blood donation before pregnancy may have
adverse effects on maternal health and neonatal outcomes.

In conclusion, the thesis reveals that transfusion and donation intersect with
maternal health. It underscores the need for consistent transfusion practices,
monitoring for recurrence risk, awareness of potential long-term immune effects,
and cautious iron management in frequent female donors.
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List of abbreviations

This thesis aims to minimize the use of abbreviations, as its author finds them

generally unbearable.

°C Degrees Celsius

ABO The most important system for blood group classification
AMTSL Active management of the third stage of labor

BMI Body-mass index

Cl Confidence intervals

DNA Deoxyribonucleic acid

E.g. Exempli gratia (for example)

Hb Hemoglobin

(a)HR (adjusted) Hazard ratio

ICD International Classification of Diseases

IL Interleukin

IVF In vitro fertilization

LISA The Longitudinal Integration Database for Health Insurance and

Labour Market Studies

MBR The Medical Birth Register

NHL Non-Hodgkin lymphoma

NPR National Patient Register

(a)OR (adjusted) Odds ratios

PBM Patient blood management

RA Rheumatoid arthritis

SAGM Saline-adenine-glucose-mannitol solution

SCANDAT  Scandinavian donations and transfusions database

SGA Small-for-gestational-age

SLE Systemic lupus erythematosus

Th T-helper cell

TRALI Transfusion-related acute lung injury
TRIM Transfusion-related immunomodulation

IUFD Intra-uterine fetal demise






1 Introduction

In 1818, obstetrician James Blundell described early whole-blood transfusions for
postpartum hemorrhage as an "experimental remedy," offering the "only remaining
chance for life" (2). In the following centuries, fundamental discoveries—including
ABO and Rhesus blood groups, sodium citrate for blood storage, and the
antiglobulin test, fractioning into blood components—substantially improved
transfusion safety (3-7).

Today the administration of concentrated red blood cell units is a widely used
treatment for hemorrhage and anemia, with the primary goal of restoring the
blood's oxygen-carrying capacity (8). Although safer than ever before, red-cell
transfusions still carry medical risks, including infections and immunological
reactions (9). From a systems perspective, blood is also a costly and finite
resource—its collection, processing, and storage require substantial
infrastructure, and overuse may strain availability for patients with critical needs
(10-14). Hence, healthcare systems have adopted “patient blood management”
(PBM) strategies, emphasizing restrictive transfusion criteria, blood-sparing
surgical techniques, and iron supplementation to minimize blood use (15-17). In
parallel, reduced red-cell utilization has been observed in Sweden, England, the
United States, China, and the European Union (18-24).

When we transfuse younger women in Sweden with red-cell units, it is most
commonly in an obstetric context (21). Red-cell transfusions can certainly be
imperative and life-saving in these settings. However, they are also used for
relative indications, such as postpartum anemia in the hemodynamically stable
patient. In this scenario, red-cell transfusion may be considered optional, as there
are viable alternatives, such as iron supplementation. For clinicians, it is crucial to
avoid administering unnecessary or marginally indicated transfusions. Besides
medical risks and costs associated with red-cell transfusions shared among all
patient groups (25), blood exposure increases the risk of alloimmunization, which
may complicate future pregnancies (26, 27). Moreover, the long-term
immunological consequences of maternal transfusion in childbirth remain
incompletely understood. Thus, while contemporary transfusion practices are far
removed from Blundell's original “experimental remedy,” the balancing risks and
benefits remain as important today.



11 Rationale and scope

This thesis examines temporal trends, hospital-level variations, and risk factors
associated with obstetric transfusions in Sweden, including recurrence across
pregnancies. Additionally, it examines potential long-term health implications of
transfusions, with a focus on their associations with autoimmune diseases and
non-Hodgkin lymphoma. Finally, the thesis examines whether blood donation,
which frequently results in profound iron deficiency, impacts maternal and
neonatal health. By addressing these realms, we aim to inform clinical practice
and policy, thus promoting safer future transfusion and donation practices.



2 Background

In this chapter, we aim to provide a brief overview of the clinical and public health
contexts necessary to interpret the studies that provide the foundation for this

thesis.

2.1 The red-cell transfusion

Being central to this thesis, the red-cell transfusion deserves a standalone
introduction. A standard red-cell unit is usually derived from 450 mL of whole
blood and contains approximately 200 to 250 mL of red blood cells suspended
in an additive solution, stored at 2—-6°C for up to 42 days. Additives typically
include saline-adenine-glucose-mannitol (SAGM) to preserve red-cell viability
(28). The hematocrit (the percentage of whole blood volume composed of red
blood cells) is about 55 to 60 percent, and each unit contains roughly 200 to 250
mg of iron. The overwhelming majority of all units are “allogeneic,” meaning that
the treatment exposes the recipient to blood from a donor other than themselves.
Donor exposure is unique per unit, meaning that multi-unit transfusions
correspond to multiple donor exposures, a consideration with immunologic

relevance.

To minimize the risk of febrile non-hemolytic transfusion reactions,
alloimmunization, and the transmission of certain infections, all red-cell units are
subjected to leukocyte reduction. This process reduces the white blood cell
count to less than 5 x 10° per unit, and its implementation has been gradual in

high-income settings since the late 1990s (29).

2.2 lron metabolism and maternal-fetal needs

Mammal iron metabolism is a complex process involving multiple pathways and
organ systems (30-32). It is used for hemoglobin (Hb) synthesis, the primary
oxygen-carrying protein in red blood cells, as well as for cellular processes,

including energy production and immune function.

2.2.1 Iron deficiency and its diagnosis

Body iron is predominantly stored in red blood cells and may thus be lost during
hemorrhage (32). Prolonged insufficient iron intake or absorption may



compromise erythropoiesis, the process by which the bone marrow replenishes
red blood cells. What follows is iron deficiency anemia, characterized by low
hemoglobin levels (with a concentration of less than 120 g/L for non-pregnant
women and 130 g/L for men) in combination with depleted iron stores (33).

However, hemoglobin levels as a lone laboratory test are insufficient for
diagnosing iron deficiency, as a low value reflects the result of depletion rather
than its onset. Iron-deficient erythropoiesis—a state where red-cell production is
limited by inadequate iron supply—may occur even before anemia is evident.
Thus, it is possible to maintain hemoglobin levels even in cases of iron depletion
(34). Ferritin is a large, hollow protein that efficiently stores iron (mainly in the liver
and spleen) when it is not currently transported or utilized. The fraction of ferritin
in circulation reflects body iron stores (32), and clinicians commonly consider the
level of plasma ferritin as a marker of iron deficiency in an otherwise healthy
individual (35).

Table 1. WHO criteria for iron deficiency and anemia in pregnancy (36).

WHO threshold for deficiency Brief description

Hemoglobin <110 g/L Iron-containing protein in red blood cells,

(Hb) In Sweden, 105g/L is considered responsible for oxygen transport.
normal in the second trimester  Concentration drops only after iron stores are
(37) depleted. A concentration below the threshold

is defined as anemia.

Ferritin <30 ng/mL Ferritin is a globular protein complex that
The definition <15 ng/mL is also storesiron in a safe, soluble, and non-toxic
seen in the literature. form inside cells. A fraction of it is found in

circulation and reflects iron stores in otherwise
healthy Individuals. It serves as a marker for the
early detection of iron deficiency.

Transferrin ~ <20% (iron/transferrin x 100) Transferrin is the iron transport protein in the
saturation blood. Transferrin saturation reflects iron
availability for erythropoiesis.

2.2.2 Iron demands in pregnancy

Iron demands increase substantially during pregnancy due to the expansion of
maternal blood volume, fetal growth, and placental development (38). Since it is
not synthesized endogenously and is poorly absorbed compared to other

nutrients, adequate intake and optimal absorption conditions are crucial.



It is estimated that a singleton pregnancy typically requires 500 to 1,000 mg of
additional iron, with daily needs rising from less than 1 mg per day in the first
trimester to approximately 7.5 mg daily in the third (39). Although absorption is
enhanced during pregnancy, dietary intake rarely meets the increased needs.
Women would thus ideally enter pregnancy with an iron reserve of approximately
500 mg, a threshold seldom achieved due to menstruation and suboptimal
dietary intake (35). To bridge the gap, the World Health Organization (WHO)
recommends universal iron supplementation during pregnancy (30 to 60 mg per
day) (36). However, an individualized approach is also feasible in high-income
settings (40).

Studies indicate that 40-55 percent of European women of reproductive age
have insufficient iron stores. As a result, approximately one-third of these women
develop iron deficiency anemia in the third trimester (41) or earlier. For example,
a recent UK study found that 42 percent of non-anemic women were iron
deficient already in the first trimester (42). There are also significant variations

within countries due to dietary, socioeconomic, and ethnic factors (43).

Following the discontinuation of general iron fortification in Sweden, a follow-up
study found that the prevalence of iron deficiency among teenage girls increased
from 37 to around 45 percent (44). A recent survey confirmed an iron deficiency
prevalence of nearly 40 percent among Swedish female adolescents and close to
70 percent among their vegetarian or vegan peers (45). To our knowledge, there
are no contemporary large-scale studies on the prevalence of iron deficiency

among pregnant women in Sweden.

2.2.3 Supplemental iron recommendations within antenatal care

If initiated during antenatal care, iron supplementation taken as prescribed may
help prevent iron-deficient anemia and alleviate iron deficiency during the
second and third trimesters (46). Current Swedish national guidelines
recommend measuring ferritin and hemoglobin levels at the first antenatal visit
(around gestational weeks 8-11) (47). A ferritin level below 30 ng/L prompts daily
supplementation with 100 mg of iron, while borderline or sufficient stores (30-
150 ng/L) lead to a recommendation of 100 mg every other day. Ferritin may be
reassessed if anemia is later detected through routine hemoglobin testing, which
is typically performed one to two times during the second and third trimesters. In



case of iron deficiency anemia in the late third trimester, intravenous iron may be
considered (48). In previous guidelines, lower ferritin thresholds for starting
supplementation are described (49). A 2003 questionnaire study revealed low
compliance to the former national guideline, which recommended 100 mg of iron
daily for all pregnant women, with only 41 percent of midwives and 28 percent of
pregnant women reporting adherence (50).

2.2.4 Maternal and offspring implications of iron deficiency

From a maternal perspective, iron deficiency increases physiological vulnerability
during pregnancy and delivery. Studies have also revealed associations between
maternal iron deficiency or iron deficiency anemia and adverse obstetric
outcomes, including small-for-gestational-age (SGA) infants, preterm birth,
cesarean section, low Apgar scores (less than 7 at 5 minutes), and an increased
likelihood of maternal red-cell transfusion (51-54).

Table 2. Adverse events associated with maternal iron deficiency or iron deficiency anemia.

Outcome Definition (55, 56)

Preterm birth Birth occurs before 37 completed weeks of gestation.

Intrauterine fetal Death of the fetus in utero after 22 completed weeks of gestation

demise (IUFD) (or 2500g in weight).

Low birth weight (LBW) Birth weight is less than 2,500 grams, regardless of gestational
age.

Apgar score A scoring system (0-10) assessing newborn well-being at 1and 5

minutes after birth based on heart rate, respiratory effort, muscle
tone, reflex response, and color.

Small for gestational Infant with a birth weight below the 10th percentile for gestational
age (SGA) infant age and sex.
Preeclampsia A pregnancy complication characterized by new-onset

hypertension (2140/90 mmHg) and proteinuria (2300 mg/24h) or
organ dysfunction after 20 weeks of gestation.

The interpretation of the effects of maternal iron status on fetal development is
more complex. Although iron deficiency and anemia in children are associated
with impaired cognitive development (57, 58), systematic reviews have not
demonstrated clear associations between iron supplementation in pregnancy
and improved neurodevelopmental outcomes in the offspring (59, 60). Moreover,

biochemical markers of iron status in the fetus do not reliably reflect maternal iron



deficiency or anemia, inferring that the fetus “takes what it needs” and maintains
adequate iron levels regardless of maternal status (61-63).

However, the evidence is mixed, and relatively recent reviews suggest that
maternal iron stores do influence neonatal and childhood iron stores and
metabolism in the offspring (64, 65). For example, a correlation has been observed
between low maternal iron stores and fetal iron stores at birth (66) and in the first
year of life (67, 68). This, in turn, may impact central nervous system development
(69, 70). Notably, maternal iron deficiency may have different effects on the fetus
depending on the trimester in which it occurs. A retrospective Swedish study
found an association between maternal anemia in early pregnancy, in contrast to
anemia diagnosed late in pregnancy, and an increased risk of neuropsychiatric
disorders (71). Similarly, a retrospective study of medical records found an inverse
relationship between early pregnancy hematocrit (reflecting iron stores) and birth
weight and fetal growth ratio but no association during the second or third
trimester (72). The finding may be of particular importance, as previously
mentioned, iron deficiency laboratory tests are typically not drawn before the first
visit in antenatal care (at the end of the first trimester).

Importantly, maternal iron deficiency and anemia are also associated with varying
degrees of socioeconomic vulnerability and food insecurity, which complicates
comparisons between countries and the estimation of biological effects (58, 73).

2.3 Postpartum hemorrhage

Pregnancy induces significant hematological changes, notably a physiological
anemia resulting from a disproportionate increase in plasma volume relative to
red-cell mass. During pregnancy, the hemoglobin level is naturally lower due to
this dilution. As a result, a reduced nadir (the lowest physiological point)
compared to the non-pregnant state is not necessarily indicative of deficiency
(74, 75). These hematological adaptations in pregnancy enhance fetal
oxygenation and reduce maternal thrombotic risks (76). After delivery, the
maternal hematocrit normalizes gradually over four to six months through
hormonal shifts and diuresis (77).



2.3.1 Definitions and incidence

Normal blood loss at delivery is less than 500 mL. Excessive blood loss after
delivery — postpartum hemorrhage — is common and remains a significant cause
of preventable maternal mortality in low and middle-income countries and
maternal morbidity worldwide (78-81). Most often, postpartum hemorrhage
occurs within the first 24 hours of delivery (82).

Table 3. Post-partum hemorrhage definitions (55, 56, 82, 83).

Category Description Swedish ICD-10 ‘ Common cause ‘
Primary Blood loss 2500 mL Blood loss >1,000 ml within Uterine atony,
within 24h of delivery. 24h, with separate ICD coding retained placenta,

>1000 mL denotes severe for excessive hemorrhage at  genital trauma
postpartum hemorrhage caesarian section

Secondary 24h-6 weeks postpartum Placental remains,
infection

Globally, postpartum hemorrhage is estimated to affect 6 to 11 percent of
deliveries, with severe hemorrhage in 1 to 3 percent (81). However, different
definitions, recording practices, and the lack of nationwide data considerably
hamper international comparisons of incidence. In Sweden, for example, only
blood loss of 1,000 ml or above is registered as postpartum hemorrhage,
reflecting a more clinically relevant definition in the generally healthy obstetric
population (56). Interestingly, Sweden has seen a rise in postpartum hemorrhage
diagnoses of 37 percent between 2000 and 2016 (84), and its coding is recently
validated and of high quality (85). The increasing incidence of postpartum
hemorrhage in recent decades has also been reported in high-income settings
such as the Netherlands, the United States, Canada, Australia, Switzerland, and
Ireland (86-91).

