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Arsaker til og konsekvenser av liten fodselssterrelse
Mors glukosetoleranse og vitamin Bl2-konsentrasjon i svangerskapet, o0g senere
hjernevolumer og kognitive evner hos barnet

Liten fodselsstorrelse kan vare forarsaket av darlig vekst i fosterlivet eller tidlig fedsel. Lav
fodselsvekt og for tidlig fedsel er pa verdensbasis arsak til naer halvparten av alle barnededsfall
de forste 28 dagene etter fodselen. I tillegg kan liten fodselsstorrelse ha konsekvenser senere i
livet, for eksempel reduserte kognitive evner. Men nér er et nyfedt barn for lite? Noen barn kan
vere fodt naturlig smé (for eksempel fordi foreldrene ogsa er sma), mens andre barn er fodt
mindre enn de skulle ha blitt. Sistnevnte betegnes ofte hemmet fostervekst. Mélet med denne
avhandlingen var & utforske noen arsaker til og konsekvenser av liten fedselsstorrelse. Vi
studerte to potensielle arsaker til liten fodselsstorrelse: mors glukosetoleranse og nivdet av
vitamin B12 (B12) i mors blod i svangerskapet. Vi studerte ogsd sammenhengen mellom
vekstmensteret i fosterlivet og barnets kognitive evner og hjernevolumer.

Farste artikkel i avhandlingen var basert pa data fra en skandinavisk observasjonsstudie
av gravide kvinner. Veksten til fosteret ble beregnet ved hjelp av repeterte ultralydmalinger i
andre og tredje trimester, og i tredje trimester ble ogsa mors glukosetoleranse vurdert. Til
sammen 855 kvinner ble inkludert i studien. Vi fant en tendens til redusert fostervekst hos
gravide kvinner med hey glukosetoleranse. Disse kvinnene fodte ogsa slankere barn, men med
tilsvarende fodselsvekt, sammenliknet med barna fedt av de evrige kvinnene.

Barn fedt av kvinnene i den skandinaviske observasjonsstudien ble fulgt opp etter
fodselen. Barnas kognitive evner ble vurdert ved fem og ni érs alder, og hjernevolumer ble malt
ved 15 éars alder. Andre artikkel inkluderte 83 barn fodt SGA til termin (“liten for
svangerskapslengde” (engelsk “’small-for-gestational-age™)), det vil si de 10% med lavest
fadselsvekt for sin svangerskapslengde, samt 105 ikke-SGA barn. Basert pa ultralydmalinger i
svangerskapet paviste vi hemmet fostervekst blant 13 barn i SGA-gruppen, mens 36 barn viste
ingen tegn til hemmet fostervekst. Vi fant at barn fodt SGA pa grunn av hemmet fostervekst —
men ikke de som ble fodt SGA uten veksthemming — gjorde det dérligere pa kognitive tester
ved fem og ni ar, og hadde mindre volum av hjernestrukturen thalamus og lillehjernens
hvitsubstans, sammenliknet med barn fodt med normal fedselsvekt.

Siste artikkel i avhandlingen er en systematisk oversiktsartikkel hvor vi vurderte
hvordan mors nivd av vitamin B12 i svangerskapet henger sammen med lengden pa
svangerskapet og barnets fadselsvekt. Kvalifiserte studier delte individuelle pasientdata. Tjueto
kvalifiserte studier ble identifisert, hvorav 18 ble inkludert i meta-analysen (11,216 graviditeter,
94% av alle kvalifiserte graviditeter). Vi fant at B12-mangel hos gravide var knyttet til en okt
risiko for tidlig fedsel og & fode barn med lav fodselsvekt, men ikke SGA-fodsel.

Denne avhandlingen finner at gravide kvinner med hey glukosetoleranse kan ha en okt
risiko for a baere fostre med suboptimal vekst. B12-nivéet i mors blod, derimot, ser ut til a
vare assosiert med lengden pa svangerskapet, men ikke fostervekst. Risikoen for redusert
kognitiv funksjon og mindre hjernevolumer i barndommen ser ut til & vaere storre hos barn
fodt sma pa grunn av hemmet fostervekst enn hos evrige barn fodt sma.
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Veiledere: Kari R. Risnes (hovedveileder), Geir W. Jacobsen (biveileder) og Marit P.
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Summary

Small size at birth may be caused by restricted fetal growth or preterm birth. Each year, preterm
birth and low birth weight (LBW) cause roughly half of the 2.9 million neonatal deaths globally.
Additionally, small birth size has been associated with long-term outcomes such as all-cause
mortality and reduced cognitive function. But when is a newborn too small? Some newborns
may be physiologically small (e.g. small parents), while others are born small due to a
pathological process. The latter is often referred to as fetal growth restriction (FGR). The aim
of this thesis was to explore some potential causes and consequences of small birth size. We
studied two potential causes of small birth size: maternal glucose tolerance and vitamin B12
(B12) levels in pregnancy. We also studied the association between fetal growth pattern and
offspring cognitive function and regional brain volumes.

The first paper in this thesis was based on a large, long-term follow-up study in
Scandinavia. The population was enriched with women at an increased risk of giving birth to a
child with LBW. Ultrasound measurements were used to estimate fetal growth in the second
and third trimesters, and an oral glucose tolerance test was performed in the third trimester. The
difference between the two-hour and fasting blood glucose values was labeled delta (A) glucose.
A total of 855 women were included in the study. We found that the most glucose tolerant
women, identified by a low A glucose, were associated with an increased risk of carrying fetuses
with suboptimal growth. These women also gave birth to thinner newborns, but of similar
weight, compared with the other women.

Offspring of the women followed in the Scandinavian study were followed after birth.
Cognitive function was assessed at five and nine years of age, and regional brain volumes were
estimated at age 15 years. The second paper included 83 children born small-for-gestational-
age (SGA; birth weight <10™ percentile) at term and 105 non-SGA children. Based on serial

ultrasound measurements, 13 children in the SGA-group were classified as FGR (SGA-FGR)
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and 36 were classified as non-FGR (SGA non-FGR). We found that children born SGA due to
FGR (SGA-FGR) — but not those born constitutionally small (SGA non-FGR) — had impaired
performance intelligence quotient scores and smaller thalamic and cerebellar white matter
volumes compared with controls.

The last paper in this thesis is a systematic review where we evaluated the association
between maternal vitamin B12 blood levels in pregnancy and newborn birth weight and length
of gestation. Eligible studies provided individual patient data (IPD), and when IPD could not
be provided, relevant estimates from individual studies were included in the analyses. Twenty-
two eligible studies were identified, of which 18 were included in the meta-analysis (11,216
pregnancies; 94% of all eligible pregnancies). B12-deficiency in pregnancy was associated with
an increased risk of preterm birth and LBW, but not SGA. The increased risk of preterm birth
among B12-deficient women was similar in high-income countries and low- and middle-
income countries.

This thesis suggests that pregnant women who have a high glucose tolerance may have
an increased risk for carrying fetuses with suboptimal growth. Vitamin B12, however, seems
to be associated with the length of gestation, but not fetal growth. The risk of reduced cognitive
function and smaller regional brain volumes in childhood and adolescence seems to be higher

among children born small due to restricted fetal growth than in other children born small.
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1. Introduction

1.1 Perspective

“We are beginning to identify processes that link fetal and infant growth with cardiovascular

disease. [ ...] Its [fetal growth failure] causes are unknown, but maternal nutrition is an obvious
ol

suspect.

David Barker, 1990

With what has later been coined the “fetal origins hypothesis”, Barker linked the fetal milieu
and birth weight with later chronic diseases. Weight at birth is a result of how well the fetus has
grown, and for how long. Birth weight is the common denominator in this thesis, and is both a
sensitive marker of maternal and fetal health during pregnancy,” and an important predictor of

later morbidity and mortality.® This thesis will cover examples of both aspects (Figure 1.1).

Mother » Offspring

Antenatal
factors

Long-term
outcomes
Birthweight ) |  ______ R

Figure 1.1 Perspective of thesis. The association between glucose and birth weight, and vitamin B12 and birth
weight, will be addressed in Paper I and Paper 111, respectively. Birth weight in relation to brain volumes and
cognitive function will be addressed in Paper I1.

Maternal nutrition prior to and during pregnancy is important for maternal, fetal, and child
health outcomes, including birth weight.* Nutrient intake prior to and during pregnancy may

directly affect both the fetal growth pattern and the length of gestation.* In terms of fetal well-
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being, maternal nutrient intake is not equivalent to fetal availability of nutrients. For instance,
reduced placenta function may lead to poor availability of nutrients to the fetus despite high
intake.” While “nutrition” encompasses a vast range of constituents, e.g. fatty acids,
carbohydrates and micronutrients, this thesis will focus on two nutrients; glucose and vitamin
B12 (B12; Figure 1.1). The former has been extensively addressed in the setting of increased
availability to the fetus related to metabolic disorders in the mother, such as gestational diabetes
mellitus (GDM).® Low glucose levels in the mother could potentially influence fetal nutrition,
but this has been less evaluated. The association between low blood glucose and fetal growth
is the topic in Paper I. Scarcity of vitamin B12 is common during pregnancy:’ Its consequences
in terms of fetal growth and length of gestation, though, are unknown, and were addressed in
Paper I111.

Birth weight is a key determinant of later morbidity and mortality.® While low birth
weight (LBW) is strongly correlated with later adverse outcomes on a population level, the
correlation is not that strong on an individual level.®* Two newborns of the same weight may
have very different risks of later chronic diseases. This could potentially be explained by factors
contributing to the weight at birth. A more refined definition of suboptimal birth weight may
be warranted. This was explored in Paper II, with cognitive function and brain volumes in
childhood and adolescence as the outcomes of interest (Figure 1.1).

The research from which we generate new hypothesis and make clinical decisions vary
in both design and reliability. The ideal setting to draw conclusions on causality is a trial where
patients are randomized to receive ecither a new treatment or the current best treatment.
However, this design may be inappropriate in many settings, e.g. smoking exposure in relation
to lung cancer. In these settings, observational studies are warranted. Furthermore, as it is not
uncommon — and indeed implicit in the framework of falsifiability in scientific research — that

individual studies are contradicting, synthesis of the state of current knowledge is important.
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Well conducted syntheses are arguably the best source of evidence.” The understanding of how
to conduct and interpret different types of epidemiological studies is becoming increasingly
important for the public health researcher. This thesis is based on two observational studies,

Papers I and 11, and a systematic overview of multiple observational studies, Paper I11.

1.2 Context

There are 15 million preterm births and 20 million LBW births globally each year:'® In Norway,
in 2014, the respective numbers were 3,294 (5.6%) and 2,914 (4.9%)."" The greatest burden of
newborns born small is found in South Asia (up to 40%), while rates of preterm births are
highest in Africa (up to 18%)."° Of the 2.9 million neonatal deaths globally, 1 million deaths
are estimated to be directly caused by preterm birth, and an additional 0.5 million indirectly
caused by preterm birth (mainly infections)."

The Millennium Development Goals were just concluded, and were aimed at reducing
the under-five year mortality rate by two thirds from 1990 to 2015." We are now entering the
era of the Sustainable Development Goals (SDGs), with the ambition of further reducing the
under-five year mortality from 43 per 1,000 live births in 2015 to 25 per 1,000 live births in
2030. The UN Inter-agency Group for Child Mortality Estimation estimates that the proportion
of under-five year deaths constituted by neonatal deaths will increase from 45% in 2015 to 52%
in 2030."

As preterm birth and LBW cause half of all neonatal deaths worldwide, prevention of
these pregnancy outcomes is key in order to reduce neonatal mortality and reach the SDGs.
Low newborn weight is also important for later all-cause mortality.” Still, it is unclear whether
it is the birth weight per se or the fetal growth pattern leading up to the final weight which is

important.
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1.3 Evidence-based medicine
The eager medical student is early on faced with details about frequencies of diseases and the
effects of specific drugs; numbers and statements perceived as facts. After the introduction of
confidence intervals somewhat later in the education, the “truth” is challenged with a sense of
uncertainty. Alas, with increasing knowledge and experience on the rational, conduct and
interpretation of medical research, the once comprehensible science of medicine has been
thrown into disarray. When the student stumbles upon a quote by the influential epidemiologist
J. Toannidis that “it can be proven that most claimed research findings are false”,"> our
physician-to-be is already in deep thoughts about an alternative career as mathematician.

Evidence-based medicine (EBM) is “the integration of the best research evidence with
our clinical expertise and our patient’s unique values and circumstances”.'* EBM also includes
guidelines and health policy decision-making. The practice of EBM has been divided into
several steps: asking the right question, finding the evidence, appraising the evidence,
integrating the evidence into clinical practice, and evaluating its effectiveness.”” However
intuitive it may sound that decisions should be “evidence-based”, there are discrepant opinions
of what “evidence” is. There are many sources of information, and learning how to critically
read studies is becoming increasingly important for clinicians.'® Even Norwegian physicians
have a way to go to become proficient in EBM."

As will be discussed in this section, most research may be wasted, and there is often a
gap between the evidence at hand and how medicine is practiced. Encouragingly, efforts are
being made to solve these issues. One of the proposed solutions is the conduct of systematic

reviews such as Paper 11 of this thesis, and will be discussed in more detail.
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1.3.1 Research waste

Discouragingly, it has been estimated that 85% of medical research may be wasted.'® Some of
the factors contributing to this waste of research are that the wrong research questions are being
addressed (e.g. not patient-centered), that the design of studies is poor, that the reporting of
findings is inadequate or that findings are not published at all, and that what is published may
be biased (e.g. conflicting interests)."®

There are many proposed solutions to avoid research waste and to improve evidence-
base in medicine. A series in The Lancet in 2014 put forward many recommendations: One
should ensure that information of research in progress is readily available;’ the standards of
study design should be increased;'® one should ensure integration of research in everyday
clinical practice;? facilitate sharing of individual patient data (IPD);*' and improve the
reporting of studies.*

One of the recommendations highlighted in the series was that research funders and
regulators should demand that when research priorities are set, they should be justified by
systematic reviews.” A systematic review is often described as the most reliable study design
(Figure 1.2). Many funders will not support trials unless there is evidence from systematic
reviews that a trial is called for.” Ideally, conduct of systematic reviews should be incorporated
into the training of research fellows.'®** Additionally, systematic reviews play an integral role
in closing the gap between research evidence and clinical practice.”> Systematic reviews will

be further discussed in the following section.
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Case-Control

/ Cross-sectional studies \

Case series, Case reports

Figure 1.2 Evidence-based medicine pyramid, illustrating the quality of evidence by study design. RCT,
randomized controlled trial. Illustration: blogs.bmj.com.

1.3.2 Systematic reviews

At its core, systematic reviews seek to identify all available evidence on a specific clinical
problem, trying to make an informed decision as to what is the “typical” finding. It may be
defined as “a review of a clearly formulated question that uses systematic and explicit methods
to identify, select and critically appraise relevant research, and to collect and analyze data from
studies that are included in the review.””® A detailed protocol should be followed and made
publicly available.

In order to analyze the data one may conduct a meta-analysis. Sometimes misinterpreted
as a synonym for a systematic review, a meta-analysis is merely a statistical technique used to
pool results from individual studies. As discussed below, it may often be wise to refrain from
including meta-analyses in systematic reviews.

The notion to summarize published research dates back many centuries; one example

being the Account of the foxglove by William Withering in 1785, on the use of digitalis for
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treating heart disease. Combination of data from several studies was first introduced to the
medical sciences by Karl Pearson in 1904.%” It took many decades, though, before the why’s
and how’s of systematic reviews were seriously addressed. A great step forwards in EBM was
made in the mid-1970s when a group of researchers based in Oxford sought to evaluate
interventions related to pregnancy and childbirth. Published and unpublished data on 600
interventions were collected, and in 1989 the group published their findings in the book
Effective Care in Pregnancy and Childbirth®® This was the start of The Cochrane
Collaboration, one of the most influential sources of EBM.

One of the founders of the Cochrane Collaboration, Sir Iain Chalmers, argues that all
research should be preceded by systematic reviews.” But why are systematic reviews so

significant? Some of the most important reasons are addressed below, as are some caveats.

Research question already covered

Although both funders of research and journal editors give an emphasis to the novelty of
research, there are many examples of how existing evidence has been ignored. A systematic
review and meta-analysis of the use of streptokinase for acute infarction illustrates this
perfectly:** The review authors found that after eight trials, involving 2,432 patients, enough
evidence of the effect of streptokinase had been gathered. However, in the 15 years following
the eighth trial, an additional 25 trials were conducted, involving another 34,542 patients,
resulting only in a somewhat more precise estimate. Thousands of volunteers were thus
unnecessarily randomized to receive placebo treatment, depriving them of the opportunity to
receive medication documented to reduce mortality. Systematic reviews should be able to
identify all existing evidence on a topic, concluding whether more research should be carried

out or not.
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All in one place
Given the rate by which new research is published, it has become increasingly difficult for
researchers and clinicians to keep up with new evidence.” Additionally, the research receiving

most media attention,30

or being most cited in academic journals,”' does not necessarily
represent the state of current knowledge. Narrative reviews, i.e. reviews where the authors try
to summarize the literature without the strict protocol and criteria followed in systematic
reviews, have been the traditional way to synopsize the evidence within a subject. Such reviews
may be of value if proceeded with care, but they are often subject to both publication and
reporting bias,’* along with a “file drawer” problem (i.e. ignorance of null-findings).” By
design, systematic reviews should evaluate all studies on the research question of interest.