2.3.2 Risk factors for postpartum hemorrhage

Uterine atony (the failure of the uterus to contract effectively after childbirth)
remains the leading cause of postpartum hemorrhage, followed by retained
placenta, genital tract trauma, and coagulopathies (92, 93). Notably, a recent
systematic review and meta-analysis of over 300 studies confirmed uterine
atony as the leading cause of postpartum hemorrhage, accounting for over 70
percent of cases (94). Notably, the review identified several strong risk factors—
including anemia (adjusted odds ratio [aOR] 2.36), previous postpartum



hemorrhage, multi-fetal pregnancy, offspring birth weight of more than 4,500 g,
and placenta previa. The finding that nearly 8 percent of postpartum hemorrhage
cases involve multiple concurrent causes further underscores the complexity of
postpartum blood loss and supports a multifactorial approach in both prevention
and management strategies. In contrast, commonly cited factors such as obesity,
induction of labor, or prolonged second stage presented inconsistent
associations (94, 95).

2.3.3 Postpartum anemia

Hemoglobin levels may fluctuate significantly due to physiological changes after
delivery, including blood loss and fluid shifts, making nadir difficult to establish
early postpartum (96). Hence, the WHO defines postpartum anemia as a
hemoglobin level of less than 110 g/L at one week postpartum and less than 120
g/L at eight weeks (97). In clinical practice in Sweden, most women do not stay in
the hospital for a week, which makes the interpretation of anemia diagnoses at
discharge difficult. Postpartum anemia can manifest as fatigue, mood
disturbances, depression, cognitive difficulties, and reduced mother-infant
bonding—factors that can substantially affect maternal well-being (98-101). The
condition is primarily driven by postpartum hemorrhage, fueled by concomitant

iron deficiency and anemia during pregnancy (35, 96).

2.4 Transfusion strategies in obstetric care

The WHO aptly defines the appropriate use of blood products as “the transfusion
of safe blood products only to treat a condition leading to significant morbidity
or mortality that cannot be prevented or managed effectively by other means”
(102).

2.41 Transfusions in the actively bleeding patient

In cases of severe acute obstetric hemorrhage, red-cell transfusion undoubtedly
saves lives and serves as a bridge to hemostasis alongside surgical or
pharmacological interventions (103-105). The immediate goal is to stabilize
hemodynamics and preserve organ function rather than normalizing hemoglobin
levels (8). Clinical management typically integrates bundle care interventions
along with individual patient factors. Factors that guide management include



perceived hemodynamics, measures of tissue oxygenation, and estimated blood
loss, rather than solely relying on hemoglobin thresholds (82, 106, 107).

Naturally, preventing postpartum hemorrhage is a cornerstone in reducing the
need for red-cell transfusions in Sweden and elsewhere. The internationally
recommended strategy includes “active management of the third stage of labor”
(AMTSL), which comprises the administration of uterotonic drugs (typically
oxytocin), controlled cord traction, and uterine massage (79). However, temporal
trends in clinical management and implementation of such protocols in Sweden,

while critical, fall outside the scope of this thesis.

2.4.2 Transfusions in the hemodynamically stable patient

A recent Cochrane systematic review investigated treatment for postpartum
anemia (108). Although most evidence was of low or very low quality, the authors
concluded that "the effect of red blood cell transfusion compared to intravenous
iron on mortality, fatigue, and breastfeeding is very uncertain.”

Few randomized trials compare red-cell transfusion to other interventions in the
hemorrhaged parturient. However, a Dutch randomized non-inferiority trial by
Prick et al. (2014) compared non-intervention with a restrictive transfusion
strategy in otherwise healthy women with postpartum hemorrhage exceeding
1000 ml and hemoglobin levels between 48 and 79 g/L 12-24h after delivery. The
trial yielded similar physical fatigue scores and clinical outcomes in both study
arms (109). In a follow-up study, authors found that transfusions incurred higher
costs without any meaningful health-related quality-of-life benefits (110).
Retrospective observational studies have also linked low-volume transfusions
with prolonged hospitalization, increased morbidity, and lower breastfeeding
rates (111-113), though these findings may be vulnerable to residual confounding. A
small pilot study comparing red-cell transfusion with intravenous iron in women
with severe post-partum hemorrhage found that the patients receiving iron
therapy had overall more favorable outcomes, displaying replete iron stores and
higher hemoglobin levels in weeks 3 to 12 postpartum (114). Contemporary
international clinical guidelines promote restrictive policies, recommending
transfusion only at hemoglobin levels below ~70 g/L and encouraging oral or

intravenous iron as an alternative treatment when feasible (17, 115, 116).



2.5 Obstetric transfusion epidemiology and variability

Transfusion rates are not determined solely by unquestionable clinical need. They
also reflect local practices, institutional norms, and system-level capacity.
However, our understanding is hampered by a lack of nationwide, reliable data on
transfusions. This section provides a brief overview of national and inter-hospital
patterns of red-cell use in obstetric care, including trends in massive transfusion

and unit administration strategies.

2.5.1 Overall red-cell use in obstetric care

While red-cell utilization has declined in many medical and surgical specialties,
the obstetrics domain has followed a slightly different course. In fact, obstetric
transfusion rates increased in many high-income settings, often mirroring rising
rates of postpartum hemorrhage and maternal morbidity (91, 117-124). However,
there are signs of stabilization. In the United States, for example, the incidence of
hemorrhage increased markedly, although transfusion rates peaked around 2011
and have declined modestly since (125). Similar trajectories have been noted in
Switzerland (126) and Australia (127), where rates stabilized after an earlier
increase. Contrary to the general trend, a 2016 nationwide study from the
Netherlands reported a decreasing incidence of maternal red-cell transfusions
during delivery (86).

Massive transfusions, commonly defined as the administration of more than 10
red blood cell units within 24 hours, represent extreme clinical scenarios with fatal
consequences if not promptly and adequately addressed. However, incidence
and management strategies seem to vary markedly across high-income settings
(128). In Sweden and Denmark, obstetric-related cases account for roughly 6
percent of all massive transfusions (129). A regional study from Stockholm (1990—
2011) showed a 30 percent increase in massive transfusion incidence over time,
reaching 5.3 per 10,000 deliveries (104). Although hemorrhage-related mortality
in obstetric settings is very rare in Scandinavian countries (129-131), massive
blood loss may cause severe maternal morbidity, and complications such as

myocardial ischemia can occur in the setting of severe anemia (132).

2.5.2 Appropriateness, hospital variation, and unit use

There are several ways to evaluate the appropriateness of individual red-cell

transfusions in clinical practice, and this is generally challenging due to the limited



clinical detail in administrative data (133). However, several studies have claimed
evidence of inappropriate red-cell use in retrospective audits of obstetrical
settings (134-136). In our datasets, we lack the clinical nuance to consider
individual transfusions. Therefore, we opted to investigate two larger-scale
measures of use: the distribution of use and hospital variation in use.

A reasonable starting point when considering transfusions is to administer a single
red-cell unit and reassess before administering more. Nonetheless, a
phenomenon known as the “double-unit bias” may lead to routine administration
of two units without interim evaluation (137). Since the marginal benefit of a
second unit is often limited, this practice may result in unnecessary transfusions.
A “single-unit transfusion policy,” where each unit is followed by clinical and
laboratory reassessment, has been advocated for decades as a safer and more
resource-conscious strategy (138), and its adoption could substantially impact
overall red-cell use at the population level (139). Importantly for the patient, each
red-cell unit represents a separate exposure to a donor, and doubling the number
of units administered also doubles the recipient’s exposure to foreign antigens.

Differences in transfusion practice are not limited to countries or regions—
considerable variation exists between hospitals. These variations naturally reflect
differences in case mix and valid clinical decisions. However, they may also signal
under or over-transfusion utilization, making inter-hospital comparisons valuable
when investigating transfusion use. Thus, adjusted comparisons have revealed
unwarranted discrepancies in transfusion rates across various clinical settings
(140-143), including obstetrics (144-146), which merits further investigation.

2.5.3 Study rationale

Despite international efforts to optimize transfusion practices, national-level data
on obstetric transfusion use in Sweden remain limited. The paucity of data makes
it challenging to evaluate whether evolving global guidelines have influenced local
practices or how consistently they are applied across hospitals. Study | addresses
this gap by examining national trends, unit administration strategies, and inter-
hospital variation in the use of obstetric transfusions.



2.6 Who is at risk for recurrent transfusions—and why?

A subset of women experience repeated transfusions across pregnancies,
suggesting persistent or unrecognized vulnerabilities. This section examines
known clinical risk factors, potential familial or hematologic predispositions, and

the limitations of registry data in assessing recurrence risk.

2.6.1 Risk factors for transfusion during delivery

Red-cell transfusions in delivery typically arise from significant blood loss due to
postpartum hemorrhage, often due to placental complications (127, 147, 148).
Known risk factors for transfusion thus closely mirror those for severe postpartum
hemorrhage, including placental complications (retention or malformations),
multiple gestation, prematurity, coagulopathy, and cesarean delivery (149-152).
Emergency cesareans notably carry substantially higher transfusion rates than
planned procedures, likely due to prolonged labor, anesthesia considerations, and
unexpected placental or maternal complications (153). Attempts at vaginal birth
after cesarean also increase transfusion risk compared to planned repeat
cesareans (154). It remains unclear to what extent postpartum hemorrhage overall
reflects undiagnosed coagulopathies within the population, but unexpected
massive bleeding may indicate an underlying previously unrecognized
hematological disorder (155). There may also be genetic factors that contribute
to the risk of recurrent hemorrhage (156). Notably, many women experiencing
significant postpartum hemorrhage and transfusion lack identifiable risk factors,
underscoring the unpredictability and clinical challenge (95, 147, 150). The
predictive models for postpartum transfusion may be argued to have limited
clinical utility (157-160).

Concomitant iron deficiency and anemia may increase the risk of maternal
transfusions at delivery by lowering the clinical threshold for transfusion, and
potentially contribute to recurrence in subsequent deliveries (158, 161). In regions
with high anemia prevalence, studies show that prepartum anemia strongly
influences transfusion practices (51, 162). The extent to which prepartum iron
deficiency and anemia contribute to transfusion rates in Sweden, a high-income
country with free-of-charge universal antenatal care, is, to our knowledge,

unknown.



2.6.2 Study rationale

While several clinical risk factors for obstetric transfusion are well established, the
recurrence of these factors across deliveries remains poorly understood. Some
women appear more vulnerable to repeated transfusions, potentially due to
unrecognized hematologic or familial factors. Our comprehensive, long-standing
registry database offers an opportunity to explore recurrence patterns at scale.
Study Il assesses the risk of transfusion recurrence and investigate whether
specific maternal or clinical characteristics can help identify women at elevated
risk.

2.7 Long-term health after obstetric transfusions

Beyond immediate outcomes, transfusion may have long-term immunological
consequences. This section addresses biological hypotheses and methodological

concerns in interpreting long-term risks associated with transfusion exposure.

2.7.1 Known immunological hazards associated with transfusions

There are known non-infectious complications, particularly immunological
reactions, associated with red-cell transfusion. Clinical manifestations such as
febrile non-hemolytic transfusion reaction and transfusion-related acute lung
injury (TRALI) range from mild to severe (163-168). Although exceedingly rare, fatal
transfusion errors due to human error or blood incompatibility still occur (169,
170).

The incidence of these serious transfusion events in the obstetric population is
not well delineated (165, 171-173). For women of reproductive age maternal
alloimmunization—where maternal antibodies target fetal red-cell antigens,
potentially causing hemolytic disease in the newborn—is a particularly relevant
hazard. While alloimmunization may occur spontaneously, red-cell transfusions
increase this risk (26, 174).

2.7.2 Immune effects of transfusion

Several hypotheses exist regarding the immunological effects of red-cell
transfusions, particularly in individuals with existing or incipient autoimmune
diseases (175, 176).



Transfusions are known to induce immunosuppression or modulation—an effect
termed transfusion-related immunomodulation (TRIM) (177). This paradoxical
phenomenon was historically observed through reduced rates of organ rejection
following transfusion in transplant recipients (178). While it is speculated that TRIM
may increase susceptibility to postoperative infections (e.g, pneumonia),
randomized trials have yet to confirm such associations conclusively (178). There
may also be a connection between an increased risk of red-cell transfusion-
associated alloimmunization and underlying or incipient autoimmune disease,
although causal pathways are challenging to establish (179). Other mechanisms of
interest are that transfused donor antigens might resemble host antigens,
triggering autoimmunity through molecular mimicry (180). In obstetric patients,
specific immunomodulatory effects of red-cell transfusions have been noted,
including suppressed T-helper cell activity (a type of white blood cell that plays
a central role in coordinating the immune response) and increased levels of
interleukin-10 (IL-10), an anti-inflammatory cytokine (181).

However, broader questions remain regarding how or if such immunologic
alterations contribute to the clinical manifestations of subsequent inflammatory
or autoimmune disorders.



Table 4. Diseases associated with transfusions. Prevalence and incidence (per year) in Sweden.

Disease Brief description
Non-Hodgkin A diverse group of malignant
lymphoma lymphomas affecting B-/T-
(NHL) cells. It includes aggressive

and indolent subtypes and
commonly affects lymph
nodes but may involve
extranodal sites. Risk
increases with age and
immune dysfunction (182).

Systemic lupus A chronic autoimmune

erythematosus disease involving multiple

(SLE) organ systems, characterized
by autoantibody production
and immune complex
deposition (184).

Rheumatoid A systemic autoimmune

arthritis (RA) disorder targeting synovial
joints that leads to chronic
inflammation, joint

destruction, and extra-

articular manifestations (186).

A connective tissue disease
featuring widespread
vascular abnormalities and

Systemic
sclerosis

excessive collagen deposition

in skin and internal organs. It
includes limited and diffuse
subtypes (188).

‘ Disease prevalence and incidence

Incidence: Approximately 20 per 100,000
individuals (nationwide).

Prevalence: Has increased in recent decades
due to arising incidence and improved survival
rates.

Female-to-male ratio: slightly more common in
men than in women.

Peak onset age: 65-75 (183).

Prevalence (in women): 122 per 100,000
(regional data)

Incidence (in women): 4.8 per 100,000.
Female-to-male ratio: Approximately 7:1.
Female proportion: 86.1% of cases

Mean age at diagnosis: 43.7 years (185)

Prevalence (in women): 940 per 100,000
(nationwide).

Incidence (in women): 56 per 100,000 women
per year.

Female-to-male ratio: Approximately 2:1.
Peak onset age: 70-79 years for both sexes
(187).

Prevalence: 22.7 per 100,000 (nationwide)
Incidence: 11.9 per 1,000,000 person-years.
Female-to-male ratio: 5:1.

Female proportion: 84% of prevalent cases,
80% of incident cases

Peak onset age: 70-79 years for both sexes
(189).

2.7.3 Challenges when studying transfusion outcomes

Many studies investigating transfusion-related outcomes encompass older,
chronically ill populations (e.g, malignancy, cardiac disease, major surgeries)
(190-192), in which transfusions often indicate disease severity, complicating
causal interpretation of any effects associated with red-cell transfusions (193-
195). Furthermore, older patients have limited lifespans post-transfusion.
Typically, transfusion recipients are 65 years or older, with higher standardized



mortality rates compared to non-recipients (196-198). This, in turn, effectively
restricts observation periods for autoimmune diseases with long latency periods.
Thus, confounding by indication and competing risks remain critical
methodological challenges in transfusion research. Collectively, the evidence
regarding transfusion-associated autoimmune or malignant outcomes remains
limited, inconsistent, and of varying quality (199-201).

2.7.4 Study rationale

Obstetric transfusion recipients represent a younger, healthier cohort, typically
exposed to red-cell transfusion due to acute hemorrhage rather than chronic
disease. This unique context presents an opportunity to examine transfusion-
related immune outcomes with reduced confounding and extensive post-
exposure observation periods. Given the predominance of women in autoimmune
disease incidence and the biological plausibility of immune modulation following
transfusion, we believe the aim of study Ill, which studies long-term risks in this
population, is both relevant and timely.

2.8 Blood donation: effects on maternal and neonatal health

Blood donation is a critical public health contribution. However, repeat donations
may impact iron reserves in the donor. Approximately half of Swedish blood
donors are women (202), and, as discussed more extensively previously in this
section, low iron stores may bring harm to female donors who become pregnant.
This section provides a brief examination of the physiological effects of donation
on iron stores and the challenges in distinguishing biological effects from
confounding factors resulting from the donor's health status.

2.8.1 Blood donations and effects on iron stores

One whole blood donation (approximately 450 mL) removes between 200 and
250 mg of body iron. Frequent blood donation increases the risk of iron
deficiency, particularly among premenopausal women who are already
experiencing menstrual losses and dietary constraints (203-205). However, iron
deficiency may pass unnoticed since hemoglobin level screening at the donation
site (equivalent to 120-125 g/L or more) does not guarantee adequate iron
reserves (206). For example, nearly 40 percent of frequent donors in Denmark



presented with ferritin levels below the iron deficiency threshold (less than 15
ng/mL), indicating that they were virtually iron-depleted (207).

Iron supplementation after donation is often recommended or provided and may
be effective. However, donor adherence to this regimen is variable (208, 209).
Thus, the WHO and the Association for the Advancement of Blood and
Biotherapies (AABB) recommend routine ferritin measurement for blood donors
in addition to hemoglobin testing (210, 211). Although efforts are underway to
address this aspect of donor safety (212, 213), high donation frequency remains a
strong predictor of donor iron deficiency (205).

In Sweden, specifically, female blood donors are permitted to donate whole blood
three times (occasionally four) annually, with a minimum interval of 122 days
between donations. They must meet a hemoglobin threshold of 125 g/L (214).
Ferritin measurement is taken at baseline, while follow-up use of this
measurement varies regionally. These measures contrast with more liberal
policies in countries like the United States, where women may donate up to six
times a year (215), with no universal recommendation for ferritin testing at first
donation. In Europe, donor iron management strategies vary significantly, from
minimal testing in the United Kingdom to proactive, ferritin-guided donation
protocols in Denmark and the Netherlands (212, 216).

Table 5. Donor recommendations in selected countries.

Country Minimum | Donation Postpartum | Additional testing

age interval deferral

‘Sweden 18 years = 3-4 months 9 months Ferritin testing at the first visit,
varying follow-up according to
regional policy

United States 16 years =8 weeks > 6 weeks No uniform recommendations

Denmark 17 years =3 months 6 months Ferritin testing at the first visit and
if Hb is below the deferral limit.

The Netherlands 18 years 24 months 6 months Ferritin testing at the first visit and
the fifth whole blood donation
repeatedly



2.8.2 Challenges in research on blood donors

Studies on delivery and neonatal outcomes consistently indicate similar or better
pregnancy outcomes among blood donors than non-donors (217-220). However,
it would be implausible that blood donations per se lead to better pregnancy and
delivery outcomes. Hence, results may reflect residual confounding due to the
“healthy donor effect”—individuals who donate blood tend to be healthier than
the general population due to self-selection and eligibility screening criteria (221,
222). Thus, the actual impact of donation-induced iron deficiency on maternal

and neonatal outcomes remains unclear.

2.8.3 Study rationale

With access to detailed, long-standing national data on both blood donation and
pregnancy outcomes, study IV aims to evaluate whether frequent pre-pregnancy
blood donation is associated with adverse outcomes for the mother or child while
accounting for the donor's health status. Understanding these risks is vital for

guiding safe donation policies for women of reproductive age.



3 Research aims

The overall aim of this thesis was to explore aspects of red-cell transfusions in

obstetrics and the effects of blood donations before delivery, more specifically:

Study | investigates temporal trends and the distribution of red-cell transfusion

in a contemporary Swedish cohort
Study Il examines the risk of recurrent red-cell transfusion in delivery

Study Il investigates whether red-cell exposure in delivery is associated with an

increased long-term risk of non-Hodgkin lymphoma and autoimmune disease.

Study IV examines whether blood donation before pregnancy is associated with

increased risks for both mothers and their offspring.
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4 Materials and methods

Sweden maintains several high-quality nationwide registers that enable the
linkage of individual-level clinical, demographic, and socioeconomic data. These
registers, managed primarily by the National Board of Health and Welfare and
Statistics Sweden, are widely used in epidemiological research. In addition,
specialized disease-specific and quality-of-care registers, such as the Swedish
Intensive Care Register and the National Diabetes Register, complement national
registers by offering detailed clinical data for selected conditions (223).

4.1 The personal registration number

Introduced in 1947 and standardized to a 10-digit format in 1967, the Swedish
personal identification number (“personnummer”) is assigned to all residents of
Sweden. It encodes the individual's date of birth, a three-digit serial number (odd
for males, even for females), and a check digit. Reporting all births to the Swedish
Tax Agency is mandatory within one month postpartum. Upon registration,
individuals granted temporary residence for more than one year are also assigned
a personal identification number. Those without residency permits may receive a
coordination number (“samordningsnummer”) instead (224). Patients lacking
valid identification at the time of care may be issued a temporary number, which
can later be linked to their official personal ID in medical records. Such data,
however, is not always captured in national health statistics. The personal
identification number enables individual-level linkage across registers and is
foundational to register-based epidemiology in Sweden (225, 226).

4.2 The SCANDATs

Until the late 1970s, blood transfusions in Sweden were predominantly
unfractionated, collected by small-scale, independent blood banks (227). Early
on, computer techniques, relying on punch cards, were used to manage the
administrative and medical data within the blood banks (228). Along with the
centralization and professionalization of the service followed fractionation and
blood component therapy, and the development of methodologies that further
improve blood safety (227, 229-232). The SCANDAT databases leverage early

computerization to compile comprehensive “vein-to-vein” records of blood
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donations and transfusions in Sweden, dating back to 1968, and in Denmark, from
the 1980s. Nationwide data in Sweden have been available since 1996 (202).

The first version of SCANDAT was compiled between 2002 and 2004 through
collaboration between academic institutions and regional blood services, linking
donor and recipient data using personal identification numbers, primarily to study
cancer risks in blood recipients and donors (233-235). SCANDAT2 was an update
of the original database, compiling data up to 2012, while SCANDAT3 included
data up to 2017. All studies in this thesis leverage the comprehensive
SCANDAT3-S database (figure 1).

Although not a formal national quality register, SCANDAT3-S provides
standardized, high-resolution data from all blood banks and transfusion
laboratories in Sweden, enabling traceability of over 97 percent of transfusions
and nearly all donations to uniquely identifiable individuals. It also includes
individuals tested for blood group antigens for whatever clinical reason, resulting
in a population base of approximately 8 million people. Additionally, SCANDAT3-S
is pseudonymized and securely linked to multiple nationwide health and
population registers, which facilitates large-scale, individual-level analysis of

transfusion exposures and health outcomes.

The National Patient The Swedish Cancer
Register Register

Blood donors

Regional blood banks

Individuals who Population statistics

Donations and performed blood from Statistics

Transfusions data group antigen test Sweden

Recipients of blood

The Cause of Death Prescribed Drug
Register REESET

1968 2017

Figure 1. Schematic structure of SCANDAT3-S.
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Although SCANDAT3-S provides unique opportunities, it has its limitations. Its
completeness makes any comparison with population-based or regional studies
challenging. Additionally, it lacks documented indications for transfusion. Instead,
these must be inferred from diagnosis and procedure codes, introducing
potential misclassification and confounding. The long-standing, large volume of
data also raises challenges related to data quality, including entry errors, coding
inconsistencies, and temporal changes. Moreover, as SCANDAT3-S was not
nationwide until 1996, we manually adjusted the analysis database to ensure
complete alignment between exposure and outcome data in studies lll and 1V,
which each covered more extended periods. Further technical and historical
details are available in other sources (202, 236-238).

4.3 Swedish National Board of Health and Welfare registers

The Swedish Medical Birth Register (MBR) is a nationwide database established in
1973, containing records of approximately 5 million live births from gestational
week 22+0 and beyond (239). Stillbirths were initially recorded from week 28+0
but have been included from week 22+0 since 2008. The register captures about
98 percent of all deliveries in Sweden. It provides standardized, individual-level
information on antenatal care, gestational age, maternal health conditions,
delivery procedures, and neonatal outcomes, using the International Statistical
Classification of Diseases (ICD-7-10) and procedure codes (“Klassifikation av
vard-/ kirurgiska atgarder,” KVA and KKA). Data collection begins at the first
antenatal visit—typically in the first trimester—and continues through delivery,
postnatal discharge, or pregnancy loss. Since 2007, digital reporting has become
the predominant method. Completeness is ensured through routine cross-
checks between recorded personal identification numbers and birth records from
the Total Population Register (kept by Statistics Sweden) (240). Discrepancies
trigger validation queries from the National Board of Health and Welfare. The
register also includes births to non-residents, which can occasionally result in a
higher recorded number of births than that reported in the Total Population
Register. Despite its high validity, the register has limitations. Missing data are
common for certain variables, for instance, tobacco use in late pregnancy,
especially snuff use. Demographic variables may be incomplete for mothers
lacking a personal identification number. Additional inaccuracies or

contradictions occasionally arise but are typically corrected upon detection.
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Despite these limitations, the register remains one of Sweden's most widely used
and validated sources for perinatal epidemiology, underpinning over 1,000
published studies (241). The register was the key source for maternal comorbidity
and outcomes, as well as neonatal outcomes, in all studies.

The Swedish National Patient Register (NPR), maintained by the National Board of
Health and Welfare, is a nationwide database covering virtually all hospital
admissions in Sweden. It encompasses both public and private facilities and
contains detailed records on patient demographics, admission and discharge
dates, diagnostic codes (based on ICD classifications), surgical and medical
procedures, and discharge outcomes. The NPR was established in the 1960s and
attained full nationwide coverage for inpatient care in 1987. Since 2001, the
register has also included data on outpatient specialist visits. These additions
have enabled comprehensive longitudinal tracking of healthcare utilization,
disease incidence, and treatment patterns across the Swedish population.
Linkage through unique personal identification numbers enables integration with
other national registers, substantially enhancing the value of the register for
epidemiological research and the evaluation of health services. The NPR is widely
used in research, routinely validated through quality control procedures, and
externally assessed for coverage, coding accuracy, and reliability (242, 243). We

retrieved comorbidity and outcome data from the NPR for studies Il and il

The Swedish Prescribed Drug Register is a national database established in 2005,
collecting individual-level data on all prescriptions dispensed at community
pharmacies in Sweden. Although hospital-administered medications are
excluded, this register allows linkage with other national registers, facilitating
detailed analyses of medication usage and outcomes over extended periods
(244). In study Ill, we used the register to identify the use of immunomodulatory
or cytostatic medication.

The Swedish Cancer Register systematically compiles nationwide data on all
incident cancer cases in Sweden. It includes standardized information on tumor
characteristics, diagnoses, and treatments (245). The register serves as a source
of outcome data in study /Il (NHL).
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4.4 Statistics Sweden registers

Statistics Sweden maintains several key registers critical for administrative

functions and research infrastructure.

The Total Population Register provides demographic data for all residents,
including personal identifiers, birth and death dates, marital status, and historical
addresses, serving as a fundamental resource for population statistics and
medical research (240).

The Multi-generation register links indexed individuals (born in 1932 and later and
alive in 1961) to their biological parents and extended familial networks, enabling
studies of intergenerational dynamics and genetic-environmental interactions.
(246).

The Longitudinal Integration Database for Health Insurance and Labour Market
Studies (LISA) consolidates longitudinal data on employment, education, income,
and social security from multiple sources. It supports analyses of labor market
participation and socioeconomic conditions, serving as a key data source for
research on health outcomes related to socioeconomic status (247).

We use information from registers maintained by Statistics Sweden on
demographic and socioeconomic covariates in studies Il, ll, and [V—including
education, income, country of birth, migration, and mortality. In study I, we

identified sibling relationships using the Multi-generation Register.
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4.5 Study design

This chapter provides a consolidated description of the methodological
framework underlying the four studies included in this thesis. It summarizes key
aspects of study design, exposure and outcome definitions, and covariate
selection. Its purpose is to enhance transparency, facilitate comparability, and
provide an overview of shared methodological principles.

For specific details, please refer to the individual study.

Table 6. Overview of studies included in the thesis.

Study | Study Il Study Ill Study IV |
' Design Nationwide Nationwide Cohort (nationwide  Cohort (nationwide
cohort cohort from 1996) from 1996)
Period 2003-2017 2000-2017 1987-2017 1985-2017
Participants 1,599,659 births 825,451 women 1,043,713 women 2,650,417 births
Main Prior red-cell Red-cell transfusion Whole blood
exposure transfusion in in delivery donations before
delivery delivery
Primary Patterns of red- Recurrent NHL, SLE, RA, and Birth weight, SGA,
outcome cell transfusion maternal red-cell systemic sclerosis preterm delivery,
transfusion IUFD, maternal

transfusion, and
preeclampsia

451 Study sources

All four studies in this thesis are based on prospectively collected, linked, and
pseudonymized data from nationwide Swedish health and population registers
gathered within the SCANDAT3-S database. We describe these registers in
sections 4.2 to 4.4.

4.5.2 Populations

Study | included all women aged 15 to 50 years who had a registered delivery in
Sweden between 2003 and 2017, with each delivery treated as an independent
observation. In the analysis of variation between hospitals, only delivery wards
with more than 500 births per year were included, which comprised 42 general
hospitals accounting for 97.8% of all recorded births.
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Study Il consisted of women aged 18 to 49 and included up to three consecutive
births between 2000 and 2017. We excluded women with missing personal
identification numbers, incomplete delivery dates, and emigration before first
delivery or in between births. In a specific analysis, we included only women with
singleton deliveries who received transfusions during their first delivery.

Study lll included women aged 18 to 50 who had delivered their first child between
1987 and 2017. Women with a prior diagnosis of autoimmune disease, lymphoma,
or any transfusion history unrelated to delivery were excluded. Follow-up
commenced six months after delivery and continued until a diagnosis of outcome,
censoring, death, or the end of the study. Within this study, we also created a
matched sub-cohort to facilitate the estimation of absolute risk differences.

Study IV included all singleton births from 1985 to 2017 in women aged 18 to 50,
excluding deliveries to women who had emigrated prior to giving birth. When using
a five-year exposure window for blood donation, we included only births with full
registry coverage in the preceding five years (e.g, the earliest inclusion date was
1 January 1990). For analyses requiring a five-year exposure window pre- and
post-delivery, we included only births from the earliest of 1 January 1990 up to 31
December 2012. Thus, we included subsets of the cohort in specific analyses,
depending on the temporal availability of data surrounding each delivery.