Ideally, also unpublished studies should be sought out. Arguably, systematic reviews provide a

more objective overview of the literature.

With great statistical power comes great epidemiological responsibility

With more subjects under study, systematic reviews have increased power to identify effects
and associations otherwise discarded due to high levels of uncertainty. In epidemiological
terms, the probability of false negative results is reduced. In randomized controlled trials the
only baseline difference between the intervention group and the comparison group is due to
random error (ideally). Varying incidence of the outcome between the groups may therefore
reasonably be ascribed to the intervention. Systematic review of such studies will provide
precise, unbiased estimates (Figure 1.3). Pooling of results from observational studies will also
provide precise estimates, but the results may be misleading. For instance, separately meta-
analyzing results from observational studies and randomized controlled trials of the association
between beta-carotene intake and cardiovascular mortality, the former analysis found a risk

reduction from intake of beta-carotene, while the latter found an increase in risk.** This
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difference was probably due to confounding and bias, which one should always suspect in non-
randomized studies. Recently, 235 types of biases were identified in biomedical research.”” One
of the biases identified was recall bias, and was probably at play in the following example: A
meta-analysis based on retrospective observational studies found a 30% increased risk of breast
cancer among women with a history of induced abortions.* In contrast, a register study of 1.5
million women found no association between induced abortions and later breast cancer.’” The
latter study did not permit selective memory and feeling of guilt to influence the statistics. For
this reason, critically appraising the individual studies is one of the key tasks when conducting
systematic reviews. When there is suspicion of bias and unaccounted confounding, one should

. . . . . . 4
refrain from including meta-analyses in systematic reviews.’

Precision
High Low

| ‘

Figure 1.3 “Epidemiological dartboard” of the difference between precision and bias. Each dot represents a study;
the center of the board represents the true effect under study. Meta-analyses of large RCTs will tend to be in the
top left corner. The bottom left corner presents a scenario where a meta-analysis has provided very precise, but
biased results, typically based on poorly designed observational studies. Adapted from the course CDE 650
Introduction to Evidence-Based Medicine and Health Care with permission from M B Bracken, Yale Center for
Perinatal, Pediatric and Environmental Epidemiology, Yale University.
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Hypothesis generating
With a larger sample size, there is also an opportunity to explore subgroup effects and generate
new hypotheses. Topics that have not been sufficiently researched will also be identified from

systematic reviews.

Publication bias and selective reporting bias

A considerable challenge in the medical sciences is the selective reporting of research findings.
One problem is the incomplete or lack of reporting of the outcomes under study, known as
selective reporting bias.”® Other studies are not published at all, i.e. publication bias.**
Additionally, compared with studies with negative findings, studies with statistically significant
findings are more likely to be published in English and are more likely to be cited, which make
these studies easier to be identified.”” These forms of bias may distort the literature, and they
are especially important in the setting of systematic reviews. In terms of trials on the efficacy
of drugs, there is evidence to support that studies showing a positive effect has a greater
tendency to be published than studies with a null-finding or negative effect.*” The same is
probably true for observational studies.*' Conflicting interest with regards to “desired” results
may further add bias. To curb publication bias of trials, it is now often required that trials must
be registered.*” There has been a call for similar registries for observational studies.*'** The
reporting of outcomes in published reports are also subject to selection, often by leaving out
null-findings.*’ To ensure proper reporting, several guidelines have been constructed (e.g. the
PRISMA statement for systematic reviews" and the STROBE guideline for observational
studies).*> Many journals require both preregistration of trials and that reporting guidelines have
been followed (e.g. The Lancet). In order to minimize bias introduced by selective reporting
and publication, review authors are encouraged to retrieve data from unpublished studies, along

with results not reported in the published reports. The gold standard of systematic reviews is
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one including an IPD meta-analysis.*® In an IPD meta-analysis, the authors will collect raw data
from the studies included in the review. This permits an increased opportunity to conduct the
desired analyses, adjust for confounding, and explore subgroup effects and heterogeneity.*’
Hence, more studies may be included in the meta-analysis and the statistical between-study
heterogeneity is greatly reduced. The advantages of IPD meta-analyses compared with
traditional meta-analyses in the setting of B12-deficiency in pregnancy is readily illustrated in

section 5.4.2 Systematic review.

As have been discussed, (properly conducted) systematic reviews are important to reduce waste
in medical research. Additionally, clinical practice should be based on high quality systematic
reviews. The ideal chain of events from exploring a hypothesis to implementing it into clinical
practice would be the following: High quality randomized controlled trial (RCT) — rapid
replication in a few additional RCTs — rapid, high quality systematic review (ideally with IPD
meta-analysis) — rapid, high quality clinical guidelines — rapid widespread adoption in
practice (M B Bracken, Yale University, personal communication, 2013). Unfortunately, there
is evidence to support that clinical guidelines often fail to identify good quality evidence."®
Additionally, not all topics may be evaluated through the suggested chain of events (e.g. the
use of parachutes to prevent death related to gravitational challenge). Discouragingly,

research show that 2/3 of guidelines are not followed in clinical practice.”

1.4 Definitions on newborn size

Birth weight has been a popular outcome and exposure measure in epidemiological research
for decades. One of the reasons for this is that birth weight is routinely recorded in clinical
practice, leaving large numbers of relatively accurate records. Additionally, birth weight has

been demonstrated to be an important predictor of both infant and adult morbidity and
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mortality.® The final weight of the newborn is a result of how well the fetus has grown (i.e. the
fetal growth pattern), and for how long (i.e. gestational age at birth).

Birth weight has previously been regarded as the single most important factor for
perinatal mortality. One study reported it to explain 90% of the variance, while length of
gestation was found to explain a mere 5%.”' Even so, given that birth weight is so heavily
dependent on gestational age, it may be difficult to disentangle the two. When separating
relative birth weights for any given gestational age from gestational age at delivery, Wilcox et
al. found that gestational age independently could explain much of the perinatal mortality
related to birth weight as a crude measure.’® Now, reduction of preterm birth (gestational age
at delivery less than 37 weeks) is regarded as one of the most important tasks in order to reduce
neonatal and under-five year mortality. "

Traditionally, birth weight has often been dichotomized into LBW, defined as newborn
weight below 2,500 g, and normal birth weight otherwise.”® The rationale underlying this
division is the assumption that some newborns are ill at birth, and others are healthy. The
association between LBW and infant mortality is so strong that one may be tempted to assume
a causal relationship. However, this may not be true. For instance, due to the high altitude in
Colorado, the incidence of LBW is greater than what is observed in the rest of the USA; The
infant mortality, though, is not increased.®

As have already been discussed, birth weight is a composite measure of both fetal
growth and length of gestation. LBW may for this reason be a result of preterm birth, and both
LBW and preterm birth are independent predictors of perinatal mortality.’>>* Another definition
has emerged to better serve as an indicator of restricted fetal growth: Small-for-gestational-age
(SGA).

SGA is most commonly defined as the lowest 10 percentile of birth weight for a given

gestational age, and is often classified by parity and sex as well.”> As the SGA definition is
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specific for the duration of pregnancy, it has been considered to be more accurate than LBW
for identifying newborns at risk for later adverse health events.™ Still, this definition is unable
to clearly separate the pathologically small newborns from those physiologically small. For
instance, among South Asian births, 10% will by definition be an SGA birth using South Asian
reference charts, but when using Canadian ones, 21% will be classified as SGA.”” One may
apply stricter criteria for who to categorize as SGA, e.g. using the 31 percentile rather than the
10™. Stricter criteria will be more specific for pathology, but may be less sensitive.

As early as in 1983, Wilcox argued that it was necessary to distinguish between
newborns born SGA due to biological variability and those born SGA due to restricted growth.*®
The true, unmeasurable process causing birth of a newborn that is too small (in relative terms)
is often labelled fetal growth restriction (FGR), alternatively intrauterine growth restriction
(IUGR). Customized birth weight standards (e.g. accounting for maternal weight and height)
have been argued to outperform population-based birth weight standards,’® but there is lack of
valid evidence for this assumption.”’ As placenta dysfunction is one of the major causes of
FGR,”' attempts have been made to monitor placenta function in order to identify FGR.
Concern has been raised as to whether placenta function is a good predictor of FGR or not.**%
Perhaps the most accepted way to identify FGR is by directly following the fetal growth during

. 64-66
pregnancy by use of serial ultrasound measurements.
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Figure 1.4 Fetal growth chart. Dashed line illustrates an example of restricted fetal growth. FGR, fetal growth
restriction; LBW, low birth weight; SGA, small-for-gestational-age. Adapted from Haram et al.*”

Figure 1.4 illustrates the four terms related to newborn size; LBW, SGA, FGR and preterm
birth. Evident from the fetal growth chart, newborn size increases with increasing length of
gestation. Preterm birth (solid vertical line) is therefore often related to LBW (solid horizontal
line), but not necessarily SGA (the 10" percentile). An example of a restricted fetal growth
pattern is illustrated by the dashed line: In early gestation the fetus has an estimated fetal weight
above the median (the 50" percentile), followed by reduced growth in the third trimester. As

demonstrated, the final weight of the FGR newborn may be well above the cut-off for LBW.
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1.5 Causes of small birth size

The etiology of small size at birth is multifactorial and may be categorized into three groups:
maternal, placental and fetal causes.”** " The role of individual risk factors in determining
birth size is often not clear, and many etiological factors remain unknown.

It has been estimated that 15% to 20% of FGR cases are due to fetal factors.”® They
include infections, congenital malformations, and multiple gestation. The same risk factors are
associated with preterm birth.”” FGR may also cause preterm birth, and is a common reason for
induced preterm delivery.”""?

Adequate placenta function is vital in order to supply the fetus with ample amounts of
oxygen and nutrients. FGR is often caused by an abnormal development of the placenta,
insufficient implantation, or placental villi dysfunction.**®

The maternal risk factors for small birth size may be divided into demographic and
environmental factors, and maternal diseases.”® " The former group constitutes risk factors
such as previous LBW infant, short stature, young or old age (below 17 or above 34 years), and
low socioeconomic status. One of the most important causes of FGR is maternal chronic
vascular disease, mostly secondary to e.g. renal disease or hypertension, and in particular when
these conditions appear in combination with preeclampsia.®” Preeclampsia is also one of the
most important reasons for induced preterm delivery.”' In up to half of cases, the precursor of
preterm birth is unidentified, but demographic factors and family history are important.”
Environmental factors, e.g. cigarette smoking and substance abuse, further add to a detrimental
fetal environment and may cause both FGR and preterm delivery.

The intrauterine environment, rather than genetics, seems to be the main determinant of
size at birth. This has been demonstrated in a study that evaluated factors affecting newborn

birth weight in pregnancies following ovum donation.” They found that while recipient’s

weight influenced the offspring birth weight, donor weight and birth weight of the donor’s own
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children did not correlate with birth weight of the offspring. Another study found fetal genes to
explain 31% of the variation in birth weight, but only 11% of the variation in length of
gestation.” Fetal substrate availability is probably key in explaining the importance of the
intrauterine milieu. There is a large number of experimental studies on animals demonstrating
the deleterious effects on fetal growth after reducing the availability of selected nutrients.” In
“natural experiments” on humans, such as the Dutch Hunger Winter, one has observed reduced
birth weight following restricted nutrient intake.”®

There has been extensive research and public interest on the association between
micronutrients and birth weight. Barker communicated that the natural suspect for small birth
size was nutrition, and that optimal maternal nutrition was key in order to reduce adult chronic
diseases of the offspring.”” This unique opportunity for interventions to prevent adverse
pregnancy outcomes makes micronutrients an interesting topic. A recent Cochrane review of
trials found that multiple micronutrient supplementation in low- or middle-income countries
reduced the risk of LBW and SGA births.”® There was, however, no reduction in risk of preterm
birth or neonatal mortality. Two micronutrients of increasing public health interest are glucose
and vitamin B12. They have been studied as parts of the present thesis and will be discussed in

more detail.

1.5.1 Glucose

A plethora of hormonal and metabolic changes take place in pregnancy. One that is important
for fetal growth is alterations in the metabolism and distribution of glucose. With increasing
gestational age, there is an increase in insulin resistance.”” A consequence of this diabetogenic
adaptation is an increased glucose concentration in the maternal bloodstream. Glucose is the
most important nutrient for the growing fetus and the main determinant for fetal glucose

concentration is that of its mother.*”*' Since insulin does not cross the placenta, the fetus is
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solely dependent on its own pancreatic production of insulin, of which glucose is the strongest
stimulant (Figure 1.5).* Insulin is a key fetal growth factor, both directly and through

884 For instance, it has been

stimulation of the insulin-like growth factor (IGF) axis.
hypothesized that one reason why female newborns weigh less than male newborns is that
female fetuses are more resistant to the trophic effects of insulin.*® In short, the increased

maternal insulin resistance in pregnancy aids the growing fetus in two very important ways: (1)

Increased supply of glucose (energy) and (2) stimulation of fetal insulin production (growth).
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Figure 1.5 Schematic presentation of maternal glucose in relation to fetal growth, based on the text from Scholl
et al.,*® Oliver et al.,% Persson et al.,*' and Lockitch.*? Prefixes M and F for maternal and fetal, respectively. IGF,
insulin-like growth factor.

Excessive insulin resistance, has been thoroughly investigated. It may lead to GDM or diabetes
mellitus (DM).® Pregnancies affected by these conditions have increased levels of maternal
blood glucose and insulin.*” Fetal overgrowth and increased risk of macrosomia are some of

the consequences.®® In addition to fetal overgrowth, GDM or DM is also associated with
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restricted fetal growth, especially among women with islet beta-cell autoantibodies.®” Insulin
resistance is also associated with an increased risk of preterm birth, perhaps partly mediated
through preeclampsia.®*

Far fewer studies have been conducted on women at the other end of the insulin
resistance spectrum, namely those that are too insulin sensitive. There is, however, reason to
suspect an impairment of fetal growth when the pregnant woman experiences suboptimal
increase in insulin resistance.”’ "

In today’s antenatal care the primary reason for performing a routine oral glucose
tolerance test (OGTT) is to diagnose and treat GDM and DM.’* One might argue that too little
attention has been paid to the women with inadequate rise in insulin resistance.

There are several ways to assess glucose and insulin metabolism. The “gold standard”
for assessing insulin sensitivity is the hyperinsulinemic euglycemic glucose clamp technique.”
Because this test is complex, e.g. involving several hours of continuous insulin infusion, simpler
tests that indirectly measure insulin sensitivity have been developed. Most of these techniques
involve measurement of both glucose and insulin at a fasting state, and preferably also after a
glucose challenge.95 The OGTT is a simple and widely applied test that evaluates glucose
tolerance. After an overnight fast, a 75 g oral glucose load is given and fasting and two-hour
capillary blood glucose values are recorded.® The test evaluates the body’s ability to dispose of
glucose after a meal. Glucose tolerance and insulin sensitivity are similar, but not equivalent.
How the body metabolizes glucose depends on other factors in addition to the metabolic effects
of insulin, such as secretion of insulin and the incretin effect.”> The OGTT is thus a good test
for glucose tolerance, but less so for insulin sensitivity.

For the purpose of Paper I, we assumed that the difference between two-hour blood

glucose and fasting blood glucose from an OGTT, labelled delta (A) glucose, may potentially

serve as a proxy for glucose tolerance and, to a lesser extent, insulin resistance. In a situation
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with increased glucose infolerance, one would expect the A glucose to be high, since there is
decreased uptake of glucose. And the opposite would potentially be the situation for increased

glucose folerance.