4.5.3 Exposure and outcome definitions

Across all studies, red-cell transfusion in temporal proximity to childbirth was a
key variable, although its role as an exposure or outcome and the corresponding
time windows differed.

In study I, the occurrence of red-cell transfusion within 14 days before or after
delivery was the primary outcome used to describe overall transfusion patterns.
We also considered the outcome in volume categories, analyzing it in relation to

maternal and obstetric variables, calendar time, and hospital level.

In study I, red-cell transfusion was both an exposure (occurring at first delivery)
and an outcome (at subsequent deliveries), defined as occurring from one day
before to seven days after delivery. We stratified by the presence of postpartum
hemorrhage (overall and by subtype) and whether transfusion was required,

allowing for a separate evaluation of recurrence risks compared to non-
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hemorrhaged, non-transfused women. In a separate analysis, we estimated the
overall risk of transfusion in delivery among women with a sister who had a history

of transfusion in delivery compared to those without a transfused sister.

In study /ll, red-cell transfusion was the exposure of interest, defined as occurring
any number of times with any number of units from three days before to seven
days after delivery. We updated exposure status at each delivery, and women
who received transfusions during any delivery were categorized as “transfused”
from that point forward. Outcomes included incident diagnoses of specified

autoimmune diseases (SLE, systemic sclerosis, or RA) or non-Hodgkin lymphoma.

In study IV, we considered exposure as blood donation within five years of
delivery, with donation intensity classified into three categories: low (1-2
donations), moderate (3—8 donations), and high (29 donations). We also analyzed
timing and donation intensity, treating pre- and post-delivery donations as
discrete events ranging from 1to 15. Maternal transfusion served as one outcome
(of several), defined as a recorded transfusion within seven days before or after
delivery. Maternal outcomes also included preeclampsia, preterm birth, fetal
demise, and postpartum hemorrhage. Neonatal outcomes included birth weight,
low Apgar score (less than 7 at 5 minutes), and small-for-gestational-age (SGA)
status.

45.4 Covariates and comorbidities

All studies included a core set of maternal and pregnancy-related covariates,
though specific categorizations and modeling strategies varied by study

objective.

Commonly included variables that we adjusted for were parity, body mass index
(BMI, kg/m?), gestational age, fetal presentation, mode of delivery, delivery onset,
hospital type (with three levels), and individual hospital (with 60 in total).
Mentioned covariates were categorized to reflect clinical relevance and optimize
statistical modeling. For example, gestational age was typically grouped into
preterm, term, or post-term categories, and we classified delivery mode as
spontaneous vaginal, instrumental vaginal, elective cesarean, or emergency
cesarean. Maternal age and calendar year are significant covariates that we
generally model as splines (with equally or manually placed knots, typically 5),

allowing for non-linearity.
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In study I, maternal comorbidities included both chronic and transient conditions
such as diabetes (gestational and non-gestational), hypertensive disorders,
various anemias, hemoglobinopathies (e.g, sickle cell disease, thalassemia),
bleeding disorders (e.g., von Willebrand disease, idiopathic thrombocytopenic
purpura), SLE, and chronic kidney disease. Chronic conditions were considered
persistent across subsequent pregnancies following the initial diagnosis.
Transient conditions, such as iron deficiency anemia, were only considered if
diagnosed within nine months preceding delivery, allowing for differentiation

between ongoing and resolved issues.

In studies lll and IV, we also aimed to account for confounding and biases through
socioeconomic variables. We included education level (ranging from non-
completion of compulsory schooling to university degree), household income
(categorized into percentiles), and birth origin as indicators of socioeconomic
status, alongside health behaviors such as tobacco use and early pregnancy, as
well as BMI (captured in antenatal visits).

4.6 Statistical approach

Each study used statistical models tailored to its specific research aims. The table
below outlines the primary models applied and their justification.
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Table 7. Overview of the statistical modeling applied in the thesis.

Statistical model Justification for model choice

Study | Descriptive statistics, It allows flexible modeling of time trends and
logistic regression, spline adjusted comparisons between hospitals, which
modeling, and direct helps characterize volume and transfusion
standardization. patterns.

Study Il Logistic regression with Appropriate for binary outcome (recurrent
robust standard errors. transfusion), accounts for clustering through

robust standard errors, and provides interpretable
effect estimates and absolute risks.

Study Il Cox proportional hazards Enables time-to-event analysis for rare outcomes.
regression matched sub- Matching increases efficiency in estimating
cohort for cumulative absolute risk differences while adjusting for major
incidence. confounders.

Study IV Mixed-effects linear Models addressed repeated measures per woman.
regression, logistic Splines capture non-linear dose-response. Robust
regression, spline modeling, methods mitigate cluster-related underestimation
interaction analysis. of variance in logistic regression analyses.

All processing and analyses were conducted using SAS 9.4 (SAS Institute, Cary,
NC, USA). Results from all regression analyses were presented with 95%
confidence intervals (Cl).

Repeated measurements refer to multiple observations of the same individual
over time, allowing for the analysis of temporal trends and within-individual
changes in exposures or covariates. Repeated measurements can introduce
specific analytical challenges, including correlation between observations within
the same individual, requiring appropriate statistical approaches to account for
such correlations. Failure to appropriately handle these correlated data points
can result in underestimated standard errors, inflated statistical significance, and
potential misinterpretation of findings. Therefore, specialized statistical models,
such as mixed-effects models or generalized estimating equations, are necessary
to analyze and interpret repeated-measurement data correctly. We used mixed
models with random intercepts to account for the correlation among multiple
deliveries from the same woman in linear regression analyses, such as those on
birth weight. In all our studies, we adopt robust variance estimators in logistic
regression models as a practical alternative to adjust for residual clustering.
Although we apply appropriate measures for handling repeated measurements,
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women generally only contribute with a small number of deliveries, making it aless
significant issue in practice.

4.6.1 Descriptive statistics, standardization, and temporality

In study I, the statistical analyses were primarily descriptive, aimed at
characterizing overall patterns of obstetric red-cell transfusion in Sweden. We
categorized deliveries based on transfusion status and stratified them further by
the number of units administered: low (1-2 units), medium (3—9 units), and high
(210 units), conveying clinical severity. Categorical variables, including
demographic and gestational characteristics, were summarized using frequencies
and percentages. Continuous variables were described with medians and

interquartile ranges to convey central tendencies and variability.

The total number of units transfused per delivery day was calculated to
investigate the volume and distribution of red-cell use. We also examined the
distribution of unit counts per delivery and the corresponding cumulative
proportion of total red-cell units administered.

We assessed the change in the proportion of transfused deliveries over time using
logistic regression. The relationship between transfusion probability and year of
delivery was modeled using a restricted cubic spline with five equally spaced
knots, as this approach allowed for the flexible modeling of potentially non-linear
relationships. Additional stratified analyses using parity, mode of delivery, and
transfusion volume categories explored subgroup variation. We also modeled the
likelihood of transfusion as a function of maternal age, using a spline with manually
placed knots (for better fit).

Direct standardization methods were applied to assess variation between
hospitals. Transfusion rates, presented as the number of transfusions per 1,000
deliveries, were standardized to the 2003 population distribution by maternal age

and parity.

4.6.2 Logistic regression and risk of recurrent transfusion

In study I, we described the cohort according to characteristics and
comorbidities in first, second, and third deliveries. We used logistic regression to
model the odds ratios of overall risk of recurrent transfusion. Further, we applied
a similar model to consider transfusion in a second delivery in relation to a history
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of postpartum hemorrhage with or without concomitant transfusion, compared
to non-hemorrhaged, non-transfused women. In women with three or more
deliveries, we considered the risk of transfusion in each subsequent delivery with
regard to their transfusion history.

Additional analyses included only women with singleton deliveries who had been
transfused at their first delivery. In this subcohort, we also applied a logistic model
to calculate the odds ratios for transfusion in second and third delivery, stratifying

maternal comorbidities, obstetric complications, and events in prior deliveries.

Finally, we assessed familial aggregation, and the presence of a transfused sister
was included as a predictor of transfusion.

All models were adjusted for potential confounders, including maternal BMI, birth
origin, blood group, hospital level, and year of delivery. Maternal age and calendar
year were modeled using restricted cubic splines with five knots. We included
interaction terms to explore potential effect modification in women with
recurrent transfusions. Robust sandwich estimators were employed to produce

standard errors valid under within-subject clustering.

4.6.3 Cox regression, rare outcomes, and long-term follow-up

Study Il assessed the long-term association between maternal red-cell
transfusion during childbirth and the subsequent development of SLE, systemic
sclerosis, RA, and NHL. We used Cox proportional hazards regression to estimate
unadjusted and adjusted hazard ratios, with time since the most recent delivery
as the underlying timescale. We chose this timescale to align follow-up with the
biologically relevant window after childbirth, allowing for consistent modeling
across women delivering at different ages and in various periods.

Entry into the cohort was determined by the date of the first recorded birth. The
exposure was defined as any red-cell transfusion within three days before and
seven days after delivery. Exposure status was treated as time-updated and
irreversible (i.e, once exposed, women remained exposed throughout the study
period). To minimize reverse causation, follow-up began six months postpartum
and was uniformly delayed following each subsequent delivery. Outcomes were
defined as the first registered diagnosis of NHL, SLE, systemic sclerosis, or RA.
Follow-up continued until any outcome occurred, or censoring due to emigration,
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diagnosis of human immunodeficiency virus (HIV) infection, in vitro fertilization
(IVF) procedures, diagnosis of pregnancy-related endocrine disorders, the
study's conclusion, or death. We also censored women who received blood
products other than red-cells in delivery or any blood products in a non-obstetric
setting.

The adjusted model included time-varying covariates updated at each delivery,
such as maternal age and year of delivery (modeled as splines), parity, BMI, mode
of delivery, preeclampsia, tobacco use, and hospital tier. When considering
education and income, we carried forward the highest attainment. We treated
birth origin and ABO blood group as fixed covariates, updated only at the time of
study entry.

It is challenging to verify the proportional hazards assumption in these extensive
datasets. However, we found this assumption to hold by examining the
distributions of martingale residuals as a function of follow-up time for each of

the four outcomes.

The cumulative incidence and its difference were estimated at 25 years using a
matched sub-cohort (1:10 ratio). We matched on maternal age (within =3 years),
parity, delivery year (within +2 years), and hospital tier. While this approach
improves computational efficiency and interpretability, it introduces potential
bias if the matching process disproportionately includes or excludes individuals
based on their underlying risk. As such, the cumulative incidence estimates from
the matched sub-cohort may not fully reflect incidence in the full population. This
trade-off was considered appropriate, given the rarity of outcomes and the aim

to provide both estimated absolute risk estimates and relative measures.

Sensitivity analyses explored robustness to reverse causation (via alternate
latency periods), transfusion volume (1-2 vs. >3 units), calendar period, delivery
mode, and preeclampsia.

4.6.4 Mixed model analyses and splines

Study IV assessed the relationship between whole blood donation before
pregnancy and maternal and neonatal outcomes. Descriptive statistics were used
to compare maternal and pregnancy characteristics between ever-donors and
non-donors. For continuous outcomes such as birth weight, we applied linear
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mixed-effects regression with a random intercept for each woman to account for
repeated deliveries. Binary outcomes—including preeclampsia, preterm birth,
SGA status, fetal demise, Apgar below 7 at 5 minutes, postpartum hemorrhage,
and maternal transfusion—were analyzed using logistic regression models with
robust standard errors. We excluded births with missing outcome information
from analyses of the specific outcome.

Among women who donated within five years prior to delivery, donation
frequency was examined both categorically (1-2, 3-8, >9 donations) and
continuously (1 to 15 donations) using restricted cubic splines with five equally
placed knots to capture non-linear dose-response patterns. We adjusted the
models for maternal age and year of delivery (modeled as restricted cubic splines
with five equally spaced knots), parity, BMI, tobacco use, birth origin, income,

education, and hospital.

To specifically address “the healthy donor effect,” we conducted a secondary
analysis that incorporated a ten-year window around birth (five years before and
after delivery). The aim was to compare births in which the parturient had
donated an equal number of times — either exclusively before or after delivery.
Since only pre-delivery donations would biologically affect pregnancy and
delivery outcomes, the births of women who donated only after delivery served
as a comparison. To achieve this, we included an interaction term (the ratio of
pre-delivery donations to total donations) in the model. Using this term, we
compared delivery outcomes among women with identical total donation counts
but differing donation timing in relation to delivery (all donations prior to or all
donations postpartum). Events we hypothesize might influence future donation
behavior (such as fetal demise, postpartum hemorrhage, and maternal

transfusion) were excluded from this analysis.

Sensitivity analyses included restriction analysis of birth weight in relation to
donation intensity for term births, as well as alternative parameterizations of

donation intensity.
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5 Ethical considerations

5.1 Rationale and guiding principles

All medical research, including explorations of prospectively collected
administrative data such as ours, must be grounded in the core principles of
medical ethics: respect for autonomy, beneficence, non-maleficence, and justice.
These principles, articulated in documents such as the Declaration of Helsinki
(248) and the Council for International Organizations of Medical Sciences (CIOMS)
guidelines (249), form the ethical foundation for research involving human data,
even when individual informed consent is waived. We believe our research is well

compliant with these principles.

5.2 General ethical considerations in register-based research

Large-scale register-based epidemiological studies enable investigations of rare
events, long-term outcomes, and population-wide exposures that would be
infeasible or unethical to study using experimental designs. These types of
studies present specific challenges. Key ethical concerns include the absence of
individual consent, the risk of re-identification, and the potential for unauthorized

access to or leakage of data.

In Sweden, as in other Nordic countries, individual informed consent is not
required for register-based research involving pseudonymized data. This practice
is grounded in legal frameworks and long-standing research ethics praxis,
supported by the ethical principle of maximizing public benefit. According to
international guidelines, waiving consent may be justified when research poses
minimal risk and holds significant social value, as is the case with large-scale
epidemiological studies using securely managed health registers.

We address specific concerns regarding the risk of re-identification and
information leakage through rigorous data protection protocols. For instance, all
personal identifiers were removed prior to data access through a
pseudonymization process in which national registration numbers were replaced
with unique, non-identifiable codes. The key is securely stored by the Swedish
Board of Health and Welfare, allowing additional linkages only under regulated
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conditions. Hence, we performed all analyses on pseudonymized data and
reported as aggregated results, reducing the risk of individual identification.

In addition to pseudonymization, we applied robust digital and physical data
security measures throughout the research process. Access to data was
restricted to authorized personnel using secure virtual private network (VPN)
connections. Multi-factor authentication and encrypted storage were standard,
and institutional firewalls, along with multiple layers of login and access control,
protected all systems. Secure computing environments ensured compliance with
national cybersecurity guidelines and university-level data handling protocols.

Beyond these concerns, we consider it an ethical imperative to use high-quality
health data for the public good. The collection, maintenance, and governance of
Swedish health registers represent a substantial investment of public resources
and trust. As such, researchers are responsible for conducting methodologically
sound, policy-relevant, high-quality studies that justify this investment. Thus, the
responsible use of sensitive health data is a matter of stewardship, ensuring that
the knowledge gained serves the greater good of society.

5.3 Study-specific ethical reflections

This specific research was approved by both the Regional Ethics Committee in
Stockholm (reference 2018/167-31) and the Swedish Ethical Review Authority
(reference 2023-07671-01). All handling complied with national and European
Union data protection regulations, including the General Data Protection
Regulation (GDPR).