1.5.2 Vitamin B12

Vitamin B12, or cobalamin, plays an important role in a network of biochemical pathways
called the one-carbon metabolism that donate and regenerate one-carbon units, such as the
methyl group (Figure 1.6).°° B12 is required as a cofactor to generate methionine from
homocysteine.”” Consequently, a lack of B12 may cause accumulation of homocysteine. By
addition of adenosine triphosphate, methionine is further converted into S-adenosyl methionine,
which in turn is an important methyl group donor in the methylation of DNA.”® Importantly,
B12 therefore contributes in the epigenetic mechanisms for control of gene expression.”® The
synthesis of DNA is also influenced by B12.”” Another pathway in which B12 takes part is the
formation of succinyl-coenzyme A (CoA), which is important for the cell’s energy
production.”” Based on these biologically important properties, B12 is important for gene

expression and cell growth, and it has been hypothesized that B12 may affect fetal growth.'®
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Figure 1.6 Biochemical pathways of vitamin B12, based on the text from Rush et al.,” Allen et a

al.,”® and Halarnkar et al.”” Enzymes in italics. CoA, coenzyme A.
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There is great range in the prevalence of B12-deficiency in pregnancy: In a well-nourished
Canadian population the prevalence was 8%,'"" while it was 75% in rural India.'"® Despite the
high prevalence of deficiency in low- and middle-income countries, B12-supplementation is
not part of the World Health Organization’s micronutrient supplementation
recommendations.'” Furthermore, the dosage of BI12 included in the World Health

103,104

Organization’s multiple micronutrient supplement is arguably very low. The principal

nutritional source of B12 is found in animal products, such as meat and dairy products.'®
Because of this, women that consume little animal products are at increased risk of deficiency.
Low consumption of animal products may be voluntary, or associated with cultural, religious
or socioeconomic factors.'” Rarer causes of B12-deficiency are related to malabsorption, such

. 1 .. -1 . .
as Crohn’s disease'”’ and pernicious anemia.'® B12 is actively transported across the placenta,

with fetal levels of B12 higher than maternal B12 levels.'”''® Levels of B12 are lower among
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pregnant than non-pregnant women, which is only partly accounting for by the increased
circulating blood volume.""" Additionally, levels of B12 decline during pregnancy.''
Disregarding lack of evidence, B12-deficiency in pregnancy is often assumed to be
associated with reduced fetal growth. There is especially one publication that is highly cited
(70 times, June 2016, Web of Science), “Low maternal vitamin B12 status is associated with
intrauterine growth retardation in urban South Indians” by Muthayya et al (2006).' There
are multiple narrative reviews concluding that B12-deficiency is associated with reduced birth

. 113,114
weight ”!1

Yet, there are several other, less cited publications that report no association
between B12 and birth weight.''>''® The first systematic review on the topic was published
while Paper Il was under peer review.” However, that review was most likely biased (see 5.4.2
Systematic review). As such, the literature on B12 in relation to birth weight and length of
gestation may suffer from citation bias. Few studies report on the association between B12 and
length of gestation. In Paper III we summarized and critically appraised the literature on the
association between B12 and length of gestation and birth weight by conducting a systematic
review. Given the high prevalence of B12-deficiency in pregnancy, and the potential ease of

implementing flour fortification of B12""” or antenatal B12-supplementation, research on this

topic may have great public health interest.

1.6 Consequences of small birth size

The notion that nutrition and living conditions early in life may have life-long consequences
was first forwarded by the Norwegian doctor Anders Forsdahl (1977), and later by Dr. David
Barker (1986).""®!'"* While Forsdahl focused on poverty in early childhood, Barker associated
the fetal milieu, specifically related to maternal nutrition, with adult disease: “The association
of ischaemic heart disease with neonatal mortality suggests that the childhood influences

predisposing to it are related to nutrition during prenatal and early postnatal life.”' "’
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Barker hypothesized that unfavorable fetal environment, particularly poor maternal
nutrition, would cause fetal “programming”, later leading to chronic disease.' As an example
of programming, he argued that the fetus would adapt to poor nutrition by inducing insulin
resistance, which, in turn, in adult life is associated with DM and obesity.77 In this framework,
reduced birth size is an early symptom of a disease process. With the fetal insulin hypothesis,
another framework was proposed:'*” A genetic variant could be associated with both fetal
insulin resistance — causing restricted fetal growth — and insulin resistance in adulthood. Small
size at birth was accordingly not a cause of later chronic disease, but an accompanying trait of
an underlying condition. The general perception today is that both genes and fetal programming
— now often referred to as epigenetics — can explain the association between small birth size
and increased risk of adult chronic disease.'”!

The field of epigenetics, how cells use their genes, has received increasing attention in
epidemiology. By altering the expression of genes, for instance by DNA methylation,
environmental factors may cause disease later in life, and perhaps pass on traits to new
generations.I22 Being an important methyl group donor, low levels of vitamin B12 in fetal life
has been suggested to be associated with insulin resistance in childhood, mediated through
epigenetic alterations. Epigenetic mechanisms have also been suggested in the link between
maternal physical stress during pregnancy and brain development and later cognitive

function.'®

1.6.1 Brain development and cognitive function

The development of the fetal central nervous system is well coordinated and complex, but also
sensitive to insults. The astrocytes, oligodendrocytes and microglia support the developing
neurons in migration and modulation of synaptic connections.'** Myelin, which enhances the

transmission of action potentials along neurons, is produced by myelinating oligodendrocytes,
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especially in late third trimester.'*>'*°

The precursor of the myelinating oligodendrocytes, the
premyelinating oligodendrocytes, are especially vulnerable to toxins, nutritional deficiencies
and hypoxia.'** For instance, the methionine-homocysteine-pathway is suspected to be
important for myelination, and maternal B12-deficiency in pregnancy has been associated with
myelination disorders in their offspring.'””'*® Research suggest that in a situation of fetal
hypoxemia and substrate deficiency, the brain is prioritized, known as the “brain sparing”
effect.’®

Preterm birth has been extensively associated with regional brain volume abnormalities
in children."”"** Also children born SGA have been observed to have volume reductions in
specific brain regions. In one study, cerebral cortical gray matter volume reduction was
observed two weeks after birth among preterm SGA infants compared with newborns born

! Atages four to seven years, SGA

preterm and weight appropriate-for-gestational-age (AGA).
children compared with AGA children were found to have reduced volumes of the cerebral and
cerebellar gray and white matter, and volume reduction of the basal ganglia and smaller cortical
surface area."’” A study evaluating many of the same children studied in Paper II, however,
found no regional cerebral volume reductions at 15 years among SGA children compared with
controls."*’ The causative factors for insufficient brain maturation are still not settled, nor are
the predisposing factors for later cognitive function.

There are conflicting results regarding the causes of reduced cognitive function in
childhood: Both genetic and environmental factors are important."*> LBW has in itself been
associated with reduced intelligence quotient (IQ) in childhood, regardless of maternal smoking
habits for instance.'** Preterm birth is associated with reduced cognitive abilities in childhood,
adolescence and adult life.”*>"*” SGA children, compared with controls, have been observed to

have lower IQ scores at 10 years, although of uncertain clinical significance.'*® Similar findings

have been observed at 17 and 26 years."**'*” Another study, though, found no differences in IQ
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score between SGA and AGA children at 7 years:'*' This study, however, applied a less
conservative definition for SGA than the other studies. The varying definitions of SGA
illustrate one of the problems when comparing epidemiological studies of fetal growth and birth
weight. Disparate study populations and outcome measures further add to the uncertainty.
How fetal growth is biologically related to later cognitive function is unclear. Reduced
volumes of the hippocampus, the cerebellum and the thalamus, among other brain structures,
have been associated with cognitive deficits.'**'* Other studies have failed to find any

: : 14
correlations between 1Q and brain measures.'*®
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2. Aims

The main aims of this thesis were to explore whether maternal blood concentrations of two
important micronutrients, glucose and vitamin B12, were associated with birth size, and
evaluate how birth size is associated with later neurological and cognitive development. The
following aims were investigated to help elucidate the overall aims:

* To investigate how maternal glucose tolerance in late pregnancy is associated with birth
size, with special emphasis on birth size in women with high tolerance.

* To systematically review and re-analyze the published literature on studies reporting on
the association between maternal vitamin B12 in pregnancy and birth weight and length
of gestation.

* To study whether small-for-gestational-age (SGA) children have reduced cognitive
function and regional brain volume reductions in childhood and adolescence, and
explore potential associations between regional brain volumes and cognitive function.
Also, to evaluate whether cognitive scores and regional brain volumes in the SGA group

varied between those with fetal growth restriction (FGR) and those without FGR.
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3. Material and methods

This thesis is based on two distinct studies and methodological approaches. Paper I and II are
traditional longitudinal cohort studies, based on the same original study. The final paper, Paper
111, is a systematic review with individual patient data (IPD) meta-analysis, and is based on
multiple longitudinal cohort studies. For readability, the Paper I and II, and Paper III, will

therefore be discussed under separate subheadings in each section.

3.1 Study design

3.1.1 Scandinavian SGA-study (Paper I and II)

The two first publications in this thesis were based on the Scandinavian Small-for-Gestational-
Age (SGA) Study (Figure 3.1). It was a large, prospective, multicenter study conducted in
Trondheim and Bergen, Norway, and Uppsala, Sweden, between January 1986 and March
1988.% The National Institute of Child Health and Human Development funded the study. The
overall aims of the Scandinavian SGA-study were to study fetal growth, perinatal and later
outcome, and the tendency to repeat a negative outcome in consecutive births.

Referral of eligible patients was done by general practitioners and obstetricians in
Trondheim and Bergen, and by antenatal care centers in Uppsala. Clinical and follow-up data
were collected at the university hospitals. The women were screened in gestational weeks 17,
25,33 and 37, and at delivery. There was a follow-up study of many of the offspring up to five

years of age, and among children from Trondheim up to 15 years of age (see 3.2.2 Paper II).
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Figure 3.1 Illustration from recruitment brochure of the Scandinavian SGA-study.

3.1.2 Systematic review (Paper III)

As detailed in section 1.3.2 Systematic reviews, the hallmarks of a systematic review are a
clearly formulated question, systematic methods are used to identify, select and critically
appraise relevant research, and that data from relevant research is collected and analyzed.*® The
process should be explicit and reproducible. Due to high level of reporting bias along with
potential sources of confounding, we deemed it necessary to perform an IPD meta-analysis.
The protocol for the systematic review is available at Prospero.'*’ The manuscript under

consideration for publication was reported according to the PRISMA guidelines.**
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The systematic review was originally a collaborative study between the Norwegian
University of Science and Technology (NTNU) and Yale University (Figure 3.2). The study
was initiated in September 2013, and a manuscript for a systematic review not including a meta-
analysis was completed January 2014. Because of great variation in reporting of results — if
reported at all —quantitative assessment of the literature was deemed inappropriate. To properly
address the research question, the scope of the systematic review was expanded, and we decided
to collect the necessary data from the individual studies (see below). Due to the need for close
collaboration with research groups that provided data from individual studies, the review group
grew in size. At submission, the review was a collaborative study between 14 research groups
from eight countries. The research group at the Generation R Study at Erasmus MC, Rotterdam,
the Netherlands, deserves a special mention, as it became one of the key contributors and hosted

multiple visits during the later stages of the study.

Yale scCHOOL OF PUBLIC HEALTH

© NTNU Erasmus MC

University Medical Center Rotterdam
Department of Public Health
and General Practice

Figure 3.2 Main contributors to the systematic review on the association between vitamin B12 in pregnancy and
risk of preterm birth and low birth weight. MC, medical center; NTNU, Norwegian University of Science and
Technology.

The topic of interest was how vitamin B12 (B12) in pregnancy affects length of gestation and
birth weight. Because no randomized controlled trials on vitamin B12 supplementation in
pregnancy were identified at the beginning of this project, a review of observational studies was
necessary. The final research question was as follows: “Are maternal blood levels of vitamin

B12 in pregnancy associated with length of gestation and newborn birth weight?”.
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Inclusion criteria

Only studies on humans were considered. In order to reduce bias and to be able to estimate risk
ratios (RR) — rather than odds ratios — only longitudinal cohort studies were eligible. B12 had
to be measured in maternal serum or plasma after conception and before the day of delivery.
Birth weight had to be measured at birth. To represent a more general population, studies were
excluded if mainly women or offspring with specific conditions, such as preeclampsia or
congenital malformations, were evaluated. Because close collaboration with researchers
providing data from individual studies was important, we only included studies published in
1998 or later. Studies with fewer than 50 pregnancies would have limited value in the analysis,

and were not considered for the review.

Search methods

The service providers used for the electronic search were PubMed, Scopus, Web of Knowledge,
EBSCO and OvidSP. The latter was used to access the databases of MEDLINE, EMBASE and
GLOBAL HEALTH. CINHAL was accessed by use of EBSCO. A combination of text words
and controlled vocabulary (e.g. MESH) was used. Individual search strings were adapted to
each service provider and database, and consisted of the following four elements: B/2 AND
pregnancy AND birth weight/length of gestation NOT restriction terms. Restriction terms were
added to limit the number of irrelevant publications, and were constructed for: review articles,
intervention studies and case reports, and studies evaluating old adults, children (other than
infants), rodents and patients with anemia. Notably, no language restrictions were applied. The
exact search strings for each service provider and database may be found in the Appendix.

Presented below is the exact search term used for PubMed:

42



("Vitamin B 12"[Mesh] OR B12[Text Word] OR "B 12"[Text Word] OR cobalamin™[Text
Word]) AND (pregnan®*[Text Word] OR Pregnancy[Mesh] OR gestation*[Text Word] OR
fetus[MeSH] OR fetus*[Text Word] OR foetus*[Text Word] OR foetal* [Text Word] OR
fetal*[Text Word] OR “Fetal Development”[Mesh] OR ’Infant, Newborn”[Mesh]) AND
("Infant, Low Birth Weight"[Mesh] OR "Birth Weight"[Mesh] OR birthweight[Text Word] OR
"birth weight"[Text Word] OR SGA[Text Word] OR "fetal growth retardation"[MeSH] OR
IUGR[Text Word] OR “growth restriction”’[Text Word] OR “growth retardation” [ Text Word]
OR "small for gestational age"[Text Word] OR "small for date"[Text Word] OR Infant,
Premature”[Mesh] OR “Premature Birth”[Mesh] OR “Gestational Age”[Mesh] OR
preterm[Text Word] OR prematur*[Text Word] OR “gestational age”[Text Word] OR "length
of gestation”[Text Word] OR “duration of pregnancy”’[Text Word]) NOT
("Review "[Publication Type] OR “Child”[Mesh] OR “Aged”[Mesh] OR “Case
Reports”[Publication Type] OR “Clinical Trial”[Publication Type] OR “Rodentia”[Mesh]

OR "Anemia’ [Mesh])

The electronic search was last conducted in August 2015. In addition to the electronic search,
the reference lists of all studies read in full text were carefully examined to find eligible reports

not otherwise identified.

Selection process of studies

Adapted from the Cochrane Handbook for Systematic Reviews of Interventions,'*® the

following selection process was followed:
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1)

2)

3)

Electronic and gray literature searches. The electronic search was carried out by
the first author (Tormod Rogne (TR)), and gray literature searches were carried out
by two authors (TR, and Kari R Risnes (KRR) or Myrte J Tielemans (MJT)).
Examination of titles and abstracts to remove irrelevant reports. Duplicates from
the electronic searches were removed in the reference manager. With an over-
inclusive approach, eligibility of all references was thereafter assessed by screening
of titles and abstracts by the first author (TR).

Examination of full text of remaining studies. All potentially eligible studies were
read in full text and assessed independently by two review authors (TR, and KRR
or MJT). The publication was excluded if it met one of the following exclusion
criteria: animal study; not a prospective cohort study; B12 not measured, or in most
cases measured before conception or at or after delivery; B12 not measured in
mother’s blood; no information on birth weight or length of gestation; study
population constituted by mothers or offspring with specific disorders (other than
B12-deficiency) or genetic variants; a newer or more complete report on the same
study was included; no information on the association between maternal blood
levels of B12 in pregnancy and birth weight or length of gestation presented in the

published reports or provided by the authors; published prior to 1998.

At least two authors from each of the eligible published reports were contacted in order IPD.

All authors were contacted at least three times. IPD was received without personal

identification. If IPD was not available, the authors were asked to re-analyze their data and

provide results from requested analyses. When neither IPD nor re-analyses could be retrieved,

relevant estimates were extracted from the publications.
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Quality assessment

The risk of bias of included studies was assessed by use of the Newcastle-Ottawa scale, which
was modified by TR, KRR and MJT to be suited for the systematic review.'* The checklist
contains seven questions, where each item gives one or zero points. The scale goes from zero
to seven, with the latter designating the lowest risk of bias. A study was considered to have low
risk of bias if it scored four or more, and high risk of bias otherwise. Two review authors did
the risk of bias assessment (TR and MJT). Disagreements were resolved by consulting a third

author (KRR). The complete scale may be found in the Appendix.

3.2 Study population
Paper I considered the first part of the Scandinavian SGA-study, that is, from early pregnancy
through delivery. As follows, fetal growth and newborn birth weight were the outcome
measures of interest. In the ensuing Paper II, the follow-up studies were considered.
Accordingly, fetal growth and newborn birth weight were exposures in this paper. Importantly,
although there was an overlap in the study populations evaluated in Paper I and Paper II, the
latter publication was independent from the first, that is, glucose tolerance was not considered
in Paper II. Paper III evaluated study populations from multiple individual studies. The flow
of studies included in the systematic review will briefly be covered in the results section (4.3
Paper III).

In the Scandinavian SGA-study, women were eligible if they were of Caucasian origin,
spoke one of the Scandinavian languages, expected their second or third child, and had a
singleton pregnancy.

A total of 6,354 women were recruited to the study at the first antenatal visit (Figure
3.3). Three groups were constructed based on the eligible women who made their first

appointment prior to gestational week 20 (n = 5,722): (1) a 10% random sample, constructed
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to serve as a population reference, (2) a low risk group, and (3) a high risk group. The random
sample was constructed using the sealed envelope method. Women were categorized as high
risk if they fulfilled at least one of the following criteria: (1) previous low birth weight (LBW)
child, (2) previous perinatal death, (3) maternal low pre-pregnancy weight (<50 kg), (4)
smoking around the time of conception, and (5) chronic maternal hypertension or renal disease.
The low risk group served as a “rest population” and consisted of women that did not have any
of the mentioned risk criteria, and were not randomly selected to the random sample. All women
in the high risk group and the random sample were invited to detailed follow-up during

pregnancy.

Women recruited to the study
(n=6,354)

Ineligible*
(n=432)

_ | Did not make first appointment
o (n=200)

\
Eligible to SGA-study and made

first appointment

(n=5,722)

—

10% random sample:
All study sites: n =561
Trondheim: n = 132

High risk:*
All study sites: n = 1,384
Trondheim: n =390

Rest population:
All study sites: n = 3,777
Trondheim: n = 727

Figure 3.3 Flow chart illustrating the construction of the three study groups in the Scandinavian SGA-study. *See
text in section 3.2 Study population.

3.2.1 Paperl
A total of 1,945 women were eligible for detailed follow-up, of which 860 (44%) completed an
oral glucose tolerance test (OGTT) in week 37 according to protocol, and regardless of risk

factors for gestational diabetes mellitus (GDM; Figure 3.4). Women with pre-pregnancy overt
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diabetes mellitus (DM) were excluded (n=3), as were pregnancies where an OGTT was not
carried out (n=1,085). Only two of the remaining pregnancies delivered preterm (birth before
37 completed weeks), and these were excluded to avoid mixing of effects of preterm birth and
restricted fetal growth. The final study population consisted of 855 pregnancies. Of these, 30%

were derived from the random sample, while the remaining 70% had an increased risk for SGA

birth.
Detailed follow-up*
(n=1,945)

Excluded (n = 1,090):

_ | - Did not complete OGTT (n = 1,085)

" | - Pre-pregnancy DM (n = 3)
- Preterm birth (n = 2)

v
Final study population
(n=2855)
/ \ \
Low-group Medium-group High-group
(n=103) (n=661) n=91)

Figure 3.4 Flow chart illustrating the allocation of participants in Paper 1. *Eligibility criteria described in 3.2
Study population. DM, diabetes mellitus; OGTT, oral glucose tolerance test.

Finally, the population was divided into three study groups based on blood glucose increase
after the OGTT (see 3.3.2 Glucose): The 10% of women with the lowest increase (the Low-
group (n=103)), the 10% of women with the highest increase (the High-group (n=91)), and the
group of women with moderate increase (the Medium-group (n=661)). Focus was on women

with the lowest increase.
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3.2.2 PaperIl

All children born SGA (including children born SGA in the rest population) were invited to a
follow-up study, the Scandinavian SGA Il-study, at one and five years at the three study sites.”
Additionally, any child from the random sample were invited to follow-up. At nine years,
children born SGA or from the random sample were invited to a separate follow-up study in

150

Trondheim.™ Yet another study invited the same children from Trondheim to a follow-up

study at 15 years."!

Paper I did not consider the examinations done at one year of age. As
findings at 9 and 15 years were of particular interest in, only children from Trondheim were
considered in Paper II (Figure 3.5).

To avoid mixing of effects of preterm birth and small birth size, and as the definition of
fetal growth restriction (FGR) relied on ultrasound measurements in gestational week 37,
preterm deliveries (birth before 37 completed weeks) were excluded, as were pregnancies with
missing information on length of gestation. Children with congenital malformations or cerebral

palsy (due to severe birth asphyxia) were also excluded. Twenty-nine of the eligible children

did not participate in the follow-up study.
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Eligible to follow-up*
(n=232)

\4

Final study population:
Total: n = 188
At 5 years:n=178
At 9 years: n =138
At 15 years: n =104

VAN

\

Excluded (n = 15):

- Preterm birth (n = 8)

- Missing information
on gestational length (n
=3)

- Malformations (n = 3)
- Cerebral palsy (n=1)

Not followed (n = 29)

At 5 years: n =36
At 9 years: n=26
At 15 years:n=17

Controls: SGA-Total:
Total: n =105 Total: n =83
At 5 years: n= 102 At 5 years: n=76
At 9 years:n="78 At 9 years: n =60
At 15 years: n=157 At 15 years: n =47
SGA without fetal data:
Total: n = 34
> At 5 years: n =28
At 9 years: n =25
At 15 years: n=24
SGA non-FGR: SGA-FGR:
Total: n =36 Total: n=13

At S years:n=12
At9years:n=9
At 15 years:n=6

Figure 3.5 Flow chart illustrating the allocation of participants in Paper II. *Random sample or born SGA. FGR,

fetal growth restriction; SGA, small-for-gestational-age.
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The children were first divided into two study groups: an SGA group (SGA-Total; n=83) and a
non-SGA group (Controls; n=105) serving as controls (see 3.3.1 Fetal growth). The children
born SGA were further divided into an SGA group with restricted fetal growth, (SGA-FGR; n
= 13), and an SGA group without restricted fetal growth (SGA non-FGR; n = 36), based on
serial ultrasound measurements. Many children had no fetal growth data (n = 34); this was
especially true for children derived from the rest population who, by design, were not followed

during pregnancy. Figure 3.5 reports the number of subjects at each visit.

3.3 Clinical variables
The clinical variables of the Scandinavian SGA-study (Paper I and II) will be discussed under
each of the subheadings of this section. The last subheading (3.3.7 Variables included in

systematic review) covers the variables in the systematic review (Paper I11).

3.3.1 Fetal growth
Ultrasound examinations were performed in weeks 17, 25, 33 and 37 of gestation by specially
trained and highly qualified midwives.

eSnurra is a well-established mathematical model developed by the National Center for
Fetal Medicine, St. Olav’s University Hospital and Norwegian University of Science and
Technology (NTNU), Trondheim."** We used it to estimate gestational age and expected date
of delivery from ultrasound measurements of biparietal diameter (BPD) at 17 weeks. Based on
BPD and mean abdominal diameter, eSnurra was also used to estimate fetal weights at weeks
25, 33 and 37. Femur length was used when information on BPD was missing (n=19 in Paper
I, none in Paper II). Fetal weight prior to day 167 was manually estimated by use of the eSnurra

plastic wheel, as the eSnurra mathematical model does not estimate weights this early in
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pregnancy (n=14 in Paper I, n=2 in Paper II)."> A percent deviation for weight was also
estimated from a population based reference at each gestational age.'*

Per protocol, SGA was defined as birth weight below the 10" percentile for a given
gestational age, accounting for parity and sex. FGR was in Paper I defined as growth below the
10™ percentile between week 25 and 37, based on the growth in the random sample (i.e. the
“population reference” of the Scandinavian SGA-study). In Paper II, FGR was defined as
growth from week 25 to week 37 more than two standard deviations (SD) below the mean of

the non-SGA group (i.e. the “control group” in Paper II).

3.3.2 Glucose

The exposure of interest in Paper I was the maternal response to an oral glucose challenge.
After an overnight fast, the OGTT was administered in gestational week 37. The validity of an
OGTT this late in pregnancy has been demonstrated to be very high.'>* Capillary glucose values
were recorded after an overnight fast, and two hours after administering 75 g glucose in 200
mL water (consumed over 10 minutes). We were mainly interested in women at the opposite
end of the glucose tolerance spectrum from those with GDM or DM. We therefore identified
glucose tolerant pregnant women, meaning that the change in blood glucose from fasting state
to two hours after the glucose administration is relatively low. We defined delta (A) glucose
(mmol/L) as two-hour glucose minus fasting glucose. A large A glucose has previously been
linked with deterioration of beta-cell function, while high insulin sensitivity and glucose
tolerance have been associated with a low A glucose.” Except for rare cases of postprandial
hypoglycemia, there are no generally accepted cut-offs for a low A glucose. For this reason, we
categorized our population based on the normal distribution: From the 10% random sample (i.e.
the population reference), we derived cut-offs for the 10™ and the 90" percentiles of the A

glucose distribution, which were 0.8 mmol/L and 3.6 mmol/L, respectively. Thus, three groups
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were identified according to the change in blood glucose: Low (L; A glucose < 0.8 mmol/L (i.e.
<10™ percentile); n = 103; 12%); Medium (M: 0.8 mmol/L < A glucose < 3.6 mmol/L (i.e. >10"
percentile and <90™ percentile); n = 661; 77%); and High (H; A glucose > 3.6 mmol/L (i.e.
>90™ percentile); n = 91; 11%).

To evaluate the validity of our statistically defined glucose tolerance groups, for each
group, we tabulated the frequencies of the more well recognized glucose metabolism disorders
16155

presented in Table 3.

Table 3.1 Glucose metabolism disorders (adapted to capillary values).
Fasting (mmol/L)  Two-hour (mmol/L)

Hypoglycemia <2.80 <2.80
Impaired fasting glycemia >5.6 and <6.1 <7.8
GDM <6.1 >7.8 and <11.1
DM >06.1 >11.1

DM - overt diabetes mellitus; GDM — gestational diabetes mellitus.

3.3.3 Maternal clinical variables

The maternal clinical variables used in Paper I and II were prospectively collected during
pregnancy. At the first study visit, the mother’s social, medical and family history, dietary
information and smoking habits were recorded, maternal height and weight were measured, and
blood samples were collected.” For the women included in the detailed follow-up, further blood
samples and habits and events during pregnancy were collected at study visits in week 25, 33
and 37. Because the adverse effect of smoking on fetal growth may be greatest in late
pregnancy,”® we classified smokers based on reported smoking habits in week 33. Smoking
habits were categorized into 0, 1-9, 10-19 and >20 cigarettes a day. Weight gain was recorded
as the change in weight from the one reported prior to pregnancy, to the one at the time of the
examination of interest. Highest level of completed education was stratified into primary school

(<9 years), middle school (10-12 years) and high school (> 13 years).
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3.3.4 Offspring clinical variables

The following offspring characteristics of interest were recorded at birth: Sex, birth weight and
length, head circumference, triceps skinfold (measure of subcutaneous fat), ponderal index
(100*birth weight (g)/crown-heel-length”3 (cm)), placental weight, and length of gestation (see
3.3.1 Fetal growth). The physical condition of the newborn was assessed by the 10-point Apgar

score one and five minutes after delivery.

3.3.5 Cognitive function

Cognitive function was of interest in Paper 11, and was assessed by the Wechsler Preschool and
Primary Scale of Intelligence Revised (WPPSI-R) at five years,”’ and the Wechsler
Intelligence Scale for Children Revised (WISC-R) at 9 years."”® The same, specially trained
psychometrist examined all children, and was blind to SGA status.

Both the WPPSI-R and the WISC-R yield performance, verbal and full intelligence
quotient (IQ) scores. Performance IQ is associated with abstract problem solving, while verbal
comprehension and working memory are important to verbal 1Q. Both performance 1Q and
verbal 1Q were composite scores of multiple subtests. Full IQ was a combination of verbal 1Q

and performance IQ. The estimated scores were age specific.

3.3.6 Magnetic resonance imaging

In Paper I, brain volumes were measured at age 15 by use of magnetic resonance imaging
(MRI). Details of the MRI technique has been detailed in a previous paper, and will be
summarized here:">’ The MRI machine was a 1.5-Tesla Siemens Symphony Sonata (Siemens
AG, Erlangen, Germany). For the morphometric analysis the imaging was a 3D inversion
recovery prepared at a fast low flip angle gradient echo sequence (MP-RAGE) with 128 sagittal

partitions, 1.33 mm slice thickness, TR between inversion pulses of 2730 ms, TR/TE/flip
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angle/TI: 7.1 ms/3.45 ms/7°/1000 ms, an acquisition matric of 256 x 192 x 128, square FOV of
256 mm, NEX 1, and an acquisition duration of 8.5 minutes.
A technique developed by Fischl et al. was applied for the automated labeling of human

160 We obtained volumes for total brain and cerebral and cerebellar white matter

brain structures.
and a series of gray matter structures including the thalamus, the hippocampus, the amygdala,
and the cerebral and cerebellar cortices.

All brain volumes were normalized by total intracranial volume by use of the covariance
method described by Jack et al.:"®!

NV =0V - RLG(TIV — TIVmean),
where NV was the normalized volume of the structure of interest, OV the original volume, RLG
the regression line gradient between the original volume and the total intracranial volume, TIV

the subject’s total intracranial volumes, and TIVmean the total intracranial volume in the

control group.

3.3.7 Variables included in systematic review

By design, all clinical variables were collected by the individual studies included in the review.
As a consequence, one may assume a certain level of inter-study variation, e.g. use of different
scales to weigh the mother. In the collection of data from the individual studies we applied a
pragmatic approach and asked for an appropriate, but limited number of variables. The level of
detailed information varied. The full list of variables asked for is described in the protocol.'’
Below are listed the exposures, outcomes, and covariates that constituted the clinical variables

that were eventually used in the review.
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Exposure

The exposure of interest was maternal vitamin B12 in serum or plasma during pregnancy.
Indirect measures of B12 levels, e.g. methylmalonic acid and homocysteine, were not
considered in this study. B12 was measured by use of radioimmunoassay, electroluminescence
assay, or microbiologic assay. To standardize B12 across the length of pregnancy, we calculated
B12 SD scores for each trimester based on studies providing IPD and re-analyzed aggregate
data. B12-deficiency was pre-defined as <148 pmol/L (<200 pg/L)."®® For the sensitivity
analyses, we constructed B12 tertiles based on IPD: <148 pmol/L (tertile 1), 148-216 pmol/L

(tertile 2), and >216 pmol/L (tertile 3).

Outcomes

The primary outcomes of interest were birth weight in grams (continuous), LBW (birth weight
<2,500 g), and SGA (defined below).'” Weight had to be measured at birth and could not be
based on retrospective reported data. Four secondary outcomes were defined a priori: length of
gestation in days (continuous), preterm birth (birth before 37 completed weeks), very preterm
birth (birth before 32 completed weeks), and very low birth weight (birth weight <1,500 g).
Length of gestation had to be recorded at birth and needed to be estimated by use of ultrasound
measurements or last menstrual period, or a combination of the two. An additional outcome
was later added; birth weight SD score. This outcome was calculated by use of the
INTERGROWTH 21* Project, which estimates an SD score based on gestational age and sex
specific birth weight reference standards.'®” SGA was defined as birth weight SD score below
the 10™ centile. We assumed birth weight SD score to serve as a proxy of fetal growth.

Likewise, SGA was assumed a proxy of restricted fetal growth.
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Covariates

The following continuous covariates were considered: maternal age and pre-pregnancy or
pregnancy body mass index (BMI) and weight. We also considered the dichotomous outcomes
parity (nulliparous vs. primiparous or multiparous), smoking habits (smoking during pregnancy
vs. not smoking during pregnancy), and highest completed education (completed high school,
equal to 13 years of education, vs. not completed high school). To be included, maternal weight
had to be measured as part of the original study, and not by self-report. BMI was calculated
using the formula: weight (kg)/height (m)>. BMI was preferred over weight. The earliest
measurement of maternal anthropometry was used, preferably pre-pregnancy. Information on
parity, smoking habits and education were in the individual studies collected by use of

questionnaires.