All our studies, which aim to investigate signs of unnecessary exposure to blood
products and actively search for their adverse effects, address ethical principles.
However, we believe that the potential harms of whole blood donation before
pregnancy deserve specific mention. Blood donation is an altruistic act—
voluntary, uncompensated, and socially encouraged. Although blood donations
benefit society, the possibility of iron depletion and related complications in
blood donors must be carefully weighed against these goods. It imposes a
heightened moral responsibility on researchers to rigorously examine whether
donation practices may inadvertently place certain groups, such as women of
reproductive age or their offspring, at increased risk.
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6 Results

This section summarizes the main findings of the articles included in this thesis.
For detailed results and analyses, please refer to the individual papers.

6.1 Study |

This nationwide observational cohort study, conducted in Sweden from 2003 to
2017, encompassed 1,599,659 deliveries among 959,686 women aged 15-50
years, with maternal red-cell transfusions administered in 3.0% of all deliveries.

6.11 Maternal characteristics and transfusion patterns

Compared with non-transfused cases, women receiving transfusions were at
baseline more frequently nulliparous and more likely to experience preterm or
post-term deliveries, instrumental or cesarean deliveries, and multifetal
pregnancies. Across the study period, 139,424 red-cell units were recorded as
administered. The overall use of red-cell units decreased over time, from 90 to
80 per 1,000 deliveries.

Nearly half of all transfusion events involved the administration of three units or
fewer. Specifically, 62% of transfused deliveries received a 2-unit transfusion,
while approximately 25% received more than three units (figure 2). Approximately
52.1% were used in transfusion events involving a total of three units or less.
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Figure 2. The distribution of blood use. Bars illustrate the number of red-cell transfusions per
delivery. The solid line represents the cumulative proportion of all transfused red-cell units.

Regarding the timing of administration, 42% of units were administered on the day
of delivery, 30% on the day after, and an additional 20% on or after the third
postpartum day (figure 3).
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Figure 3. The distribution of red-cell unit usage in percent in relation to the day of delivery.
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6.1.2 Temporal trends and standardization analysis

Although the proportion of transfused deliveries remained stable at
approximately 30 per 1,000, a shift in transfusion volumes was observed over time
(figure 4a). The incidence of low-volume transfusions (1-2 units) increased from
17 to 22 per 1000 deliveries, whereas moderate-volume (3-9 units) and high-
volume (210 units) transfusions declined from 10 to 7.6 and from 0.7 to 0.3 per

1,000 deliveries, respectively (figure 4b).
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Figure 4. The proportion of deliveries in which red-cell transfusion occurred as a function of time
for (a) the entire cohort and subdivided (b) according to the total number of administered red-
cell units.

The analysis of variability (standardized to the 2003 population regarding
maternal age and parity) revealed substantial inter-hospital variability, with
transfusion rates ranging from 20 to 54 per 1,000 deliveries (figure 5).
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Figure 5. The hospital-specific number of transfused deliveries per 1000 live births. Each circle
represents an individual hospital, and the error bars represent the 95% confidence limits.

6.2 Study Il

This study encompassed 825,451 women with 1,419,909 deliveries, and maternal
red-cell transfusion was recorded in 3.0% of deliveries. Of these, 30,244 (3.8%)
occurred in the first, 10,606 (2.1%) in the second, and 2,195 (1.8%) in the third
delivery. Postpartum hemorrhage diagnosis was seen in 7.9%, 6.2%, and 5.6% of
first, second, and third deliveries, respectively. Among the transfused individuals,
70.7%, 75.1%, and 74.4% in first, second, and third deliveries had a concomitant
diagnosis of postpartum hemorrhage. Among women diagnosed with iron
deficiency anemia, transfusion occurred in 9.8%, 6.0%, and 5.6% of deliveries in
the first, second, and third deliveries, respectively. Among women with other
hematological abnormalities, a large proportion were transfused in delivery.

6.2.1 Recurrence risk in relation to prior hemorrhage

The study demonstrated a striking overall recurrence risk for transfusion in
delivery. In second deliveries, women with no prior transfusion or diagnosis of
postpartum hemorrhage exhibited a transfusion rate of 1.7%. In contrast, for those
who received a red-cell transfusion in the first delivery, 8.7% were transfused
again in the subsequent delivery. Among women who received transfusions in
both their first and second deliveries, 15.5% were transfused again in their third
delivery. It corresponded to an adjusted odds ratio (aOR) of 1.5 (95% CI, 7.9-16.6)
compared with women who had not received any previous transfusions.
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Furthermore, we investigated the risk of transfusion in the second delivery,
stratified by the presence of prior hemorrhage (and subtype) with or without
transfusion (table 8). A prior diagnosis of hemorrhage without transfusion was
associated with increased odds (aOR 2.4; 95% Cl, 2.2-2.6) for transfusion in the
second delivery compared to the reference of non-hemorrhaged, non-transfused
women. However, the presence of a transfusion in the first delivery, regardless of
hemorrhage, further increased the odds of transfusion in the second delivery

compared to the reference (aOR 5.4; 95% Cl, approximately 4.9-6.0).

Almost all subtypes of postpartum hemorrhage without transfusion conferred
increased odds of transfusion in the next delivery compared to the reference.
However, the most pronounced risk estimates were seen in women with
hemorrhage and prior transfusion, especially those with atony (aOR 6.7; 95% C|,
6.1-7.4) and hemorrhage after cesarean section (aOR 6.8; 95%, Cl 5.8-8.0).
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Table 8. Risk of red-cell transfusion in a second delivery, in relation to previous transfusion,
postpartum hemorrhage diagnosis, and obstetric transfusions in their sisters.

Events in the first delivery

Second delivery

country of birth, and blood group.

No. of transfused (% of  (95% Cl)®
all)/not transfused
Any diagnosis of hemorrhage
No postpartum hemorrhage, no transfusion 8,029 (1.7)/458,950 1.0 (ref.)
Postpartum hemorrhage, no transfusion 998 (4.1)/23,612 2.4 (2.2-2.6)
No postpartum hemorrhage, with transfusion = 431 (8.7)/4,506 5.4 (4.9-6.0)
Postpartum hemorrhage, with transfusion 1,106 (8.7)/11,635 5.4 (5.0-5.8)
Specific types of hemorrhage
No postpartum hemorrhage, no transfusion 8,029 (1.7)/458,950 1.0 (ref.)
Atony, no transfusion 220 (5.1)/4,136 3.1(2.7-3.6)
Atony, with transfusion 546 (10.6)/4,608 6.7 (6.1-7.4)
Placental retention, no transfusion 280 (3.3)/8,154 1.9(1.7-2.2)
Placental retention, with transfusion 229 (7.4)/2,872 4.4 (3.8-5.1)
Laceration, no transfusion 74 (2.6)/2,790 1.4 (1.1-1.8)
Laceration, with transfusion 107 (5.1)/2,002 3.1(2.5-3.8)
Unspecified hemorrhage, no transfusion 80 (3.8)/2,044 2.3(1.8-2.9)
Unspecified hemorrhage, with transfusion 50 (7.2)/646 4.4 (3.3-6.0)
Delayed hemorrhage, no transfusion 10 (1.6)/608 0.9 (0.5-1.8)
Delayed hemorrhage, with transfusion 29 (6.1)/449 3.9(2.7-5.7)
Hemorrhage after cesarean, no transfusion 311(5.6)/5,279 3.3(29-3.7)
Hemorrhage after cesarean, with transfusion 185 (11.1)/1,487 6.8 (5.8-8.0)
Obstetric transfusions in sister
Overall 10,564 (2.1)
Female sibling with no transfusion in delivery 1,636 (2.1) 1.0 (ref.)
Female sibling with transfusion in delivery 146 (3.5) 1.8 (1.5-2.1)
No female sibling with delivery 8,782 (2.1) 1.0 (0.9-1.1)

a. Odds ratios adjusted for maternal age (spline), year of delivery (spline), BMI, hospital level,



6.2.2 Familial influence

Additionally, we observed a familial component (table 8). Women with a sister
who had received a transfusion during delivery were at moderately increased
odds of transfusion herself (aOR 1.8; 95% Cl, 1.5-2.1).

6.2.3 Risk factors for recurrent transfusion

Thus, women who were transfused in the first delivery had an increased baseline
risk of transfusion. We specifically examined risk factors for recurrence in the
stratum of women who had received a transfusion in a first singleton delivery
(table 9). Events such as the manual evacuation of the placenta (aOR 1.3; Cl 95 %,
1.2-1.5), retained placenta (aOR 1.4; Cl 95 %, 1.3-1.5), and caesarian section (aOR 1.4;
Cl 95 %; 1.2-1.6) increased the risk of new transfusion compared to women without
these complications. Similarly, recurrent transfusion was more likely in women
with a diagnosis of preeclampsia (aOR 2.2; Cl 95 %, 1.7-2.7), placenta previa (aOR
5.0; Cl 95 %, 3.8-6.7), other placental abnormalities (aOR 7.5; Cl 95 %, 3.8-6.7), and
preterm delivery (aOR 5.0; Cl 95 %, 3.8-6.7) in second delivery, compared to

women without such events.

Among women with iron deficiency anemia diagnosed before the second delivery,
we saw a modestly increased risk for recurrent transfusion (aOR 1.9; 95% Cl, 1.2-
3-3). However, the number of individuals in this analysis was small.

Table 9. Risk of recurrent red-cell transfusion at delivery in subsequent singleton deliveries in

women with red-cell transfusion in the first singleton delivery, in relation to gestational
comorbidity and events.

Second delivery ‘ Third delivery

Transfused (%) aOR (95% Cl)? Transfused (%) aOR (95% CI)?
Deliveries with transfusion 1,458 (8.6) - 204 (5.8) -

Comorbidity®?

Pre-eclampsia 83(16.0) 2.2 (1.7-2.7) 13 (8.7) 1.8 (1.0-3.3)
Gestational hypertension 17 (8.6) 0.9 (0.6-1.7) 4(9.8) 1.9 (0.7-5.6)
Gestational diabetes 44 (9.9) 1.2(09-17)  7(5.7) 1.1(0.5-2.4)
Iron-deficiency anemia 6 (13.6) 1.9 (1.2-3.3) 9 (20.0) 4.1(1.8-9.1)
Other anaemia 4(7.7) 1.7 (11-2.7) 5(10.2) 1.9 (0.8-1.5)

Prepartum factors®

Intrauterine fetal death 5(8.9) 0.9(0.3-2.3) 0(0.0) n/a
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In vitro fertilization 59 (13.5) 1.6 (1.2-2.1) 7(8.9) 1.8 (0.8-4.0)

Antepartum hemorrhage 15 (20.0) 2.3(1.2-4.8) 4(19.0) 2.8 (0.8-9.8)
Non-cephalic presentation 255 (10.9) 1.4 (1.2-1.5) 44 (9.8) 1.9 (1.4-2.8)
Placenta praevia 74 (31.5) 5.0(3.8-6.7) 14(29.2) 4.8 (2.2-10.2)
Placental abnormality 13 (43.3) 7.5(3.6-17.6) 5(62.5) n/a

Preterm delivery 136 (16.4) 2.4 (2.0-26) 24(12.0) 2.4 (1.4-3.9)
Post-term delivery 108 (10.6) 1.3 (1.0-1.6) 15 (8.3) 1.5 (0.8-2.6)

Intrapartum factors®

Dystocia 161 (15.1) 2.0(1.7-24) 10(10.) 1.8 (0.9-3.6)
Offspring weight >4500g 163 (12.9) 1.6 (1.3-1.9) 27 (9.9) 2.0(1.3-3.1)

Mode of delivery®

Spontaneous vaginal 922 (7.9) 1.0 (ref.) 127 (5.1) 1.0 (ref.)

Emergency cesarean 216 (16.1) 2.3(2.0-2.8) 37(18.4) 47 (3.1-7.2)
Planned caesarean 229 (6.9) 0.9(0.8-1.0) 36(4.9) 1.0 (0.7-1.5)
Instrumental 90 (14.9) 1.9 (1.5-24) 4(7.8) 1.7 (0.6-4.8)

Events in the previous delivery®
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Dystocia 499 (8.9) 1.1(1.0-1.2) 72 (5.9) 1.0 (0.8-1.4)
Manual exploration of the 533 (10.1) 1.3 (1.2-1.5) 81(7.2) 1.3 (1.0-1.8)

uterus

Retained placenta 521(10.4) 1.4 (1.3-1.5) 84 (7.7) 1.5 (1.1-2.0)

Postpartum hemorrhage 1,049 (8.5) 1.0 (0.9-1.3) 149 (5.8) 0.9 (0.7-1.3)
Cesarean 431(10.8) 1.4 (1.2-1.6) 71(6.4) 1.1(0.8-1.5)

Unassisted vaginal delivery 672 (7.9) 1.2 (1.1-1.3) 161(5.7) 1.2 (0.8-1.7)

a. aOR, odds ratio adjusted for maternal age at delivery, body mass index (BMI), hospital
level, year of delivery, country of birth, and blood group.

b. Variables are binary and non-cases act as reference.

Mutually exclusive variable.



6.3 Study I

In this cohort study of 1,043,713 women with 1,999,013 deliveries, 4.1% of the
women received at least one red-cell transfusion during childbirth.

6.3.1 Long-term risk of adverse outcomes

Relative to non-transfused women, those who were transfused experienced a
modestly increased long-term risk of certain autoimmune diseases (table 10). The
adjusted hazard ratios (aHRs) were 1.38 (95% Cl, 1.01-1.87) for SLE and 1.89 (95%
Cl, 112-3.21) for systemic sclerosis. The corresponding cumulative incidence
differences at 25 years of follow-up were 0.09% (95% Cl, 0.01to 0.18%) and 0.08%
(95% Cl, —0.01 to 0.10%), respectively. In contrast, the risks for NHL and RA were
not elevated (aHR 0.86; 95% Cl, 0.53-1.40 and 107, 95% Cl, 0.92-1.24,
respectively).

Table 10. Incidence rates, events per person-years, and unadjusted and adjusted cause-specific

hazard ratios for the diagnosis of NHL, SLE, systemic sclerosis, or RA in relation to red-cell
exposure during delivery.

Diagnosis group Incidence | Events/ Unadjusted HR | Adjusted HR®

rate? person-years (95% ClI) (95% Cl)

Non-Hodgkin lymphoma

Transfusion in delivery 4.0 17/420,460 0.93 (0.57-1.50) 0.86 (0.53-1.40)

No transfusion in delivery 4.6 540/11,805,084  1.00 (ref) 1.00 (ref)
Systemic lupus erythematosus

Transfusion in delivery 10.2 43/420,460 1.46 (1.07-1.98) 1.38(1.01-1.87)

No transfusion in delivery 7.0 824/11,805,084  1.00 (ref) 1.00 (ref)
Systemic sclerosis

Transfusion in delivery 3.6 15/420,460 2.05(1.21-3.45) 1.89 (1.12-3.21)

No transfusion in delivery 1.8 208/11,805,084 1.00 (ref) 1.00 (ref)
Rheumatoid arthritis

Transfusion in delivery 44.0 185/420,460 1.13(0.98-1.31) 1.07 (0.92-1.24)

No transfusion in delivery 39.5 4,666/11,805,084 1.00 (ref) 1.00 (ref)
a. Per 100,000 person-years.

b. Adjusted for maternal age (spline), year of delivery (spline), parity, blood group, birth origin,
BMI, smoking, smoking, snuff use, income, level of education, hospital level, mode of delivery,
and preeclampsia in any delivery.
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We found no overall risk of death associated with red-cell transfusion in delivery
(aHR 0.99; 95% Cl, 0.80-1.21).

6.3.2 Sensitivity and dose-response analyses

Sensitivity analyses were performed by stratifying according to the accumulated
number of transfused units, calendar period, mode of delivery, and the delay in

the start of postpartum follow-up (figure 6).

Among women receiving 1-2 units, the aHR for SLE was 1.25 (95% CI, 0.85-1.84),
whereas for those receiving three or more units, it increased to 1.66 (95% Cl, 1.01-
2.73). Similar patterns were observed for systemic sclerosis, with adjusted HRs of
1.83 (95% CI, 0.97-3.47) and 2.03 (95% Cl, 0.84—4.92), respectively. The point
estimates for the two exposure categories were statistically non-significant for

all outcomes.

Stratified analyses by calendar period revealed no clear temporal trends, and
interaction tests between time period and red-cell exposure were non-significant
for all outcomes. As expected, statistical power was lower in earlier years. Varying
the start of follow-up for each postpartum period had little effect on the adjusted
hazard ratios for NHL, SLE, and RA. However, for systemic sclerosis, initiating
follow-up immediately after childbirth yielded a higher hazard ratio (aHR 1.98; 95%
Cl, 119-3.30) compared to starting one or two years postpartum (aHR 1.66; 95%
Cl, 0.95-2.91, and aHR 1.51; 95% Cl, 0.82—-2.78, respectively).

Stratification by cesarean section did not materially affect the results for NHL,
systemic sclerosis, or RA. For SLE, the association was attenuated among those
with cesarean delivery (aHR 1.21; 95% CI, 0.71-2.05). Interaction tests between
red-cell transfusion and cesarean section were non-significant for all outcomes.
Excluding patients with preeclampsia had minimal impact on the results, and we
observed no significant interactions.

Overall, sensitivity analyses affirmed the primary results and suggested that
maternal red-cell transfusion during the peripartum period is modestly associated
with a long-term increased risk of certain autoimmune conditions.

46



Non-Hodgkin lymphoma

1-2 units

3 units or more

1987-1996

1997-2006

2007-2017

Follow-up starts at delivery

Follow-up starts the year after delivery
Follow-up starts two years after delivery
Caesarian deliveries

Vaginal deliveries

Excluding preeclamsia

Systemic lupus erythematosus
1-2 units

3 units or more

1987-1996

1997-2006

2007-2017

Follow-up starts at delivery

Follow-up starts the year after delivery
Follow-up starts two years after delivery
Caesarian deliveries

Vaginal deliveries

Excluding preeclamsia

Systemic sclerosis

1-2 units

3 units or more

1987-1996

1997-2006

2007-2017

Follow-up starts at delivery

Follow-up starts the year after delivery
Follow-up starts two years after delivery
Caesarian deliveries

Vaginal deliveries

Excluding preeclamsia

Rheumatoid arthritis

1-2 units

3 units or more

1987-1996

1997-2006

2007-2017

Follow-up starts at delivery

Follow-up starts the year after delivery
Follow-up starts two years after delivery
Caesarian deliveries

Vaginal deliveries

Excluding preeclamsia

Hazard ratios (95% CI)

-—

—a—

Ties

-

0.1

TR

Y S

L

L

Analysis

Exposure categorized*

Stratified by calendar yeart

Variation of start of follow-up

Stratified by mode of delivery

Excluding women with preeclamsia

Exposure categorized*

Stratified by calendar yeart

Variation of start of follow-up

Stratified by mode of delivery

Excluding women with preeclamsia

Exposure categorized*

Stratified by calendar yeart

Variation of start of follow-up

Stratified by mode of delivery

Excluding women with preeclamsia

Exposure categorized*

Stratified by calendar yeart

Variation of start of follow-up

Stratified by mode of delivery

Excluding women with preeclamsia

p-value

0.46

0.38

n/a

0.43

0.08

0.69

n/a

0.47

0.06

0.99

n/a

0.49

n/a

0.40

0.24

n/a

0.58

n/a

47



Figure 6. Adjusted hazard ratios from sensitivity analyses exploring the risk of a diagnosis of NHL,
SLE, systemic sclerosis, or RA in relation to red-cell exposure in delivery. All comparisons are in
relation to non-transfused women.

All analyses were, if applicable, adjusted for maternal age (spline), parity, blood group, birth origin,
early pregnancy BMI, smoking, smoking, snuff use, income, level of education, hospital level, year
of delivery (spline), delivery mode, and preeclampsia.

T Separate analyses of the effect of red-cell transfusion on disease outcome per subgroup
stratum, where no transfusion in delivery acts as reference (not shown).

* Categorization of the total number of red-cell transfusions into categories “no transfusion”
(reference, not shown), “1-2 units” or “3 units or more”.

6.4 Study IV

This cohort comprised 2,551,685 singleton deliveries in Sweden from 1985 to 2017,
of which 306,970 (12.0%) were to women who had previously donated blood.

6.4.1 Donor characteristics and baseline comparisons

Blood donors differed from non-donors across key characteristics. Donors were
more likely to be Swedish-born to Swedish parents (84.3% vs. 67.3%), older
(median age 32 vs. 30 years), had greater educational attainment (54.9% vs.
32.0% with >3 years of university education) and income (16.6% vs. 9.7% above
the 90th percentile). They also had slightly higher median BMI (24 vs. 23) and were
less likely to smoke. When comparing deliveries among recent donors (within five
years of delivery) to never donors, the donor offspring had a marginally higher
mean birth weight (adjusted estimate; 3,488 g vs. 3,454 g; mean difference 34 g;
95% Cl, 32-37 g), and the donor had lower odds of preeclampsia, preterm birth,
intrauterine fetal death, SGA infants, low offspring Apgar score, and maternal
transfusion.

6.4.2 Donation intensity and dose-response patterns

When we restricted the analyses to births from only donors, a dose-response
pattern emerged (table 11). Adjusted mean birth weights were gradually lower with
higher donation intensity: 3,613 g in women with 1-2 previous donations, 3,603 g
in women with 3-8 prior donations, and 3,585 g in women with >9 donations
within five years of delivery. We also observed increased odds of preeclampsia
(aOR 118; 95% CI, 1.06-1.31), preterm birth (aOR 1.33; 95% ClI, 1.22-1.45), and SGA
infants (aOR 117, 95% Cl, 1.03-134). For fetal demise, low Apgar scores,
postpartum hemorrhage, and maternal transfusion, point estimates for aORs were
above 1, but confidence intervals included the null.
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Table 11. Associations between the number of blood donations five years before pregnancy and
birth weight as well as with the risk of adverse delivery and neonatal outcomes.

Birthweight
difference, g
(95% CI)?

Birthweight, g
(95% Cl)?

Donations |Deliveries Birthweight, g
before (95% ClI)

pregnancy

Birthweight ~ 1-2 81,967  3,593(3,589-3597) 3,613(3,593-3633) 0.0 (ref)

3-8 86,584 3,565 (3,561-3568) 3,603 (3,583-3,624) +10 (4-16)

9+ 10675 3,477 (3,467-3487) 3,585 (3,563-3,607) +28 (17-38)

Deliveries Odds ratio Odds ratio
(% outcome) (95% Cl) (95% Cl)?

Preeclampsia 1-2 79,825 (2.8) 1.00 (ref) 1.00 (ref)

3-8 84,105 (3.0) 110 (1.04-1.17) 103 (0.97-1.09)

9+ 10,244 (4.3) 156 (1.41-1.73) 118 (1.06-1.31)
Delivery <37  1-2 78,456 (4.4) 1.00 (ref) 1.00 (ref)
weeks of 3-8 82,636 (4.7) 1.07 (1.02-1.12) 1.05 (1.00-1.10)
gestation

9+ 10,006 (6.5) 1.49 (1.37-1.62) 1.33 (1.22-1.45)
Fetaldemise  1-2 81,882 (0.3) 1.00 (ref) 1.00 (ref)

3-8 86,497 (0.3) 1.09 (0.91-1.30) 1.05 (0.88-1.27)

9+ 10,663 (0.3) 1.27 (0.89-1.81) 116 (0.81-1.66)
Small-for- 12 80,583 (1.8) 1.00 (ref) 1.00 (ref)
gestational 5 g 85,039 (2.0) 1.07 (1.00-1.14) 1.03 (0.96-1.11)
age infant

9+ 10,418 (2.6) 143 (1.26-1.63) 117 (1.03-1.34)
Apgar<7at5 12 81,171 (1.1) 1.00 (ref) 1.00 (ref)
minutes 3-8 85,794 (1.1) 0.97 (0.89-1.06) 0.92 (0.84-1.00)

9+ 10,533 (1.6) 1.38 (1.16-1.62) 112 (0.94-1.33)
Postpartum 1-2 76,168 (7.2) 1.00 (ref) 1.00 (ref)
hemorrhage 5 g 80,506 (7.2) 1.00 (0.96-1.03) 0.99 (0.96-1.03)

9+ 9,859 (7.9) 1.09 (1.01-1.18) 1.02 (0.95-1.10)
Peripartum  1-2 80,295 (2.2) 1.00 (ref) 1.00 (ref)
:::Z:c::on 3-8 84,791(2.3) 1.03 (0.96-1.09) 0.98 (0.92-1.05)

9+ 10,379 (3.0) 1.37 (1.22-1.55) 112 (0.99-1.26)

a. Adjusted for maternal age (spline), year (spline), BMI, parity, birth origin, smoking in early
pregnancy, level of education, income bracket, and hospital.



When modeling donations as discrete events, a similar pattern appears with lower
birth weight accompanying increasing donation intensity (figure 7). Compared to
women with only one donation in the previous five years, the relationship between
donations and birth weight was modest until approximately eight donations, at
which a visual inflection point may be perceived. The adjusted birth weight point
estimates for deliveries to a woman with 15 donations in the previous five years
were -74 g (95% Cl, -139 to -11 g) compared to deliveries to a woman with only

one donation in the same time frame.
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Figure 7. The difference in birth weight in relation to the number of whole blood donations within
five years before delivery, compared to women with only one previous donation.

Displaying unadjusted (blue line) and adjusted (red line) analyses. Adjustments for maternal age
(spline), year of delivery (spline), parity, body mass index (BMI), birth origin, smoking in early
pregnancy, level of education, income bracket, and delivery hospital.

6.4.3 Sensitivity analyses

Our secondary analyses aimed to evaluate the biological rationale and robustness

of the findings.

When comparing women with equal donation counts, those who donated
exclusively before delivery had considerably lower offspring birth weights than
those who only donated after delivery (figure 8). The difference increased with
the increasing intensity of donations. For example, the mean adjusted birth weight
of children born to women who exclusively donated blood 15 times before delivery
was 152 g lower (95% Cl, -244 to -60 g) than in children born to women who
exclusively donated blood 15 times after delivery. When comparing women who
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had only one donation before or after delivery, however, we found no meaningful
difference.
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Figure 8. The difference in birth weight in relation to the total number of donations before or after
delivery, comparing women with the same number of donations before and after delivery.

Displaying unadjusted (blue line) and adjusted (red line) analyses. Analyses were adjusted for
maternal age (spline), year of delivery (spline), parity, BMI, birth origin, smoking in early pregnancy,
level of education, income bracket, and delivery hospital.

Similar results were seen in models considering the risks of preeclampsia (aOR
1.70; 95% Cl, 0.65-4.47) and preterm birth (aOR 2.31; 95% Cl,1.07-4.97) for women
with 15 donations before delivery, as compared to those donating only after
delivery. No associations were observed for women who donated only once. There
were no clear associations of any risk increase of having an SGA infant or an infant
with an Apgar score of less than 7 at 5 minutes.

When restricting analyses to term pregnancies, we observed a slight attenuation
in the reduction in birth weight, indicating that the increased risk of prematurity
explains some of the effects of donations. However, since prematurity may be in
the causal chain, stratification introduces (collider) bias, and the result should be
interpreted with caution. Alternative parameterization of the spline variable as a
categorical variable did not substantially alter findings.
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7 Methodological considerations

The registers used in this thesis are robust, long-standing, comprehensive, and
have nationwide coverage, with minimal loss to follow-up. Their extensive size and
scope enable the study of rare exposures and outcomes with sufficient statistical
power, allowing for longitudinal follow-up of individuals over extended periods.

Our studies rely exclusively on data already present in these registers, thereby
limiting our analyses to the information that is recorded. In some instances, we
lack clinical or socioeconomic nuances. While prospective experimental designs
such as randomized controlled trials or primary data collection might offer more
granularity, they are impractical or ethically unfeasible for the research questions
addressed in this thesis.

7.1 Sources of error

In retrospective observational research, especially register-based cohort studies,
a central methodological goal is to approximate causal inference—an approach
rooted in the philosophical idea of estimating the effect of an exposure on an
outcome while accounting for confounding and bias (250-252). This involves
engaging with "theoretical counterfactuals,” by which we mean hypothetical
scenarios representing what would have happened to the same individual had
they not been exposed, assuming all other factors remained unchanged. These
counterfactuals underpin causal inference by providing a benchmark against
which observed outcomes are interpreted.

Because we cannot observe both the exposed and unexposed states in the same
individual, we aim to identify two groups that are sufficiently similar to allow for a
meaningful comparison. Adjustment helps reduce confounding, thereby making
the comparison more closely resemble the counterfactual scenario. However, we
do not live in this perfect counterfactual world. In this chapter, we address a
selection of possible sources of error that are particularly relevant to our research
questions. These include issues related to confounding, bias, misclassification,
and limitations inherent to the data sources used. For the specific limitations,
please refer to each study.
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7.11  Confounding

Confounding is a factor that distorts the relationship between the exposure and
the outcome, creating a spurious association or obscuring a true one. It should be
of significant concern in all retrospective observational health research (253,
254).

7111  Residual confounding

Residual confounding refers to the distortion of causality that persists even after
adjustment, often due to unmeasured confounding, misclassification, crude
measurement, or incomplete modeling (255). In study IV, we find that women who
donated blood within five years before delivery exhibited slightly better
outcomes than those who never donated—a pattern likely driven by residual
confounding, as a biologically protective effect of blood donation is implausible.
There may also be confounding within the donor population, as donors may not
be as comparable as we model them to be. In most studies of blood donors,
repeat donations seem most closely associated with good health (256), and
perceived or de facto health issues predict future donation behavior (257). Hence,
an active donor may differ profoundly from a lapsed donor in ways we do not
capture. In study IV, residual confounding due to these reasons is likely to have
led to underestimation rather than an exaggeration of any true association. The
remediation of such confounding requires a high level of suspicion and a plethora
of well-constructed analyses, each attempting to address the research question
from a different perspective.