3.4 Statistical analysis

All statistical analyses were carried out using Stata SE version 12.1 (Paper I and /) and version
13.1 (Paper III), Stata Corporation, College Station, TX, USA. Precision was assessed by 95%
confidence intervals (CI), and statistical significance was defined as p<0.05. In Paper I1, p-
values were corrected for multiple comparison by use of the Benjamini-Y ekutieli method in the
multivariable analyses of the subgroup analyses of brain volumes and in the pairwise correlation

164
analyses.'®

3.4.1 Univariable analysis

In all papers in this thesis, normally distributed variables were presented as means, with 95%
CI. Non-normally distributed variables were presented as medians, with corresponding 25"- to
75™-percentiles, or range. Frequencies were presented as the number of observations and its

proportion of total.
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In Paper I, generalized linear models were applied in both the analysis of continuous as
well as binary outcome variables. Linear regression models were fitted in the former situation,
and Poisson regression models in the latter. Some of the continuous outcome variables in Paper
I were not normally distributed, and to avoid violation of the linearity assumption, we carried
out these analyses by use of appropriate non-identity link functions. For the sake of consistency,
we carried out all analyses of continuous data in Paper I with a generalized linear model. To
relax the assumption of distribution and independence of errors, we used regression with robust
standard errors. We expected that the binary outcomes under analysis in Paper I had an
incidence of more than 10%, which made logistic regression unsuitable.'®'®® We instead
applied a Poisson regression model with robust error variance. It has been argued that this is a
more appropriate method for the analysis of binary outcomes in prospective studies.'®*'¢’

In Paper 11, group means were compared by independent ¢ tests, medians by Wilcoxon-
Mann-Whitney tests, and frequencies by chi-squared test or Fisher’s exact test (the latter if an
expected frequency in any cell of five or less). Association between 1Q scores and brain
volumes were explored by the use of pairwise correlation analyses. After transforming non-
normally distributed outcome variables to an appropriate scale, continuous outcome variables
in Paper II and III were analyzed by use of regular linear regression. Some of the individual
studies included in Paper III had high incidences of LBW, SGA and preterm birth. Binary
outcomes in Paper Il were therefore analyzed by the same technique as in Paper I, that is, by

use of Poisson regression with robust error variance.

3.4.2 Multivariable analysis
In order to adjust for potential confounding, multivariable analyses were utilized in all papers.

All models were tested for normality of residuals, heteroscedasticity and multicollinearity. Non-
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normally distributed independent variables were transformed to an appropriate scale prior to
analysis.

Maternal smoking habits during pregnancy was identified as a potential confounding
factor for the association between glucose tolerance and fetal growth (Paper ), as smoking may
affect both glucose tolerance'® and birth weight (Figure 3.6).'® In Paper II, we did not treat
smoking as a confounder in the analyses of fetal growth on cognitive function and brain
volumes.'” Some of the detrimental effects of smoking on brain development and cognitive
function may be mediated through fetal growth. Indeed, researchers have argued that maternal

smoking during pregnancy has no direct causal effect on IQ of the offspring.'**

Maternal
smoking
Maternal Offspring
glucose » Fetal growth > cognitive
tolerance function

Figure 3.6 The suspected causal associations between maternal glucose tolerance, fetal growth, offspring
cognitive function and smoking habits.

The following potential confounders were considered in the multivariable analyses of Paper I:
Previous LBW child, mother’s highest completed education, maternal age, parity, pre-
pregnancy BMI, weight gain, smoking during pregnancy, gestational age when the OGTT was
performed, gestational age at birth, and sex of the baby.

Three potential confounders were identified a priori in Paper II: Mother’s highest
completed education, offspring sex and age at examination. The two latter were adjusted for in
the multivariable analysis of brain volumes, while in the analysis of cognitive function,

maternal education and child sex were taken into account (IQ scores were age specific).
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In Paper I1I we selected the potential confounders based on a combination of clinical
and epidemiological knowledge of factors associated with exposure and outcome. While a
model adjusting for maternal pre-pregnancy BMI, age, parity, education and smoking habits
was preferred, this would leave us with only a few studies under analysis. We decided that the
best multivariable model based on the data at hand was one including maternal age, BMI and
parity. The earliest measurement of BMI was preferred, and when BMI was unavailable, we
used maternal weight instead. Alternative multivariable models were explored in sensitivity
analyses (see below).

We did not use interaction terms in the analyses of any of the papers.

3.4.3 Meta-analysis

On study-level, as described above, mean difference of the continuous outcomes birth weight
(g), gestational age at delivery (days) and birth weight SD score were analyzed by linear
regression. RR for the outcomes LBW, SGA and preterm birth were estimated by Poisson
regression with robust error variance. Results from the individual studies were pooled in an IPD
meta-analysis. IPD meta-analyses can either be carried out in a “one-step” or “two-step”
approach:'”" In a two-step approach, summary statistics are generated at study level (step one),
and these estimates are then pooled using traditional meta-analytical approaches (step two).
This is the most widely used approach.'”" Alternatively, one may pool all the raw data into one
model, using a one-step approach, and in the regression model take clustering by study into
account. This approach is more difficult, but some argue that it is a more exact statistical
approach.'” Others argue that there is little difference in results between the two techniques.'”
The data in Paper 11l was analyzed using a two-step approach. Aggregate data from individual
studies were included in the analyses when IPD was not available. The studies contributing in

the analyses were weighed using the DerSimonian & Laird random-effects model, assuming
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that in addition to within-study variance, there was also between-study variance (as opposed to
a fixed effect model assuming only within-study variance).'”

Both univariable and multivariable models were built. In the main multivariable model
we adjusted for maternal age, BMI (or weight when BMI was unavailable) and parity. When
IPD was unavailable, the following re-analyses were requested from the individual studies:
linear regression of B12 and B12-deficiency in relation with birth weight and gestational age at
delivery; and Poisson regression of B12 and B12-deficiency in relation with LBW, SGA and
preterm birth. Both crude and two multivariable models were requested (adjusting for maternal
age, BMI and parity; and adjusting for maternal age, BMI, parity and smoking habits). Relevant
results were extracted from the publications when neither IPD nor results from requested re-
analyses were available.

We explored subgroup effects and heterogeneity by conducting multiple sensitivity
analyses. Among the sensitivity analyses defined per protocol, the impact of individual studies’
risk of bias was explored by stratifying the analyses into high risk versus low risk of bias.
Demographic differences were explored by subgroup analysis of country income category;
high-income country vs. low- and middle-income countries, as defined by The World Bank.'™
Because the maternal level of B12 declines throughout pregnancy,''” and there are reports of
varying association between B12 and birth weight depending on time of B12 ascertainment,'”’
we stratified the analyses by 1%, 2" and 3™ trimesters, and 1% and 2™ trimesters combined. A
final a priori analysis was conducted excluding each of the studies one by one, to explore the
impact individual studies had on effect estimates and heterogeneity. Additionally, we carried
out several post hoc sensitivity analyses. Lower B12 in pregnancy has been associated with
maternal obesity,'”>'"® hence we stratified our analyses into overweight (BMI >25 kg/m?) and

non-overweight (BMI <25 kg/m?). Different methods of measuring B12 may yield slightly

different results, which is why we performed subgroup analyses of B12 assay technique
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(radioimmunoassay, electroluminescence, microbiological).'”” We also explored how choice of
statistical method affected the analyses, with sensitivity analyses of alternative multivariable
models (e.g. more saturated model including maternal education and smoking habits in addition
to the main model), fixed effects model, Poisson regression with non-robust error variance, and
logistic regression model. Lastly, we evaluated the impact of excluding studies that only
evaluated term births. Inspired by a recent publication,'” we performed a post hoc meta-
analysis of the association between B12 and maternal weight.

A funnel plot is a scatter plot of the effect size of an association from individual studies,
against the precision of the studies.'” Larger studies tend to be closer to the true effect size,
while smaller studies tend to scatter more. If there are more studies on one side of the “true
effect” line, one may suspect presence of publication bias. We evaluated presence of publication
bias by use of this method. The degree of inconsistency, i.e. heterogeneity, across studies in the
meta-analyses was described using the I’-statistic.'” We considered heterogeneity to be present
when I” was greater than 30%, meaning that more than 30% of the total variation across studies

was due to heterogeneity.

3.4.4 Multiple imputation
Because of a relatively large amount of missing data of the independent variables in Paper I,
we applied multiple imputation.lgo’181 We followed recommended guidelines for the reporting
of multiple imputation analysis."®

We assumed that the missing data was due to missing at random. In the imputation
model we included all variables included in any of the regression analyses or descriptive tables,
and 21 auxiliary variables (including defined risk factors for SGA birth). No categorical
variables with more than two levels were included in the imputation model, no variables were

rounded, and there were no interaction terms.'®* The native Stata command mi impute was used
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to impute 20 datasets. Necessary transformations of non-normally distributed independent
variables were executed after imputations. Results from the complete case analyses were
reported in supplementary material for comparison.

Although there was considerable missing information on Paper II as well, especially
maternal education and fetal growth, we know that this information was not missing at random.
Indeed, missing information was almost exclusively restricted to the group of women who were
not followed during pregnancy, i.e. the women in the low risk population. Because of this,
multiple imputation was not appropriate in Paper I1.

There are discrepant opinions as to whether imputation is appropriate in the setting of

183,184

meta-analysis of IPD. We decided to refrain from doing multiple imputation in Paper I11.

3.5 Ethics

All participants in the Scandinavian SGA-study were informed about the study aims and
objectives, and gave their written consent. The Regional Committee for Medical and Health
Research Ethics approved the Scandinavian SGA-study (references JSV/BLF 19.03.1984;
86/91/TK; and 4.2005.2605) and the systematic review (reference 2014/615/REK midt). The

individual studies included in the systematic review were approved by their respective regional

ethics committees.
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4. Results

4.1 Paperl

Rogne T, Jacobsen GW. Association between low blood glucose increase during glucose
tolerance tests in pregnancy and impaired fetal growth. Acta Obstet Gynecol Scand;
2014,93:1160-9.

The constructed glucose tolerance groups reflected clinically familiar glucose metabolism
disorders: There were few cases (5%) of gestational diabetes mellitus or overt diabetes mellitus
in the group of women with the lowest glucose increase (the Low-group), but these conditions
were present in 96% of pregnancies in the group of women with the highest glucose increase
(the High-group).

The fetal growth in the Low-group deviated increasingly more in a negative direction from
gestational week 25 to 37 than both the High-group and the Medium-group. The group mean
differences of deviation from expected fetal weight were greatest in gestational week 37: Low
vs. Medium -2.4 percentage points (95% confidence interval (CI) -4.0, -0.8); High vs. Medium
2.3 percentage points (95% CI 0.4, 4.2). Newborns in the Low-group were thinner than those
in the Medium-group, as judged by the ponderal index (-0.1 g*100/cm’ (95% CI -0.1, 0.0)) and
the triceps skin fold thickness (-0.3 mm (95% CI -0.4, -0.1)). However, there were no
differences in birth weight or risk of small-for-gestational-age (SGA) birth between the groups,
but a strong tendency of decreasing birth weight and risk of SGA birth with increasing glucose

intolerance.
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4.2 Paper I1

Rogne T, Engstrom AA, Jacobsen GW, Skranes J, Ostgard HF, Martinussen M. Fetal growth,
cognitive function, and brain volumes in childhood and adolescence. Obstet Gynecol.
2015;125:673-82.

In the univariable analyses, children born SGA had lower performance and full intelligence
quotient (IQ) scores at five and nine years, and verbal IQ score at nine years compared with the
control group. After adjusting for potential confounding factors, the IQ scores were comparable
between the two groups, except for performance IQ score at five years (107.3 (95% CI 103.4,
111.1) vs. 112.5 (95% C1109.9, 115.1)). While there were no differences in 1Q scores between
the SGA group without fetal growth restriction (FGR) and the control group, the SGA-FGR-
group had lower performance 1Q score at five years (103.5 (95% 95.9, 111.2) vs. 112.5 (95%
CI 109.9, 115.1)) and nine years (96.2 (95% CI 86.0, 106.4) vs. 107.5 (95% CI 104.0, 110.9)
compared with controls.

Children born SGA had smaller total intracranial volume at 15 years compared with
controls, also after adjusting for confounding factors (1,472.5 cm® (95% CI 1,443.9, 1,501.0)
vs. 1,548.4 cm’® (95% CI 1,522.4, 1,574.4). There were no regional brain volumes differences
between SGA children and controls after accounting for total intracranial volumes. However,
there were differences between the SGA-FGR group and control group for thalamic volume
(17.4 cm® (95% CI 16.5, 18.2) vs. 18.6 cm® (95% CI 18.3, 18.8)) and cerebellar white matter

volumes (21.5 em® (95%CI 20.1, 23.0) vs. 24.3 cm’ (95% CI 23.8, 24.9)).
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4.3 Paper 111

Rogne T, Tielemans MJ, Chong MFF, Yajnik CS, Krishnaveni GV, Poston L, Jaddoe VWV,
Steegers EAP, Joshi S, Chong YS, Godfrey KM, Yap FKP, Yahyaoui R, Thomas T, Hay G,
Hogeveen M, Demir A, Saravanan P, Skoviund E, Martinussen MP, Jacobsen GW, Franco OH,
Bracken MB, Risnes KR. Maternal vitamin B12 in pregnancy and risk of preterm birth and low
birth weight: A systematic review and individual participant data meta-analysis. Am J
Epidemiol (accepted for publication).

Six-hundred-six unique references were identified, of which 22 studies were eligible (11,993
pregnancies; Figure 4.1). Eighteen studies were included in the meta-analysis (11,216
pregnancies; 94% of all eligible pregnancies): Ten studies (8,928 pregnancies) provided
individual patient data, two studies provided results from requested re-analyzes (973
pregnancies), and estimates from single studies were abstracted from the publications of six
studies (1,315 observations).

Of the included studies, one was conducted in North America, nine in Europe, one in
Africa, one in Oceania, and six in Asia. The number of pregnancies studied ranged from 84 to
5,641. Deficiency of vitamin B12 (B12) was identified in 0% to 69% of pregnancies (median
33%). The incidence of low birth weight (LBW) ranged from 0% to 33% (median 6%), preterm
births from 4% to 14% (median 8%), and SGA from 5% to 32% (median 11%).

No linear association was observed between maternal vitamin B12 status and birth
weight, but we observed an association between B12-deficiency and risk of giving birth to a
LBW newborn (adjusted risk ratio (RR) 1.15 (95% CI 1.01, 1.31). For one standard deviation
(SD) increase in B12 we observed an associated 11% reduced risk of preterm birth (95% CI 3,
18). Accordingly, B12-deficiency was associated with an increased risk of preterm birth
(adjusted RR 1.21 (95% CI 0.99, 1.49). Maternal levels of B12 were not associated with birth

weight SD scores (i.e. accounting for length of gestation and sex) or risk of SGA birth.
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All references
N=1,450
» Duplicate references excluded, N = 844
\4
Unique references
N =606
| References excluded based on title and
17 " | abstract, N=517
Full text evaluated
N=289
Studies not eligible, N = 67:
- Incorrect study design, N =12
- B12 not measured in pregnancy, N = 18
| - Outcomes of interest not available, N =7
" | - Population of diseased women, N = 5
- Population size <50, N =3
- Newer or more complete report included, N = 13
4 - Studies published before 1998, N =9
Eligible studies
N=22
n=11,993
»| Studies not included, N=4, n= 777>
\4
Studies included
N=18
n=11,216
/ v \
Data abstracted
IPD Reanalysed data from published
N=10 N=2 reports
n=8,928 n=973 N=6
n=1315

Figure 4.1 Flow chart of studies included in at least one of the meta-analyses of the association between vitamin
B12 and birth weight or length of gestation. B12, vitamin B12; IPD, individual patient data; N, number of studies;
n, number of pregnancies. a, IPD or re-analyses not provided, and results could not be abstracted from published
reports
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5. Discussion

5.1 Main findings

This thesis addressed how two nutritional factors during pregnancy may affect birth size: High
glucose tolerance was found to be associated with impaired fetal growth, while low levels of
vitamin B12 (B12) were associated with an increased risk of preterm birth, but not impaired
fetal growth. Also, we observed reduced cognitive function and smaller regional brain volumes
among children with small birth size due to impaired fetal growth, but not among the other

children born small.

5.2 Epidemiological considerations

5.2.1 Causality
To identify causes of disease is ultimately the goal of much epidemiologic research. However,
epidemiologists are usually reluctant to label their findings as causal, to much annoyance to the
public. Scientific research is based on a refutationistic view, that is, we cannot prove a
hypothesis, we can only discard it."® A much cited viewpoint'™® by Sir Austin Bradford Hill on
causation has later been referred to as the criteria for causation:"®" strength, consistency,
specificity, temporality, biological gradient, plausibility, coherence, experiment, and analogy.
While details of the individual items will not be elaborated here, the general opinion is that a
set of criteria for causality at best serves as guidance for critical appraisal.'™’

When determining causality, one will have to evaluate the precision of the results, as
well as the internal validity. If one is to extrapolate findings in a paper to a population other

than the study population, one also has to judge the external validity of the results. Each of these

items will be addressed in the following sections.
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5.2.2 Precision

In medical research we attempt to estimate the association between exposure and outcome. Due
to random, unexplained variation between the exposed and unexposed, the estimated
association always comes with some degree of uncertainty. If either exposure or outcome
measure inaccurately, this will add to the random variation. With increasing number of subjects
under study, one will expect this random variation to distribute equally among the exposed and
unexposed. Precision, the converse of uncertainty, is often presented as a span of confidence
around the mean (point estimate), usually as a 95% confidence interval (CI). By including more
subjects under study, we will become more confident in our estimate, and the CI will narrow.
There are nevertheless some important caveats to remember when appraising Cls.