7112  Confounding by indication

Confounding by indication occurs when the reason for receiving treatment (the
indication) is associated with the outcome, making it difficult to separate the
effect of the treatment from the underlying condition that prompted it (254). It is
particularly challenging in transfusion research. For example, red-cell transfusions
are associated with increased long-term morbidity and mortality in many disease
groups, such as esophageal cancer (258), major abdominal surgery (192), and
cardiac surgery (190, 191). However, since sicker patients are more likely to receive
transfusions and also more likely to experience poor outcomes, it is difficult to
disentangle the effect of the transfusion itself (193-195).
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Women who receive transfusions during childbirth are typically younger and
healthier than the general transfused population, offering a unique setting to
study immunologic outcomes with less background iliness. In study lll, we use this
assumption to minimize confounding from baseline health. However, there is still
a risk of confounding since transfused women often experience severe obstetric
complications such as massive hemorrhage, preeclampsia, or infection—
conditions that may themselves influence future immune function or increase the
risk of autoimmune disease independent of transfusion. As a result, any
association we observe between transfusion and later autoimmune disease might
partly reflect the underlying complication rather than the transfusion itself. While
we adjust for known risk factors, residual confounding may persist due to
unmeasured or imperfectly captured aspects of obstetric morbidity, which may

distort our risk estimates.

7.1.2 Biases

Bias refers to systematic errors in the design, data collection, analysis, or
interpretation of studies that lead to incorrect or misleading conclusions (252).
Unlike confounding, which involves distortion of an association due to a third
factor related to both exposure and outcome, biases directly impact internal
validity by introducing inaccuracies or misrepresentations in measurement or
selection processes. Internal validity reflects the degree to which the observed
associations in a study are trustworthy and free from systematic error.
Maintaining internal validity ensures that findings accurately reflect genuine
causal relationships rather than artifacts of bias. Only when internal validity is
reasonably assured can we consider the generalizability of the results—the extent
to which findings apply to other populations or settings.

7.12.1  Selection bias

Selection bias refers to systematic differences in characteristics between
individuals included in the study and those excluded, which can potentially lead
to results that are not representative of the target population (259). In the context
of all our studies, selection bias might arise due to differential registration
completeness or selective reporting across different hospitals, regions, or over
time. Moreover, individuals with certain health conditions or from specific
demographic groups may be systematically underrepresented or
overrepresented due to variations in healthcare utilization, documentation
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practices, or reporting accuracy. Such bias can impact the generalizability and
internal validity of the study findings. However, having nationwide registers and a
generally inclusive healthcare system alleviates these issues, especially when

compared to research from countries lacking such structures.

A classic example of selection bias is the "healthy donor effect.” Blood donor
selection criteria (medical history, hemoglobin screening, self-reported wellness)
create a distinctively healthier donor pool than the general population. The group
is more likely to engage in health-conscious behaviors, smoke less, and have
better access to healthcare (257, 260, 261). Active donors may self-select by
pausing their donations due to health issues, further intensifying selection bias.
Consequently, observational studies may report misleadingly beneficial health
associations of blood donations (221, 262) since these nuances are not captured
in study sources.

7.12.2 Information bias and misclassification

Information bias refers to systematic errors in the measurement or classification
of exposures, outcomes, or covariates. A key subtype is misclassification, which
occurs when individuals are incorrectly categorized. Misclassification can be non-
differential (equally likely across groups, usually biasing results toward the null) or
differential (where errors differ between groups, potentially distorting estimates

in unpredictable directions).

In our studies, non-differential misclassification is the most probable scenario. For
example, lifestyle factors such as smoking and BMI are often missing or
misreported, but the errors are unlikely to differ systematically between exposure
groups.

The use of registry data over more than three decades introduces other forms of
information bias. In study Ill, evolving diagnostic criteria for autoimmune diseases
and non-Hodgkin lymphoma may affect outcome ascertainment. These time-
related inconsistencies may systematically differ between periods but are
expected to be unrelated to exposure status (non-differential), which likely biases
the results toward the null. However, transfusion practices (including the
introduction of universal leukocyte reduction) have changed, potentially altering

exposure effects across different calendar periods. To address this, we adjusted
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for the calendar year and performed sensitivity analyses using interaction terms
and stratifying by periods.

In study II, we relied on registry discharge diagnoses to infer causes of transfusion
using a hierarchical classification. It may introduce misclassification, as we lack
clinical nuance, and multiple causes of bleeding may coexist. In some transfused
women with no hemorrhage diagnosis recorded, the reason might be
underreporting. The diagnosis of “anemia” at discharge also lacked specificity—it
may reflect pre-existing anemia, postpartum bleeding, or a combination,
complicating interpretation. Additionally, under-registration of mild or transient
conditions (e.g., iron deficiency, minor bleeding events) may underestimate their
contribution to transfusion recurrence.

The SCANDAT databases used in studies lll and |V were not nationwide prior to
1996, and early data may be incomplete in certain regions. Despite efforts to
harmonize data and exclude births with incomplete exposure ascertainment,
residual misalignment remains possible—another form of exposure
misclassification.

Finally, in study Ill, we excluded women who were transfused in non-obstetric
contexts. If these transfusions reflected early signs of autoimmune disease (e.g.,
anemia), this exclusion could lead to informative censoring and under-
ascertainment of outcomes. However, such transfusions were rare and unlikely to
substantially bias results in this relatively healthy cohort.

7.12.3  Surveillance bias

Surveillance bias is a specific type of information bias. It refers to a systematic
distortion in outcomes due to differences in monitoring, testing, or follow-up
intensity between exposed and non-exposed groups. In the context of study I,
surveillance bias could occur if women who experience significant postpartum
hemorrhage and receive transfusions subsequently undergo more frequent
medical assessments or inquiries, leading to an increased likelihood of earlier
diagnosis of conditions such as SLE.

7.12.4 Reverse causation

Reverse causation is a specific type of bias and measurement error in which the
outcome affects the risk of the exposure. Specifically, “protopathic bias” occurs
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when a treatment or exposure is initiated in response to early symptoms of a
disease that has not yet been diagnosed. For example, a study found that
individuals receiving red-cell transfusions within a year have a significantly higher
risk of developing solid and non-solid cancer than controls, a finding likely due to
precancerous conditions or undiagnosed disease (233).

In study lll, the premise is that most obstetric red-cell recipients are in otherwise
good health, especially compared to the average recipient of red-cell
transfusions. However, this is not necessarily true for all obstetric patients
receiving red-cell transfusions. Since inflammatory diseases have long latency,
obstetric complications may be an early sign of an underlying but undiagnosed
disease (263-265). For example, chronic inflammation due to an undiagnosed
disease may suppress hematopoiesis and lower hemoglobin levels, resulting in
anemia and increasing the likelihood of transfusion (266).

To mitigate protopathic bias, we initiated a follow-up with a six-month latency, as
it is unlikely that any causal link between autoimmune disease and transfusion
would manifest itself within half a year of birth. In such cases, reverse causation is
at least much more likely. Moreover, in randomly selected individuals, we also
manually reviewed the recorded diagnoses in the National Patient Register and
the Medical Birth Register to identify anomalies that might suggest an
undiagnosed disease in individuals later diagnosed with SLE and systemic
sclerosis. Although we did not find signs of irregularities or convincing evidence
of an increased risk for RA (a disease with similar features), reverse causation

remains a concern.

7.1.3 Power and random error

Statistical power refers to the ability to detect true associations, while random
error represents chance variation that reduces the precision of effect estimates.
Both power and random error are of particular concern when studying rare
exposures and outcomes, as in studies of red-cell transfusion during childbirth
and subsequent autoimmune disease (study Ill) or high-frequency blood
donation and uncommon pregnancy outcomes (study IV). Despite utilizing
nationwide registers with large overall sample sizes, the absolute number of some
events remains low, leading to wide confidence intervals and potentially limiting
the ability to detect modest associations. In our studies, this increases the risk of
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false-negative findings and renders less precise estimates, especially in subgroup
analyses. Accordingly, findings related to rare exposures or outcomes should be
interpreted cautiously.

On a philosophical note, even with nationwide data, we are not describing a finite
population but estimating parameters that may extend beyond the specific
dataset observed. The Swedish population could be viewed as a sample from a
theoretical infinite population. Confidence intervals, therefore, are essential due
to sampling variability and because they reflect uncertainties arising from model
assumptions, unmeasured confounding, and the theoretical counterfactuals
central to causal inference.
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8 Findings and implications

This chapter summarizes the main findings from the four studies presented in this
thesis, which we discuss in detail in the respective papers.

8.1 Patterns and trends in red-cell transfusion practice

Our study demonstrated a stable rate of obstetric red-cell transfusions in
Sweden between 2003 and 2017. The trend roughly aligns with observations from
the United States and Australia (125, 127). However, this overall stability masks an
internal shift: the proportion of low-volume transfusions (1-2 units) has increased
while the proportion of larger transfusions has declined. A similar pattern has been
observed in Switzerland (126). Thus, our findings do not support an increase in the
incidence of massive transfusions nationwide in Sweden, previously described in
the Stockholm region (104), which is reassuring. The overall proportion of patients
receiving transfusions remained consistent, although the number of units used
decreased over time (from 90 to 80 units per 1,000 deliveries). We may speculate
that these findings, taken together, reflect a general trend of reduced use of blood

products also being observed within the realm of obstetrics.

A surprising finding was the overall transfusion rate of 3 percent, which sets
Sweden apart and on the higher end among high-income countries. In studies,
baseline transfusion rates differ substantially between countries, ranging from 1
percent in the United States, Switzerland, and France to approximately 2 percent
in Australia (117, 126, 145, 267, 268). In the Nordic region, we also see substantial
variation despite similar health systems and clinical guidelines. In Denmark,
transfusion rates among low-risk primiparous were around 2 percent, increasing
to 3 percent among cesarean deliveries from 2001 to 2009, with variations
depending on obstetric risk categories (269). In Finland, national rates rose
slightly from 1.8 to 2.2 percent from 2006 to 2008, with some central hospitals
reporting rates of up to 4 percent (270). Norwegian data from 2011 to 2018
suggest lower transfusion rates—around 1 percent—though differing definitions
complicate direct comparisons (271). Although it is challenging to compare
transfusion rates, we believe our findings warrant further investigation into the
underlying factors that drive transfusion in obstetric patients in Sweden.
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Advanced maternal age is a recognized risk factor for adverse delivery outcomes
(272, 273), and our findings support the notion that it is also associated with a

non-linear increase in the probability of transfusion risk.

8.11 Appropriateness and timing

We did not aim to evaluate appropriateness at the individual level in this study.
However, our findings raise questions about overall patterns.

First, we see a predominance of two-unit transfusions. In fact, the use of two units
dwarfs that of single unit use (63 versus 4 percent, respectively), and we observe
a curious general tendency to use an even (2 or 4) rather than an odd (1 or 3)
number of red-cell units. Single-unit use is not always explicitly recommended in
guidelines (274), but studies on single-unit transfusion policies suggest that they
are effective and safe in the obstetric population (275, 276). If implemented on a
large scale, it may impact red-cell utilization more than lowering laboratory
thresholds for transfusion (237), effectively reducing blood product exposure.

Second, we observe that a significant proportion of transfusions occur on the
days following delivery. We cannot rule out late critical bleeding events or that the
first day after delivery is temporally close to the actual delivery (due to
restrictions in available data). However, it is reasonable to suspect transfusions in
anemic but hemodynamically stable patients, which may deviate from guidelines
and indicate redundant exposure to blood products.

8.1.2 Hospital variability

We observed considerable hospital variability in the proportion of deliveries in
which transfusions occurred, which remained after adjusting for maternal age and
parity. This variation, ranging from 20 to 54 transfused deliveries per 1,000, aligns
with previously mentioned international research showing significant variability in
obstetrics (96, 97) and non-obstetrics (141, 142) settings. Patterson et al. (2014)
examined hospital-level variation in obstetric red-cell transfusion rates across
New South Wales, Australia. The study found a fourfold difference between
hospitals, with 73 percent of the variation explained by differences in case mix,
obstetric interventions, and hospital characteristics—suggesting that clinical
practice and institutional factors significantly influence transfusion use (146). Our

findings underscore the need for continued efforts to review transfusion

60



practices locally and for follow-up research to understand better the factors that
drive variation between hospitals in Sweden.

In summary, Sweden shows stable but relatively high obstetric transfusion rates,
with a shift toward lower volumes and substantial hospital variation. These
patterns raise questions about the consistency and appropriateness of practice,

warranting further investigation.

8.2 Risk of recurrence of maternal transfusion during delivery

Our study demonstrated that a history of red-cell transfusion during delivery
potently predicts recurrent transfusion in subsequent pregnancies. Specifically,
women who received a red-cell transfusion during their first delivery had
markedly higher rates of subsequent transfusion than those without (8.7 versus
1.7 percent in the second delivery). It escalated further in women who experienced
transfusions in both their first and second deliveries, in which 15.5 percent were
transfused in the third delivery, corresponding to an aOR of 1.5 (95% CI; 7.9-16.6).

The findings were consistent with previous studies, showing elevated recurrence
risks for both postpartum hemorrhage and transfusion. Ford et al. (2007) found a
threefold higher risk of recurrence after one hemorrhage event, rising to fivefold
after two prior events, with an even greater risk (>11-fold) for severe hemorrhage
requiring transfusion (277). Similarly, Patterson et al. (2018) reported a nearly
fivefold increased risk of recurrent transfusion among women with a history of
transfusion during childbirth (278), findings echoed by Thams et al. in Denmark

(sevenfold increase in odds of recurrence) (279).

Specific obstetric risk factors influence recurrence risk, notably retained placenta,
which strongly predicts recurrent severe hemorrhage involving transfusions (159,
280). In our study, women with a previous diagnosis of postpartum hemorrhage
had increased odds of red-cell transfusion in a subsequent delivery, the risk being
notably higher among those who had received a transfusion during the first event.
The finding persisted across all major hemorrhage subtypes, including uterine
atony, placental retention, and lacerations, and was most pronounced when
transfusion had occurred alongside atony (aOR 6.7, 95% Cl 6.1-7.4) or cesarean
section (aOR 6.8; 95% Cl 5.8-8.0). Our study aligns with those of Oberg et al.
(2014) (156), who reported an overall increased recurrence risk across

hemorrhage types but differed from Linde et al. (280), who found that recurrence
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risk varied significantly depending on the underlying cause, with the highest risks
associated with dystocia, retained placenta, and atony.

8.2.1 Beyond hemorrhage, other variabilities

We found that women with comorbidity, especially hematological abnormalities,
were transfused to a larger extent than the general population. While most women
entering pregnancy are healthy, this finding communicates the importance of
considering baseline risk in parturients with comorbid conditions in clinical

management (153).

We also found that the overall risk of recurrent transfusion in the second delivery
was similar in women regardless of previous diagnosis of hemorrhage. The finding
aligns with Patterson et al. (2018), who found that a woman with red-cell
transfusion in first birth and absent diagnosis of postpartum hemorrhage was as
likely to be transfused in second birth and at increased risk of adverse outcomes
(e.g. isoimmunization) (278). In our material, approximately more than 7 out of 10
transfused women also had a diagnosis of postpartum hemorrhage. Although we
cannot rule out misclassification, it may signal that prior transfusion without
recorded hemorrhage marks underlying vulnerabilities—possibly related to iron
stores, coagulation, or vascular factors—predispose to recurrent hemorrhage
(150, 161).

Women transfused in the first delivery with subsequent diagnosis of iron
deficiency anemia were at an increased risk of recurrent transfusion in the second
delivery (aOR 1.9, 95% ClI; 1.2-3.3). The absolute numbers were small and likely did
not accurately reflect the true prevalence. Combined with the limitation that we
lack the indication of transfusion (which may have been influenced by prepartum
conditions), this exacerbates the risk of underestimating the influence of iron
deficiency anemia on the outcome. However, iron deficiency, with or without
anemia, stands out as a modifiable risk in practice and one in which a predelivery
intervention may alter the chain of causality, resulting in postpartum anemia with
or without the need for transfusion. The finding that women with a transfused
sister had an increased risk (aOR 1.8, 95% CI; 1.5-2.1) supports the notion that
familial or heritable factors may contribute to a persistent biological or possibly
genetic predisposition (156, 281, 282).
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Additionally, clinical practices vary at the hospital level, as demonstrated in study
I, and this may contribute to variability in recurrence rates across hospitals.
However, we did not assess inter-hospital differences in the present study,
although this is an interesting topic for further investigation.

In summary, women who have received a prior transfusion during delivery are
significantly more likely to require a transfusion in their subsequent delivery than
non-transfused parturients, regardless of the indication for the initial transfusion.
Thus, she should be subject to meticulous pre-delivery planning in any
subsequent pregnancy to avoid blood loss and allogeneic blood product

exposure, including the addressing of any modifiable risk factors.

8.3 Long-term disease risk after red-cell transfusion in
childbirth

Our study demonstrated study that red-cell transfusions during childbirth are
associated with a modestly increased long-term risk of developing SLE and
systemic sclerosis, with no apparent association with RA or NHL. The adjusted
hazard ratios were 1.38 (95% Cl, 1.01-1.87) for SLE and 1.89 (95 % CI, 1.12-3.21) for
systemic sclerosis—and the findings persisted through sensitivity analyses,
although the absolute cumulative incidence differences at 25 years were minor.
Previous investigations speculate that transfusion-related immunomodulation
and the persistence of foreign cells can influence immune responses in the long
term (177, 283). Our findings may support the hypothesis that the
immunomodulatory effects of transfusion contribute to the development of

autoimmune conditions in susceptible women.

8.3.1 Autoimmune diseases

Investigations into the long-term associations between red-cell transfusions and
autoimmune diseases or malignancies have yielded mixed results. Rogers et al.
(2012) followed 4,721 women over approximately 15 years and found a nearly two-
fold increase in autoimmune diseases (including RA, SLE, and Sjégren’s syndrome)
among previously transfused women (incidence rate ratio [IRR] ~1.9; 95% CI, 1.4—
2.7) (176). One Swedish case-control study, using regional data from southern
Sweden on females (2002), reported an uncertain association between prior
transfusions and SLE (OR 2.3; 95% CI, 0.9-5.8) (201). In a similar study design,
Symmons et al. (1997) identified notably increased odds specifically for RA among
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transfused individuals (OR 4.8; 95% Cl, 1.3-18), although the study also highlighted
smoking and obesity as concurrent risk factors (284). In contrast, Cerhan et al.
observed no increased risk of RA associated with prior transfusion in a
prospective cohort study of older women (relative risk [RR] 0.72; 95% ClI, 0.48—
1.08), illustrating inconsistent evidence that may be due to differences in study
design or population (199).

Our null finding on the risk of RA after red-cell transfusion in this large-scale
database with robust exposure and outcome data recording is reassuring. Less
reassuring is that the increased risk of SLE seems consistent within our analyses.
As previously mentioned, we acknowledge that there is an inherent risk of
protopathic bias in that undiagnosed SLE at the time of delivery may affect the
risk of exposure to blood products. It could be argued that this risk is also present
in RA, but SLE is usually diagnosed at an earlier age than RA (ages 45 versus 70)

(185, 187), which may exacerbate the risk of reverse causation.

8.3.2 Microchimerism and risk of systemic sclerosis

Microchimerism—persistent donor cells within the recipient's circulation—has
been documented in transfused trauma patients (285) and specific pediatric
populations (286). The phenomenon is seen naturally following pregnancy, with a
bi-directional flow of cells through the umbilical cord, and fetal cells may circulate
in the mother after decades (287). Its role in the etiology of autoimmunity has
sparked scientific interest (288-290), notably so after the finding that women
with systemic sclerosis exhibit male fetal DNA in blood and skin to a significantly
higher degree compared to healthy controls (291, 292). Postpartum transfusions
potentially exacerbate immune reactions by adding a source of foreign cells and
antigens. One hypothesis is that the pregnancy state skews the mother’s
immunity toward tolerance (to protect the fetus), which might initially dampen
reactions to transfused cells. However, as this tolerance wanes after delivery,
abnormal immune responses may emerge. Although theoretically plausible, stable
donor-derived microchimerism post-transfusion has not been demonstrated in
obstetric patients (293).

Our study found a small but consistently increased risk of systemic sclerosis
following red-cell exposure. However, we found the risk to be vulnerable to
modulation in follow-up, with a longer latency followed by an attenuated risk. Also,

64



anemia often accompanies systemic sclerosis (264). Thus, similarly to SLE, one
must consider the risk of reverse causation and confounding.

8.3.3 Non-Hodgkin lymphoma risk

Around the turn of the century, researchers observed a rise in the incidence of
non-Hodgkin lymphoma (294-296). Blood transfusions were implicated in some
materials, but populations and designs were heterogeneous, and many studies
yielded null findings (297-300). Of particular interest in this thesis is a Swedish
cohort study by Anderson et al. (1998), which examined postpartum transfusions
and their associations with NHL. They found no increased incidence of NHL among
transfusion recipients compared to non-recipients (301). However, a more recent
meta-analysis by Cerhan et al. (2019), pooling results from 14 studies, reported a
slight overall increased risk for NHL associated with transfusion history (RR ~1.2),
particularly in cohort studies (RR ~1.34), suggesting that transfusions might
modestly influence lymphoma risk (302). In the present study, we found no
palpable relationship between the risk of NHL after red-cell transfusion, which is
comforting. However, long-term follow-up and excellent coverage, we had limited

power to detect differences between groups.

Lastly, we found no increased risk of death associated with transfusion in
childbirth (aHR 0.99; 95% CI, 0.80-2.21), underscoring that the transfused
obstetric patient differs systematically from the typical transfusion recipient
(198).

In summary, we found small but persistent associations between the later
diagnosis of systemic sclerosis and SLE and red-cell transfusion during childbirth.
No such associations were perceived for RA and NHL. It is prudent to explicitly
refer to these findings as “associations” rather than implying evidence of causal
pathways, as more studies of robust methodology are needed to confirm the
findings.

8.4 Consequences of blood donations prior to delivery

Our study demonstrated several important findings relevant to the health of
female blood donors. First, we observed a pronounced healthy donor effect,
where donors had more favorable pregnancy outcomes than non-donors, even
after adjusting for multiple confounders, which strengthens the hypothesis that
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the “healthy donor effect” applies to this population. Second, higher donation
intensity was consistently associated with adverse pregnancy and offspring
outcomes when the analyses were restricted to donors only. When comparing
births to women with different donation frequencies (29 vs. 1-2) in the five years
before delivery, we found an increased risk of preeclampsia (aOR 1.18; 95% C|,
1.06-1.31), preterm birth (aOR 1.33; 95% Cl, 1.22-1.45), and SGA infants (aOR 1.17;
95% Cl, 1.03-1.34) and lower birth weight. Importantly, continuous dose-response
models revealed a threshold-like effect: birth weight declined gradually with

donation frequency but more steeply after approximately eight donations.

8.4.1 Blood donors and pregnancy outcomes

Depleted iron stores are common among female premenstrual blood donors (206,
207, 303). Given the essential role of iron in pregnancy and fetal development,
there is legitimate concern that frequent blood donations prior to pregnancy and
childbirth could adversely affect maternal and neonatal health.

However, existing studies thus generally report neutral or positive associations
between pre-pregnancy blood donation and maternal and neonatal outcomes.
For instance, studies from Canada and China reported no increased risk of
adverse pregnancy outcomes among donors compared to non-donors (219, 304).
Similarly, our results also suggest a lower risk of delivery complications among
donors compared to never donors. However, we attribute this to underlying health
and socioeconomic status differences.

When comparing donors alone, the findings are more nuanced. Germain et al.
(2016) found no important difference in birth outcomes for donors with low to
moderate frequency two years prior to birth (220). Two Danish studies further
explored outcomes related to neonatal health and scholastic attainment. While
high-frequency blood donation was mildly associated with a lower birth weight in
a dose-response pattern in nulliparous women, the overall distribution of birth
weight and the risk of low birth weight were not adversely impacted (218).
Offspring of blood donors displayed slightly better scholastic attainment than
non-donors, with no difference observed between high- and low-frequency
maternal donation (217).

Our study builds upon and extends evidence from prior research by involving

multiparous women and allowing for analyses at both extremes of donation.
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Furthermore, we contribute a novel analysis comparing delivery outcomes for
parturients with the same number of donations but varying timing in relation to
delivery. We found that women who exclusively donated blood 15 times before
delivery gave birth to infants with a mean weight 152 g lower (95% Cl, -244 to -60
g) than those who donated the same number of times exclusively after delivery.
Similar timing-related differences were observed for preterm birth (aOR 2.31; 95%
Cl, 1.07-4.97) and preeclampsia (aOR 1.70; 95% CI, 0.65-4.47), while no such
patterns were evident for women with only one donation. The findings thus
support a biologically plausible mechanism—likely related to donation-induced
iron depletion—beyond residual confounding from healthier donor

characteristics.

8.4.2 Consequences of current blood donation practices

In Sweden, female blood donors are permitted to donate up to three times per
year, and ferritin levels are routinely measured at first donation (214). Additionally,
Sweden provides comprehensive, free-of-charge antenatal care, ensuring early
identification and management of pregnancy complications and comorbidities. If
we observe the effects of blood donation or transfusion on maternal or neonatal
outcomes within our robust healthcare system, it would be of particular interest
to examine these associations in other settings, such as the United States, where
donation frequency can be as high as six times annually for women. Additionally,
its antenatal care system is less comprehensive, which may lead to increased

risks of unrecognized or unmanaged complications.

Successful attempts with individual-based ferritin-guided blood donation have
been demonstrated in Denmark and the Netherlands (212, 216), but no universal
implementation exists. In Sweden, blood donors receive iron supplements with
varying adherence, and the use of ferritin as guidance for regular donors is a
matter of local protocol. While observed effect sizes in our study are modest, they
are consistent, dose-dependent, and most pronounced in high-intensity donors.
At the population level, such shifts may contribute meaningfully to neonatal
morbidity and maternal risk in specific subgroups. Further investigation of these
findings seems urgent, preferably through studies addressing the “"healthy donor
effect” through sophisticated conditional regression models, applying within-
between subject methodology.
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9 Conclusions

This thesis examines the use, outcomes, and long-term implications of red-cell
transfusion. We believe that the four studies collectively contribute to a deeper
understanding of contemporary transfusion practices, recurrence patterns,
potential long-term risks, and the consequences of pre-pregnancy blood
donation.

Study I. Overall, the rate of red blood cell transfusions during delivery in Sweden
remained stable at approximately 3 percent from 2003 to 2017. However, notable
shifts were observed toward increased low-volume transfusions and decreased
use of higher-volume transfusions. The two-unit transfusion dominates, and a
large proportion of units are transfused the days after delivery. Significant and
persistent hospital variability was evident even after standardizing for maternal
risk factors. These findings highlight potential inconsistencies in clinical decision-
making and underscore the need for further research to elucidate these
differences.

Study Il. A prior obstetric transfusion strongly predicts recurrence, with
transfused women exhibiting a fivefold increased risk of needing transfusion again
in subsequent deliveries. Notably, this heightened risk persists even in the
absence of documented hemorrhage, indicating underlying vulnerabilities.
Additional factors, including placental abnormalities and familial predisposition,
further elevate the recurrence risk. These findings underscore the importance of
individualized pre-delivery risk assessment, intensified surveillance for women at
risk, and proactive management of iron deficiency and other correctable or
modifiable risk factors in subsequent pregnancies.

Study lll. Red-cell transfusion at childbirth was associated with a modest but
consistent increase in long-term risk for specific autoimmune diseases, notably
SLE and systemic sclerosis. No similar increase was observed for RA or NHL.
Although these findings represent minor absolute risk differences, they highlight
the inherent challenges in assessing transfusion safety, particularly in detecting
subtle immune-mediated effects. Continued vigilance and further research into
the immunological consequences of transfusions are crucial to inform clinical

decision-making more effectively.
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Study IV. Frequent blood donation before pregnancy was associated with modest
but consistent increases in adverse pregnancy outcomes, including higher risks
of preterm birth, preeclampsia, and lower offspring birth weight, particularly
among women donating nine or more times in the five years preceding pregnancy.
These outcomes likely reflect depleted maternal iron stores, emphasizing the
importance of reviewing current blood donation safety guidelines. Specifically,
donor management policies for reproductive-age women may require revision. It
is the responsibility of blood-collecting organizations to incorporate measures
such as routine iron status screening or longer intervals between donations to
protect maternal and neonatal health.
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10 Points of perspective

The results presented in this thesis offer several avenues for further research and
clinical development.

First, whether red-cell transfusion rates have truly plateaued in Sweden warrants
closer attention. While our findings suggest increased restraint in transfusion
volumes, closer adherence to guidelines may further reduce the use of blood
products. A more detailed examination of hospital-level variability in transfusion
rates would also serve an important purpose. Future work should incorporate
refined case-mix adjustment, measures of obstetric hemorrhage severity, and
institutional practices to better identify whether observed differences reflect
appropriate clinical management or inconsistent adherence to guidelines. If
confirmed, such variability would motivate systematic audits, guideline

harmonization, and quality improvement efforts with a focus on equity.

Second, the consistent finding that a history of transfusion is a strong predictor
of recurrence, in ours and other studies, underscores the need for targeted
interventions for women with transfusions in delivery. In more granular data, it
would be interesting to explore whether modifiable transfusion-related risk
factors, foremost iron deficiency and anemia, also tend to recur, as they may be
targets for intervention. Moreover, trials investigating whether active,
individualized management plans for previously transfused women can reduce
the likelihood of recurrence would provide a clear patient benefit.

Third, our findings on the risk of autoimmune disease after transfusion illustrate
the methodological challenges of researching long-term immunological
complications. While we found a small increased risk of SLE and systemic
sclerosis, causal inference remains limited by confounding and uncertainties in
temporality. Nonetheless, our study represents one of the most comprehensive
attempts to examine autoimmune risk following obstetric transfusion, utilizing
extensive epidemiological data, and provides a valuable foundation for more
targeted immunological investigations.
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Finally, the observed association between frequent blood donation and adverse
pregnancy outcomes raises critical questions for donor policy. Further
investigation is urgently needed, utilizing complementary approaches such as
within-individual designs, sibling comparisons, paternal donation as a control, and
long-term follow-up of offspring, including cognitive outcomes. However, even
the mere suggestion of harm from blood donations must be dealt with promptly.
Organizations responsible for donor recruitment and communication must take
an active role in ensuring that potential reproductive risks are clearly conveyed
and proactively managed.

In sum, these efforts may contribute to safer, more equitable maternal care.
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12 Use of generative Al

The Al-assisted tool ChatGPT (OpenAl, GPT-4, version June 2024) was used
during the preparation of this comprehensive summary (“kappa”) to ensure
consistency in language and terminology. All content was critically reviewed and
edited by the author to ensure accuracy, relevance, and appropriate tone.

| take full responsibility for the content of the “kappa”/comprehensive summary
of the thesis.
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