First, the 95% CI reflects the range in which we are 95% confident that the mean of the
population is found. That is, it does not predict the probability on an individual level.
Furthermore, the CI only applies to populations equal to the one under study, as discussed in
5.2.4 External validity. Lastly, the CI does not take bias into account (see next section). Thus,
even with a narrow CI (i.e. precise estimate), we cannot conclude that an association is true. In
technical terms, precision and CI deal with random error, but do not account for systematic
error (i.e. bias).

There has been much debate about the use of “statistical significance” in statistics.'®®
The term implies that statistical significant associations should be emphasized. The key statistic
when assessing statistical significance is the p-value. When comparing an exposed and
unexposed group, the interpretation of the p-value is as follows: If there is no difference
between the groups being compared, what is the probability of finding the observed difference
or a more extreme difference (even farther from the mean).'®® Statistical significance is assumed
if this probability, the p-value, is below a certain cut-off, usually 5%. A p-value <5% equals a

95% CI that does not include the null-effect (i.e. no difference between the groups). With
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increased power, the risk of chance findings is reduced. As discussed above, statistical
significance does not take systematic error into account. Also, statistical significant results may
be of little clinical significance, and vice versa. All papers in this thesis use 95% Cls to describe
precision. “Statistical significance” and p-values have to some extent been used in Paper I and
Paper I1.

Paper I considered a fairly large sample of pregnancies, as compared with other studies
with repeated ultrasound measurements during pregnancy. Due to recruitment of high risk
pregnancies, we had a relatively large number of pregnancies with restricted fetal growth and
small-for-gestational-age (SGA) births. Also, the oral glucose tolerance test (OGTT) is quite

precise, as is estimation of fetal weight and newborn weight.'>>'®

In terms of random error, we
had a well powered study. As an example, we observed similar associations (i.e. effect
estimates) between low blood glucose and SGA birth as another study, but our estimate was
more precise.'*”

A different scenario was at play in Paper II. There were few observations in the main
exposure groups; children born SGA with (n = 13) and without (n = 36) fetal growth restriction
(FGR). Additionally, estimation of intelligence quotient (IQ) scores is subject to imprecision.'*’
This left us with little statistical power. However, as the observed differences between the
exposed and unexposed were considerable — that is, clinically significant — several of the
associations were statistically significant.

Increased precision and statistical power is one of the alluring features of systematic
reviews with meta-analyses. As elaborated in section /.3.2 Systematic reviews, one has to treat
this increased statistical power with care. While randomized controlled trials ideally differ only
by random error and are therefore suitable for inclusion in meta-analyses, observational studies

are subject to bias. Because of this, some argue that one should generally refrain from doing

meta-analyses in systematic reviews of observational studies.** In Paper III we made great
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effort to collect raw data and ask for re-analyzed results in order to reduce bias (see 5.2.3
Internal validity). The large number of observations allowed for precise estimates. For instance,
a fairly large study (n = 986) reported an odds ratio for preterm birth of 0.81 (95% CI 0.64 to
1.03) per standard deviation (SD) increase of maternal B12, but concluded that there was “little
or no” association between the two.'”" In a similar analysis, we observed a risk ratio (RR) for
preterm birth of 0.89 (95% CI 0.82 to 0.97) per SD increase of maternal B12. Hence, even
though the size of the effect estimate was somewhat smaller (but still clinically important), the

increased precision enabled us to detect an association.

5.2.3 Internal validity
A precise estimate is of little value if it is false, i.e. biased. Although a myriad of specific biases
have been identified, three main categories apply: selection bias, information bias, and

185

confounding. * Each of these biases will be discussed in the setting of the thesis’ three papers.

Lastly, bias specific to systematic reviews will be discussed.

Selection bias

Selection bias arises when the subjects that are studied vary systematically from the subjects
that are not studied.'® The bias may occur both during the selection process and in the
likelihood of being retained in the study.

Both the Scandinavian SGA-study and the studies included in the systematic review
were prospective cohort studies where all study subjects that fulfilled pre-defined eligibility
criteria were sought to be included in the studies. Whether the constructed eligibility criteria
created a representative sample of the general population or not will be discussed further in
section 5.2.4 External validity. With respect to selection bias, we are concerned about failure

to include eligible subjects, and loss to follow-up.
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In the Scandinavian SGA-study, only 200 (3%) of the 5,922 eligible women recruited to
the study failed to make first appointment. Half of these women failed to come to the first visit
due to unknown reasons, the remainder due to social constraints of different sorts (e.g. “too
time consuming”).55 There were 393 (20 %) drop outs, but they had the same risk status as the
ones followed.”

In Paper I, the main reason for exclusion was that an OGTT had not been carried out.
Among women that had done an OGTT, 70% were from the high-risk group (i.e. increased risk
of giving birth to an SGA child), while there were 75% from the high-risk group among the
women where an OGTT was not carried out. This imbalance may represent a slight selection
bias. The OGTT was performed in gestational week 37. Women delivering preterm would for
this reason not be included in Paper 1. Risk factors for preterm birth, e.g. preeclampsia, may be
subject to underrepresentation among those with an OGTT compared with those without an
OGTT. One may speculate that if such unbalanced risk factors are associated with both the
exposure (glucose tolerance) and outcome (fetal growth and birth weight) in Paper I, the results
may be biased. The direction of the bias is uncertain.

There were 29 (13% of eligible) eligible children that were not followed in Paper I1.
Additionally, 84 (45% of followed) children were lost to follow-up from 5 to 15 years. Both
may represent selection bias. Encouragingly, there were no notable differences in maternal or
newborn characteristics between the three groups; eligible and followed, eligible but not
followed, and eligible and lost to follow-up (Appendix).

All of the individual studies included in the systematic review recruited women
irrespective of the risk of giving preterm birth or birth to a low birth weight (LBW) child. Still,
low follow-up rate was a problem in many of the studies. The follow-up was adequate (data on
exposure and outcome in >80% of eligible pregnancies) in only 8 of the 18 included studies

(Appendix). Eight studies had a follow-up less than 80%, and the rate of follow-up was
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uncertain in two additional studies. For each of the included studies, there may be varying
reasons for loss to follow-up. If these are close to random, one would expect that the pooled
effect estimate across all studies would be attenuated. If there are systematic reasons as to why
women were lost to follow-up, bias may have been introduced. One such example could be that
women with vitamin B12-deficiency developed anemia and withdrew from the study due to

fatigue.

Information bias
If there is systematic error in the information collected about the study subjects, we have

information bias.'®

We often structure exposures and outcomes into categories, and wrong
classification due to information bias is often referred to as misclassification bias."™ If the
misclassification of the outcome is associated with the exposure, and vice versa, we have
differential misclassification. Otherwise we refer to the misclassification as non-differential.
Non-differential misclassification tend to attenuate the effect estimate. Differential
misclassification, however, may bias the results in either direction, and is of particular concern.

We do not suspect that measurement of the outcomes depended on the exposure, glucose
tolerance, in Paper I. Likewise, results from the glucose tolerance test were unlikely to depend
on the ultrasound measurements of the fetus. Differential misclassification bias was therefore
not suspected in Paper I. Non-differential misclassification bias is to some extent present in all
epidemiological studies,'™ and it is likely that, for instance, some of the anthropometric
measures of the fetus may have been erroneously registered.

Estimation of child IQ is not an exact science, and one may suspect that, in Paper II, the
SGA-status may have affected how the IQ was scored. To limit such differential

misclassification bias, the psychometrists assessing the children were blind to exposure status.

In spite of that, one may not rule out that the psychometrists were influenced by certain traits
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among children born SGA, e.g. short stature, perhaps by allowing lower scores among children
suspected to be born SGA. In the unlikely event that SGA-status influenced scoring of 1Q, the
associations reported in Paper Il may have been exaggerated. As with Paper I, non-differential
misclassification may have occurred, particularly in less objective measures such as IQ scoring.

In Paper 11, we found that all studies evaluated the outcomes of interest blind to
exposure status in all but one study (Appendix). The single study in mention did not report how
the outcomes were recorded. As vitamin B12 was ascertained prior to knowledge of the
outcomes, we do not suspect differential misclassification bias to be present in the systematic
review. Again, non-differential misclassification may have attenuated the results, e.g. by

incorrect estimation of length of gestation.

Confounding
Confounding is a bewildering word for a simple matter; mixing of effects.'®> When you observe
an association between an exposure and an outcome that is really due to an external factor (i.e.
a “confounder”), we have confounding. A classic example is the apparent association between
birth order and prevalence of Down’s syndrome, which is confounded by maternal age.'”* The
confounding factor must be associated with both the exposure and the outcome, but not be
caused by either. Because the exposure groups compared in observational studies are not
constructed at random (as in randomized controlled trials), confounding is close to inevitable.
While selection bias and information bias for the most part must be addressed when
designing the study, confounding may also be accounted for when analyzing the data. This is
done either by stratifying the dataset on the confounding variable(s), or by including the
confounding variable(s) in the regression model. The latter technique has been applied in this
thesis, with addition of some stratified analyses in Paper III. Confounding covariates should be

identified by reasoning based on a priori, clinical knowledge, rather than associations identified
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in statistical models.'®

In the absence of critical assessment of potential confounders, one will
be at risk of either over-adjustment or missing key confounders.'”

The Scandinavian SGA-study collected a large amount of data on each study participant.
This enabled us to include the desired confounding variables in the regression models, as
specified in 3.4.2 Multivariable analysis. In Paper I, univariable and multivariable models
yielded similar results. In Paper II, both children born SGA with FGR and those without FGR
were associated with reduced 1Q scores. However, after adjusting for maternal education and
child sex, the notable associations were confined to children born SGA with FGR. Arguably
some of the association between SGA and cognitive function in the univariable analyses was
explained by maternal education or child sex. The results from the analyses of brain volumes
were not affected by adjustment for confounding. Although we had many covariates to choose
from in the Scandinavian SGA-study, it is difficult to take all potential confounders into
account. Residual confounding may affect the associations reported in both Paper I and Paper
1I.

Control for confounding was more challenging in the systematic review. In traditional
meta-analyses, the reviewer is not at liberty to define which confounders to include in the
analyses. Indeed, most included studies will not have adjusted for the same confounding factors,
if presenting adjusted models at all. By collecting raw data from the included studies, we had
the opportunity to define which confounders to include in the models, and make sure the models
were equal in all studies. Even with this flexibility, confounding may have affected our results.
Only a few of the included studies provided data on all five identified confounding factors;
maternal age, parity, body mass index (BMI) or weight, smoking and education. To balance
adequate adjustment for confounding with a reasonable number of studies under consideration,
we restricted our main multivariable model to adjustment for maternal age, parity and BMI or

weight. Still, we found little discrepancy between the main model and the extended model in
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the analyses of the association between B12 SD score and birth weight, and B12 SD score and
risk of preterm birth (Appendix).

Maternal anthropometry was another example where we had to be pragmatic in Paper
111. Both previous reports and observations from our systematic review have identified maternal
overweight to be associated with lower blood levels of B12.">'"° Failure to take maternal
overweight into account would therefore underestimate an association between B12 and birth
weight. While BMI is a more sensitive measure of adiposity than weight, most studies did not
provide information on maternal BMI (or height and weight). To include this important
confounding variable in our models, we adjusted for BMI when available, and allowed the
remaining studies to adjusted for weight. This approach is feasible in meta-analyses using a
two-step approach. Sensitivity analyses showed similar results in the analyses of birth weight
and risk of preterm birth when adjusting for BMI in studies with data on both BMI and weight,

as when adjusting for weight in the same studies (Appendix).

Bias in systematic reviews

In addition to bias that may affect within-study validity, bias may be present when synthesizing
results across studies. A general discussion on how publication bias and reporting bias may
distort the literature is found in the Introduction of this thesis (/.3.2 Systematic reviews).

We did not seek out unpublished studies for the systematic review. There is no general
requirement to register longitudinal cohort studies ahead of conduct, as there is for clinical
trials. We therefore deemed it unfeasible to identify all unpublished cohort studies that could
have the necessary information on maternal vitamin B12 and birth weight or length of gestation.
Of the 18 studies included, only ten studies reported to have objectives similar to those in our
review. As follows, eight of the included studies had been published to report other associations

than the ones under study in Paper III. Presumably, these eight studies may resemble the
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unpublished literature on B12 and birth weight and length of gestation. In sensitivity analyses
of B12 SD score in relation to birth weight and risk of preterm birth stratified by main objective
(similar vs. different from our review’s objectives), there were no differences in the results
between the two strata in neither analysis (data not shown). Also, there was no suspicion of
publication bias in the funnel plot of the association between B12 SD score in relation to birth
weight. Based on these findings, we argue that there is little reason to suspect that publication
bias has affected our results.

The reported results in the included studies did not allow for a traditional meta-analysis
due to great heterogeneity in conduct and reporting of the analyses. Qualitative assessment of
the association between B12 and birth weight was possible in 14 studies, but was inconclusive.
Only two studies reported on the association between B12 and length of gestation, also
inconclusive. However, by collecting individual patient data (IPD) and asking for results from
re-analyzes, we were able to include 18 studies in the meta-analyses. Among the studies that
provided either IPD or re-analyzed results (12 studies, 9,901 pregnancies), there was by design
no reporting bias. Six studies (1,315 pregnancies) did not provide IPD or re-analyzed data, and
were included in a restricted number of analyses, but their findings corroborated the findings
of the main analyses. Four eligible studies (777 pregnancies) were not included in the review
as they did not provide data, and had not reported the association of interest. Because these
studies constituted a relatively small proportion of the eligible pregnancies (6%), it is unlikely
that they biased our results. A telling example of how reporting bias may distort the literature
is evident by comparing our review with a recently published systematic review with traditional
meta-analysis (see 5.4.2 Systematic review).

Papers with significant findings have a greater tendency of being published in English,

as compared to papers with negative results.”’ We applied no language restrictions in our
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search. We also searched multiple databases applying a wide search string, thereby identifying

studies irrespective of citation bias.

5.2.4 External validity

After considering the within-study validity, one must proceed further and consider to which
populations the findings apply. In other words, the generalizability of the results. Findings valid
only to the population under study is of little interest to the public. When designing a study,
some argue that the study population should reflect the general population, so that the findings
may be generalized to the population at large.'®® Others argue that a more selected study sample
is preferable in order to evaluate causality.'™ The findings reported in the papers based on the
Scandinavian SGA-study differ in their external validity as compared with the findings from
the systematic review.

First considering Paper [ and Paper 11, there are several important differences between
the population evaluated in the Scandinavian SGA-study, and the general population. The
original study was designed in a time when genetics was associated with heredity, rather than
DNA sequences: In order to evaluate “genetics”, only parous women were recruited. To
increase the number of events of the main outcome of interest, SGA birth, the longitudinal study
was enriched with women at an increased risk of giving birth to an SGA child. Only pregnancies
from Norway and Sweden were assessed. Furthermore, in the close to three decades that have
passed since the enrolled women were followed during pregnancy, both the pregnant population
and the antenatal care in Scandinavia have evolved.'”> Accordingly, multiple factors challenge
the external validity of Paper I and Paper I1.

In a sub-analysis restricted to the random sample (i.e. the population reference) in Paper
1, we observed similar associations between glucose tolerance and fetal growth as we did in the

main analysis. Encouragingly, associations akin to the ones observed in Paper I have been
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reported in populations resembling the general pregnant population in both Japan' and
Israel.”” Still, this association was not observed in a general pregnant population in the USA.'¥

Again, in Paper II, the reported associations are found among offspring of previous
high-risk pregnancies. For this paper, sub-analysis of only the random sample was not feasible
due to few study subjects. As with the literature on glucose tolerance, both concordant and
conflicting results have been found in study populations resembling the general populations in
different countries.'**'*

Paper I and Paper II describe associations that may or may not be applicable to the
general population. Indeed, these are only single studies, and conflicting results have been
published in multiple reports on multiple populations. The most sensible way to construe our
findings from the Scandinavian SGA-study is to take note of the reported association, but keep
in mind the population under study and the design of the studies. As have been discussed,
individual studies should always be treated with caution (See /.3.2 Systematic reviews). In order
for the topics covered in Paper I and Paper II to give guidance to clinical practice, one will
have to conduct well designed systematic reviews, as discussed later (5.5 Clinical implications
and future studies).

Paper III included close to all pregnancies evaluated in eligible reports on the
association between vitamin B12 and length of gestation and birth weight. Furthermore, the
included studies were conducted in 11 countries, in both high-income countries and low- and
middle-income countries. Consequently, as compared to Paper I and Paper II, we have more
information at hand in Paper III to evaluate the generalizability of the findings in this paper.
Be that as it may, if the individual studies themselves did not evaluate representative samples
of the pregnant population in the respective countries, we are no wiser. Based on the Newcastle-
Ottawa scale, we found that 14 of the 18 included studies evaluated a “truly or somewhat

representative sample of the pregnant population in the community” (Appendix).'*’
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In the analysis of the association between maternal levels of B12 and preterm birth,
there was little heterogeneity between the included studies, and the association was similar in
high-income countries and low- and middle-income countries. Accordingly, this finding seems
to be generalizable to pregnant populations. When stratifying the overall analysis of the
association between maternal levels of B12 and birth weight into low- and middle-income
countries and high-income countries, we observed an association in the former group of
countries but not in the latter. Importantly, four of the five studies, and 95% of the pregnancies,
included in the low- and middle-income group evaluated Indian populations. Indian
pregnancies differ from pregnancies in other countries (high-income as well as low- and
middle-income) due to a mainly vegetarian diet, making them susceptible to B12-deficiency.'”
Also, 30% of Indian newborns are born LBW, making them among the smallest in the world.*
One may speculate that the discrepancy observed in the association between B12 and birth
weight in high-income countries and low- and middle-income countries is due to different
nutritional status and frequency of preterm births and LBW (see 5.3.2 Vitamin B12).

Generalizability has in this section been treated on a population level, that is, whether
the findings apply to a larger group of people. Yet, the findings may not apply to subgroups
within these populations, even less so for individuals. It is important to remember that there is
great disparity between findings on a population level, and the applicability on an individual

level.

5.3 Appraisal of main findings

This thesis describes how two maternal factors — namely glucose tolerance and vitamin B12
levels in pregnancy — are associated with newborn size. Size at birth is a composite of fetal
growth and length of gestation. Our results suggest that high glucose tolerance was associated

with fetal growth, while B12 was more strongly associated with gestational length. These two
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nutrients may affect fetal growth and length of gestation through separate processes: While
glucose mediates its effect directly as an energy source and indirectly through stimulating
production of growth factors such as insulin and insulin-like growth factors (IGF), vitamin B12
acts on the formation and methylation of DNA. The concept of “small at birth” was challenged
in Paper 11, where we found that fetal growth pattern in late pregnancy should be taken into

account when assessing risk of impaired cognitive function.

5.3.1 Glucose tolerance
In Paper I, our approximation of glucose tolerance was the change in blood glucose from fasting
state to two hours after an oral glucose challenge: delta (A) glucose. Low A glucose was chosen
as the main exposure of interest partly based on previous reports on its association with
restricted fetal growth.'”®'”” The literature on high glucose tolerance or high insulin sensitivity
in relation to fetal growth and birth weight is afflicted by varying definitions of the exposure.
While insulin sensitivity is more closely related to the pathological mechanisms of gestational
diabetes mellitus (GDM), glucose tolerance reflects the body’s response to intake of glucose.
Furthermore, the A glucose is more easily accessible than measures of insulin sensitivity. There
is no commonly accepted definition of “too glucose tolerant”; indeed, there is no agreement
whether such a condition is harmful during pregnancy. We decided to construct three groups
based on A glucose; the upper and lower ten percent (High and Low, respectively), and the
group of women between these extremes (Medium). This is an accepted way of categorizing
groups.'”® Of the women in the High-group, 96% fulfilled the criteria for either GDM or overt
diabetes mellitus (DM), which suggests that A glucose shows an adequate correlation with
clinically familiar glucose metabolism disorders.

Several recent reports have evaluated the post-challenge glucose values from a glucose

challenge test.”>'™'"* As two-hour glucose values show greater variation than do fasting
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values, the two-hour values will contribute most to A glucose.” The group of pregnancies with
low A glucose may therefore be compared with those with low post-challenge values in other
reports.

In terms of glucose tolerance during pregnancy in relation to birth weight, the main
focus has been on women with intolerance, that is, with GDM or DM. We found that women
in the diabetogenic High-group carried heavier fetuses than in the two other groups, which is
in accordance with the general understanding that GDM and DM are associated with
accelerated fetal growth.'”’

Fewer studies have explored the association between proxies of increased glucose
tolerance and fetal growth. A distinctive feature with our study is the longitudinal evaluation of
fetal growth, where we observed a less favorable growth pattern in pregnancies with increased
glucose tolerance. Most other studies, however, use measures at birth as substitute for fetal
growth. Two early reports address the topic: The first study (1976) compared post-challenge
hypoglycemic pregnancies with euglycemic pregnancies and observed a doubled risk for LBW
births in hypoglycemic pregnancies.200 A decade later (1986), a small, high-risk population,
was evaluated and the researchers found a tenfold increased risk for SGA births in
hypoglycemic pregnancies compared with controls.?! The latter study compared hypoglycemic
women with a combination of euglycemic and hyperglycemic women (i.e., not compared with
women with “normal” glucose values), which may have exaggerated the effect estimate. More
recent studies are discrepant. Some studies support the findings from the two old

92,194,202,203

reports, while others report no association between low post-challenge glucose

values and restricted fetal growth.'**2*
Women giving birth to growth restricted babies have repeatedly been found to have

lower levels of glucose and insulin compared with controls.”*>*"” Two small studies in the late

1990s observed an inverse association between insulin sensitivity and birth weight.”'*% These
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findings were later replicated in a much larger population.”® We hypothesize than women in the
Low-group were generally more insulin sensitive than women in the other two groups. If that
theory is correct, our findings are in agreement with the three mentioned studies.

The underlying mechanism for an association between increased glucose tolerance and
restricted fetal growth is uncertain. One explanation may be that low postprandial glucose
values reflect pancreatic hyper-reactivity to glucose intake, reflected by over-secretion of
insulin. Fasting and reduced dietary intake of glucose, on the other hand, has only a minor
impact on circulating blood glucose concentrations.” Decreased levels of maternal glucose
could lead to lower levels of glucose in the fetal bloodstream, and consequentially less
stimulation of insulin and IGF production. GDM and DM is also associated with FGR (in
addition to macrosomia), which may seem counterintuitive following the discussion above.
Restricted fetal growth in pregnancies affected by GDM or DM may be caused be genetic

mutations'?” or autoantibodies®’**

that impair the fetal production or response to insulin. One
may speculate that there is a common final pathway leading to FGR in pregnancies affected by
high glucose tolerance and GDM or DM, namely impaired insulin production or sensitivity.
Conversely, if low maternal glucose levels are not associated with decelerated fetal growth, this

could be explained by a sufficient facilitated glucose transport across the placenta, even during

periods of maternal hypoglycemia.

5.3.2 Vitamin B12

We found that low maternal levels of B12 in pregnancy was associated with an increased risk
of preterm birth, especially among B12-deficient women. Among B12-deficient women we
also observed an associated increased risk of LBW. The two contributing factors to a low birth
weight are impaired fetal growth and being born preterm.” While there was an association

between levels of B12 and risk of preterm birth, no such relation was found between B12 and
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our proxies for fetal growth, i.e. birth weight SD score and SGA. This leads us to suspect that
B12 may affect length of gestation, but not fetal growth rate.

Few studies have evaluated maternal B12 in relation to length of gestation. Indeed, only
two of the identified eligible studies reported on this association, both observing no certain
association.””'*!” In 2012, a case-control study reported higher levels of B12 among women

delivering preterm than women delivering at term.*""

This apparent inverse association between
B12 and length of gestation was recently reiterated in a semi-systematic review.''* We know,
however, that B12 declines during pregnancy.''? Thus, one would expect that a longer length
of gestation will coincide with a lower level of B12. For this reason, studies measuring B12 at
birth were not included in our review. Consistent with our findings, a case-control study
observed that low pre-pregnancy levels of B12 among Chinese women were associated with an
increased risk of preterm birth, but not LBW or SGA.*'* The mechanism of how B12 may
influence length of gestation is unclear. We know that low levels of vitamin B12 may cause an
accumulation of homocysteine.”'* One pathway may be through hyperhomocysteinemia, which
has been hypothesized to affect length of gestation through oxidative stress and placenta
dysfunction.?'*?!3

Preterm birth may be categorized into spontaneous and medically indicated, with
varying etiologies.”” Two important reasons for medically indicated preterm births are severe

preeclampsia and suspected restricted fetal growth.”"”

In case of the latter, we found no
evidence of B12-deficiency to be associated with an increased risk of restricted fetal growth.
The association between B12 and preeclampsia was not explored in our study, and remains
unclear.”'*2"® Increased levels of homocysteine, on the other hand, have been associated with
an increased risk of preeclampsia.®'*?" Additionally, folate intake — which may lower

circulating levels of homocysteine®’ — has been suggested to reduce risk of preeclampsia.”*' In

terms of inflammation, one may hypothesize that low levels of B12, potentially through
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increasing levels of homocysteine, may be associated with inflammation and premature rupture
of membranes (PROM). Having said that, there does not seem to be a strong association
between homocysteine and PROM.*

Although a sensitivity analysis stratified by type of preterm birth (spontaneous or
medically indicated) would be informative, we did not have such information at hand. There
are increasing numbers of medically indicated preterm births in high-income countries, while
low- and middle-income countries generally have a lower rate of provider initiated preterm
births.”? We did not observe any clinical important difference in the association between B12-
deficiency and risk of preterm birth among low- and middle-income countries as compared with
high-income countries.

The mechanism behind a potential association between maternal B12 and fetal growth
is uncertain. The suspected pathways have been those through DNA synthesis and methylation,
the succinyl-coenzyme A pathway, and through accumulation of homocysteine.''**'* High
levels of homocysteine, hyperhomocysteinemia, has in epidemiological studies been identified
as a risk factor for vascular disease.”” Given the rich vasculature of the placenta, disorders
related to placental dysfunction have also been investigated in the context of increased levels
of homocysteine. A systematic review found hyperhomocysteinemia to be associated with
increased risk of SGA births.”** More recently, a Mendelian randomization study proposed that
homocysteine was causally related to fetal growth.'” Our review of the literature neither
confirms nor refutes previous reports of an associations between B12 and fetal growth.

Because hyperhomocysteinemia in epidemiological studies has been associated with
reduced birth weight, it is reasonable to evaluate the effect of lowering the levels of
homocysteine. Yet, a Cochrane review of trials found no reduced risk of either LBW or preterm
birth among women supplemented with folic acid compared with controls.”” No RCTs of B12-

supplementation during pregnancy were identified prior to the initiation of our review. Later,
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two such trials have been published.'****®

Intuitively, both studies observed an increase in levels
of B12 in plasma among supplemented women compared with controls. In spite of that, there
was no reduction in homocysteine levels. Risk of LBW tended to be lower in the supplemented
group compared with the control group in both studies, but few events yielded imprecise results.
Birth weight was comparable in the two groups in both studies. Additionally, B12-
supplementation did not affect length of gestation or risk of preterm birth in either of the studies

C Duggan, Harvard University, personal communication, 2015).'"" Small but meaningful
gg Y, P g

differences in risk of LBW and preterm birth may have been missed because the studies were

226 104
6 8.

too small; n =25 andn=06

Several non-systematic reviews on the association between B12 and birth weight have
been published.”®'"*'"* These narrative reviews suffer from bias detailed in /.3.2 Systematic
reviews. Of particular notice, the three mentioned reviews assume an association between B12-
deficiency and reduced fetal growth, which is evidence of file drawer bias, citation bias and
selective reporting, rather than an explicitly evaluated association. The most recent narrative
review also cited the previously mentioned case-control study that evaluated levels of B12 at
birth among women delivering preterm compared with women delivering at term."'* These
reviews are at risk of spurious findings and are of limited value.

Of potentially greater value, a systematic review by Sukumar et al. published in April
2016 evaluated the association between maternal B12 and birth weight.” Nevertheless, that
review had several important limitations that our review overcame. The greatest difference
between that review and the review in this thesis was that we collected IPD for our review. A
discussion of the findings of that review compared with those of our review is found under
Strengths and limitations in section 5.4.2 Systematic review. In short, they found no clear
association between B12 and birth weight, and the association between B12 and length of

gestation was not evaluated.
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After conducting the final search in August 2016, at least two potentially eligible studies
have been published. One of the studies, evaluating up to 496 pregnancies, reported no
associations between maternal levels of B12 and length of gestation or birth weight.”” A larger
study (n = 4,114) observed a trend towards a positive association between B12 and length of

127 Given the small size of the first

gestation, but no association between B12 and birth weight.
study, and a trend in the second study similar to the one observed in our review, the conclusion
of the systematic review would most likely not be altered by inclusion of these studies.

Paper I and Paper 1] were individual works, and we have made no attempts to evaluate
glucose tolerance in relation to levels of vitamin B12. In addition to both being of importance
to newborns there seems to be a close interplay between the two nutritional components.
Experimental studies on sheep have found that limiting the fetal availability of B12 induces
insulin resistance in the adult offspring.””® Epidemiologic studies on humans have found
vitamin B12-deficiency in pregnancy to be associated with insulin resistance in the offspring at

the age of 6 years.””

These associations have been explained by DNA methylation and
epigenetic programming.m‘zzg’229 Furthermore, metformin, an anti-hyperglycemic therapy,
have been found to reduce B12 concentrations.”** The methionine-homocysteine-pathway, in

which B12 is closely involved, is important for fetal myelination and neurodevelopment.'**"

5.3.3 Cognitive function and brain volumes

Cognitive function

Cognitive function of the children in the follow-up study of the Scandinavian SGA-study was
explored in Paper I1. SGA children had inferior results on crude performance IQ and full IQ at
5 and 9 years, and verbal 1Q at 9 years compared with control children. After adjustment for
maternal education, child sex and age at examination, there were no longer clear differences

between the SGA group and the control group, except for performance 1Q at 5 years. Several
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factors may explain the change of results from univariable to multivariable analyses. Maternal
education and child sex may independently explain some of the variation in IQ between the
groups. Additionally, data on maternal education was missing among several subjects, resulting
in a reduced number of observations under study, rendering type 2 error more likely.

A recent study similar to Paper II found a tendency of performance, verbal and full 1Q
scores among 7-year-old children born SGA to be about three points below that of their
appropriate-for-gestational-age (AGA) peers.””> Some earlier reports have found distinct

B8139 while others have observed comparable

differences between SGA children and controls,
scores.'*""*** Clinical and statistical heterogeneity between the studies may have contributed to
the discrepant findings. In general, studies with the more conservative definitions of SGA
tended to have the most pronounced differences. A systematic review published in 2016
observed an associated increased risk of lower cognitive scores in childhood and adolescence
among children born SGA compared with controls.”** Importantly, though, both publication
bias and reporting bias are likely to have exaggerated the results.

We divided the group of children born SGA into those with and without FGR. The
pathologically small children had substantially reduced performance IQ at 5 and 9 years
compared with controls. This finding may suggest that impaired cognitive function among SGA
children is greatest among those who also had signs of restricted growth in utero. Also, based
on our results, children who were physiologically small at birth had only a slight — or no —
reduction in cognitive abilities at 5 and 9 years compared with children of normal birth weight.
A study from 2015 constructed exposure groups similar to those in Paper I1.7° They observed
no reduced cognitive scores at 16 to 18 years among adolescents born SGA and FGR compared
with controls. As we did, they defined FGR based on serial ultrasound measurements in late

pregnancy. However, their cut-off for FGR was fetal growth below the 10" percentile, while
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we used the 2.3 percentile (i.e. 2 SD below the mean), which may partially explain some of
the lack of association.

The verbal 1Q did not differ substantially between the SGA-FGR group and the control
group. This observation is in accord with the general understanding that verbal IQ to a great
extent is influenced by environmental factors, while biological factors play a dominant role for
the performance 1Q.>%*’

It is unknown which pathological processes among children born small may cause
impaired cognitive function. As elaborated in /.6 Consequences of small birth size, it is unclear
whether size at birth is the cause of later adverse outcomes, or if there are other factors
associated with both birth size and the outcome. In Paper II we found that birth weight per se
seemed to be of less importance than the fetal growth pattern in terms of later cognitive
function. One may therefore speculate that causative factors are related to fetal health. There
are several risk factors for FGR — maternal, placental and fetal — some of the more important
ones being placental dysfunction, maternal smoking, and malnutrition.*® Poor placenta
function, for instance, may have deleterious effects on brain development.239 Hence, we were

interested to learn more about which brain structures were associated with FGR, and that might

potentially explain the reduced cognitive scores among children born SGA and FGR.

Brain volumes

A global reduction in intracranial volume among children born small is caused by a
combination of a compromised development of the gray and white matter. In late pregnancy,
the gray and white matter are especially vulnerable.'”> Gray matter development is the leading
determinant of total brain volume increase in late pregnancy, with a threefold absolute increase
in volume from gestational week 30 to 40.'* Glial proliferation and differentiation, and white

matter formation starts in the second half of pregnancy.'** Both Paper II and other studies have
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found reduced total intracranial volume among children and adolescents born SGA."” In
support of this association, induced restricted growth on fetal guinea-pigs cause reduced total
brain weight.**’

We observed symmetrical reduction in brain volumes among the physiologically small
children, as has been described in previous studies of the same study population.'”'**! In the
SGA-FGR group, however, normalized volumes of the thalamus and the cerebellar white matter
were reduced compared with controls. We hypothesize that these structures are the most
vulnerable to insults during pregnancy. In support of this hypothesis, a study on premature
infants found the thalamus to be the supratentorial structure most commonly affected by
neuronal loss and gliosis.**

Cell-to-cell interaction is imperative for neuronal and glial development.”** Thalamus
atrophy may be a result of either primary or secondary injury, or a combination of the two. The
former would lead to secondary axonal injury, which in turn would result in hypomyelination
and impaired development of other gray matter structures.”** Secondary injury — that is, primary
axonal injury — would potentially disrupt the connectivity between gray matter regions, and one
would expect to find reduced volumes of the affected structures.***® We can not infer which
of the two pathways were at play in the SGA-FGR group, as the end result of primary and
secondary thalamic injury is comparable in terms of volumes.

The reduced cerebellar white matter volume in the SGA-FGR group may be explained
by its high metabolic activity in late pregnancy: First, the cerebellum has a faster growth rate
than most brain structures in the second half of pregnancy.**’ Additionally, myelination of the
cerebellar white matter starts in the third trimester.”** Indeed, induced FGR in the second half
of pregnancy resulted in reduced cerebellar white matter volumes in an experimental study on

144

guinea-pigs. ~ As with the thalamus, reduced cerebellar volumes may be due to primary or

secondary injury.
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The reduced thalamic and cerebellar white matter volumes in the growth restricted SGA
group may be independent events, or be correlated with one another. Studies on preterm infants
have found cerebellar injuries to be associated with volume reductions in the cerebrum, and
vice versa.?***° Interrupted cerebello-thalamo-cortical pathways has been hypothesized as the
underlying mechanism. In support of this hypothesis, we also found reduced absolute volumes
of the cerebral and cerebellar cortices in the SGA-FGR group. If the volume reductions were
correlated, it is still open to question which of the structures that were the primary source of
injury.

A limitation of the discussion above is that much of the current knowledge on perinatal
neurodevelopment is based on research on offspring born preterm. Findings from these studies
are not necessarily transferable to a term birth population, as some structural alterations are

. . : 243
more common among preterm newborns (e.g. periventricular leukomalacia).

Brain volumes and cognitive function
Both the thalamus and the cerebellum are considered important to cognitive function.'**'** We
were unable to identify specific nuclei within the thalamus. We hypothesize that the

4

mediodorsal nucleus was affected as it is the most vulnerable nucleus in late pregnancy,*** and

it is associated with higher cognitive functions.””'

We furthermore speculate that impaired
function of the cerebellar white matter, reflected by reduced volume, may interfere with the
cerebellar cortex’ contribution to cognitive function.

The lower IQ scores among the children in the SGA-FGR group may be explained by
reduced thalamic and cerebellar white matter volumes. Yet, we found no correlation between
any of the normalized brain structures and IQ. In general, there has been little success linking

1Q scores to regional brain volumes, which may be explained by the complexity of human

intelligence.'*® The volume development may prove more important to intellectual ability than
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static measures, as has been reported to be the case for the cerebral cortex.”>*>* And there is
more to brain function than regional volumes. A paper published last year found increased
levels of glutamate and N-acetylaspartate to creatinine ratio in the frontal lobe among one-year-
olds born SGA compared with controls.”>* The increased levels were associated with lower

cognitive function and motor skills at two years of age.

5.4 Strengths and limitations

5.4.1 Scandinavian SGA-study

Two of the most valuable aspects of the Scandinavian SGA-study are the prospective design
and comprehensive follow-up. Highly skilled midwives carried out the ultrasound
measurements, and the fetal weights were estimated by a specifically adapted model. The
repeated ultrasound measurements and extensive fetal weight data allowed us to identify FGR
based on individual growth patterns, which is much preferred over cross-sectional measures.”
Data on placenta function were not obtained, which could potentially have contributed with
important information regarding the etiology of FGR.

The OGTT was performed on pregnant women regardless of risk factors for GDM,
providing data on the whole spectrum of responses to a glucose challenge. We did, however,
lack data on maternal insulin levels. This denied us from estimating insulin sensitivity, which
would be a valuable exposure of interest in addition to A glucose. Also, we had no measure of
fetal availability of glucose, which may depend on placenta function.”

In the follow-up study, all participants were assessed by a few, specially trained
clinicians at the same study site through the entire duration of the study, minimizing inter-

observer bias. Brain volumes of the adolescents were manually evaluated by a single expert in

the field.
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Paper I had a large study population. As detailed in 5.2.3 Internal validity, loss to
follow-up in Paper II was present, but unlikely to have introduced bias. Still, the reduced study
population in Paper I due to attrition rendered a potentially underpowered study.

In Paper I we set the cut-off for FGR at 2 SD below the mean fetal growth of the control
group. It may be argued that this cut-off was too conservative. As a result, borderline growth
restricted children in the SGA non-FGR group may have contributed to a reduction of the
overall IQ in that group. The choice was based on the assumption that the risk of adverse effects
increases with an increasing negative deviation from expected fetal growth. Furthermore, minus
2 SD is the more common cut-off for suspected FGR,”” and corresponds with a previous paper
from the same study.”®

One child with cerebral palsy (CP), probably due to severe birth asphyxia, was excluded
from the SGA-FGR group in Paper II. The child had a serious brain injury and was a
considerable negative outlier in terms of 1Q scores and brain volumes. The group differences
between the control and SGA-FGR groups were for this reason more pronounced with this

subject included (Appendix). The etiology of CP has been debated.”* '

Hypothetically, if the
child’s CP was solely a result of FGR, some of the effect of FGR on IQ and brain volumes

would have been mediated through CP; excluding children with CP under such conditions

would bias the results by allowing the SGA-FGR group to appear healthier than warranted.

5.4.2 Systematic review

A hallmark feature of the systematic review in this thesis is the use of IPD and re-analyzed data.
Due to substantial heterogeneity in the published analyses, a traditional meta-analysis could not
answer our research questions. The benefits of conducting IPD meta-analyses are readily
illustrated by comparing our review with that of a recently published systematic review with

traditional meta-analysis on the same topic.” As discussed in section /.3.2 Systematic reviews,
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incomplete or selective reporting may reduce the replicability of studies and distort the
literature.”” The review by Sukumar et al. depended on reported associations, and were unable
to include studies that had not reported their findings due to “insignificant results”.” For
instance, they excluded the study by Bergen et al., which contributed 5,641 observations in our
review.”'? Of the studies included in the other review, we either included the same studies in
our review, or excluded them based on pre-defined criteria. In one of the main analyses in the
Sukumar review, they reported an adjusted OR of 1.70 (95% CI 1.16 to 2.50; 1°=84%) for LBW
among B12-deficient women compared with non-deficient women. The direction of association
was similar to a comparable analysis in our review, RR 1.15 (95% CI 1.01, 1.31; I’=5%), but
of greater magnitude. The result was probably skewed due to reporting bias. Additionally, of
eight individual results included in Sukumar’s meta-analysis, five evaluated most of the same
women from a single original study, exaggerating the influence of a single, outlying study.'*****
Our review permitted an unbiased summary of the published literature as we included 94% of
all eligible participants. We were able to include ten times as many pregnancies in our analysis
compared with Sukumar’s analysis.

Another strength of our review, allowed for by collection of IPD and re-analyzed data,
was the low heterogeneity. The I? in our primary analyses ranged from 0% to 30%. As
comparison, the I? in the main analyses in the review by Sukumar et al. ranged from 74% to
98%. It is widely accepted that given high heterogeneity, one should refrain from doing a meta-
analysis.”® In the Sukumar analysis of low B12 and LBW, I* was 84%: The high heterogeneity
arose from varying comparison groups (e.g. maternal blood and cord blood), outcome groups
(e.g. LBW and SGA), and confounders included in the multivariable models. We were able to

conduct the analyses exactly the same way in all studies, adjusting for the same important

confounder, providing an I* of 5% in the equivalent analysis.
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While Sukumar et al. had to construct separate analyses based on the availability of data,
our review included all studies with IPD or results from re-analyses in all the main analyses.
Additionally, we were able to perform a great number of sensitivity analyses, both on study
level (e.g. country) and on individual level (e.g. overweight) factors. Sukumar et al. did not
have this opportunity.

Another strength was that our analyses were not post-hoc, but followed a detailed
protocol. Our rigorous inclusion criteria allowed for valid analyses. For instance, we did not
include studies that measured B12 at delivery, as this would have biased the results towards an
inverse association between B12 and length of gestation (5.3.2 Vitamin B12).

There are several limitations. We decided not to consider unpublished studies for our
review. Also, we were unable to include four eligible studies in our analyses. However, it is
unlikely that these limitations have biased our results (see 5.2.3 Internal validity).

Due to our selected number of outcomes of interest, we were unable to explore
underlying factors for preterm birth, as described in 5.3.2 Vitamin B12.

Finally, given that the review was based on observational studies, confounding factors
were most likely at play. Although we found little discrepancy in the pooled results of adjusted
main models as compared to extended adjusted models (5.2.3 Internal validity), the reported
association between B12-deficiency and risk of preterm birth should be interpreted with
caution. Notably, B12-deficiency may be a proxy for inadequate nutritional status, and it is
possible that some of our findings are related to nutritional status, not specifically to B12. A
vegan or predominantly plant-based diet is low in B12. Such a diet is frequently also low in
other nutrients, such as iodine, vitamin D, zinc, iron, riboflavin, as well as protein and energy.264
In our review, we did not have the necessary data to stratify our analyses by dietary intake of
these nutrients. Some of these nutrients, such as vitamin D and zinc, have been associated with

risk of preterm birth.”*>?% It is therefore possible that the finding of increased risk of preterm
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birth with low B12 status is actually a result of mixed nutritional inadequacy or even deficiency

in another nutrient than B12 or energy.

5.5 Clinical implications and future studies

It is tempting to rush from reporting associations in publications to recommending changes in
clinical practice. It is nevertheless important to restrain oneself from making unwarranted
extrapolations. Remember, most research findings reach false conclusions (1.3 Evidence-based
medicine)."> For instance, a systematic review with meta-analysis found a “causal” relation
between increased homocysteine levels and risk of myocardial infarction.”® Instead of
recommending supplementation of homocysteine-lowering micronutrients, the researchers duly
recommended conduction of trials. A large, simple RCT was conducted and, to much surprise,
supplementation of homocysteine-lowering B-vitamins tended to increase the risk of
myocardial infarction.”*® So, while changes in clinical practice will have to wait, what follows
is a discussion of the next steps for future studies.

The level of evidence of the papers in this thesis varies. The two first publications are
single, observational studies, while the last publication is a synthesis of close to all publications
on a single topic. This affects what types of studies remain to be done.

We found a tendency of reduced fetal growth among the most glucose tolerant pregnant
women in Paper 1. To the best of my knowledge, no systematic reviews have been conducted
exploring the association between high glucose tolerance during pregnancy and birth weight.
This will be the next logical step to reach more valid evidence. As there has been much focus
on DM, GDM and glucose tolerance during pregnancy, one may expect that a large number of
studies have data on glucose tolerance and birth weight. Thus, there is opportunity to be more

specific of which studies to include; e.g. only include studies that have measured both glucose

95



and insulin prior to and after a glucose challenge. Collection of IPD and re-analyzed data will
probably be necessary.

The novel findings in Paper II were that impaired cognitive function and reduced
regional brain volumes were confined to the children born small due to restricted fetal growth.
As opposed to the topic of Paper I, there have been published several systematic reviews
relating size at birth with later cognitive function.”******"° Still, these reviews did not account
for the longitudinal growth pattern. In order to appropriately do so, it will most likely be
necessary to collect IPD from studies that have the necessary information; repeated ultrasound
measurements during pregnancy, and cognitive tests and/or regional brain volume
measurements during childhood and adolescence. If robust evidence is provided that mainly
restricted fetal growth, and not small size at birth, is important for later cognitive function, this
may have important implications. For instance, early intervention programs on newborns born

"I This kind of intervention

preterm seem to improve cognitive function in pre-school children.
may be useful for newborns born small due to FGR.

Paper I11 is closer to have a clinical impact than the two first publications of this thesis.
One would expect from our findings that increasing the levels of B12 in a pregnant woman
would reduce her risk of delivering preterm. However, as have been elaborated previously in
this thesis, the reported associations do not prove a causal link between B12 levels in the mother
and preterm birth. The World Health Organization (WHO) does not recommend B12-
supplementation in pregnancy in low- and middle-income countries.'” As of today, we know
very little of the effect of B12-supplementation in pregnancy, but it is practiced even so. Two
small trials have already been conducted on the topic.'”***® A recent Cochrane review
encourage that the effect of single micronutrient supplementation (in addition to iron and folic

acid) in pregnancy should be explored.”® Paper 111 provides robust evidence that support trials

on B12-supplementation in pregnancy. Considering the pattern of evidence to be provided to
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change clinical practice guidelines, a systematic review of trials on B12-supplementation
should be conducted after initial trials. Depending on the findings of that systematic review,
B12-supplementation should either be encouraged or discouraged during pregnancy. The
dosage of B12 in the multiple vitamin and mineral supplement by WHO, United Nations
Children’s Fund and the World Food Programme, may also be increased depending on future
results.'”

The above-mentioned recommendations for future studies include systematic reviews
as an integral step towards evidence-based medical practice. I am of the strong opinion that
high quality systematic reviews are essential to reduce research waste and improve clinical
practice. Conduct of such studies should be encouraged, not only to research fellows within the

field of public health, but to researchers in all fields.
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6. Conclusion

The findings in this thesis show that both high glucose tolerance and low maternal levels of
vitamin B12 during pregnancy may affect birth size: The former by impaired fetal growth, and
the latter by shorter length of gestation. Additionally, the interpretation of “small size at birth”
has been challenged: In terms of brain development and cognitive function in childhood and
adolescence, adverse outcomes seem to be greatest among those born small at term due to
impaired fetal growth. The literature on high glucose tolerance in pregnancy in relation to birth
weight, and on fetal growth restriction in relation to cognitive function and regional brain
volumes needs to be systematically reviewed. Randomized controlled trials of vitamin B12-

supplementation during pregnancy are also strongly encouraged.
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Key Message
Introduction Excessive maternal insulin sensitivity in late preg-
nancy has been reported to negatively affect fetal
The intrauterine period is a defining time for an indi- growth. We found that an insufficient increase in
vidual’s life. Problems from psychiatric and behavioral maternal blood glucose after an oral glucose challenge
disorders in childhood to cardiovascular diseases in the in late pregnancy was associated with impaired fetal
elderly have been associated with the intrauterine growth.
environment (1,2). An important assessment of fetal

Abstract

Objective. To evaluate how different levels of increase in maternal blood glu-
cose from a fasting state to 2 h after an oral glucose challenge in late preg-
nancy are associated with fetal growth, with special emphasis on those with a
low increase. Design. Prospective cohort study. Subjects. We followed 855
women, of whom 70% had an increased risk for carrying lighter babies. Study
design and methods. Ultrasound was used to estimate fetal growth in gesta-
tional weeks 25, 33 and 37. In week 37 the women had a 75-g oral glucose
tolerance test, and fasting and 2-h capillary glucose values were recorded with
the difference between these two called delta (A) glucose. Three groups were
constructed from the A glucose distribution: Low below the 10th centile; Med-
ium between the 10th and 90th centiles; and High above the 90th centile. Miss-
ing data were imputed. Linear and Poisson regression models were applied.
Outcome measures. Estimated fetal weight, percent deviation from expected
fetal weight and anthropometric measures at birth. Results. The Low group
carried the lightest fetuses and the High group the heaviest. The fetal growth
in the Low group deviated increasingly more in a negative direction from week
25 to 37 than in the other groups. Conclusion. In a high-risk population, a
positive relation between A glucose and fetal growth was found. The Low
group demonstrated impaired growth. More attention should be paid to preg-
nant women with an insufficient increase in glucose after a glucose challenge.
Future studies should challenge our findings in high-risk and low-risk popula-
tions.

Abbreviations: DM, overt diabetes mellitus; GDM, gestational diabetes mellitus;
H, high A glucose; IUGR, intrauterine growth restriction; L, low A glucose;

M, medium A glucose; OGTT, oral glucose tolerance test; SGA, small-for-
gestational age.
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well-being is the pattern of growth. Identification of
pregnancies with increased risk for giving birth to
growth-restricted babies is critical for preventive and
management strategies.

For fetal growth, changes in the maternal metabolism
and distribution of glucose during pregnancy are of great
importance. With increasing gestational age there is a
corresponding increase in maternal insulin resistance (3).
A consequence of this diabetogenic adaptation is an
increase in maternal glucose concentration. Glucose is the
most important nutrient for fetal growth and the main
determinant for fetal glucose concentration is that of its
mother (4). Insulin does not cross the placenta, so the
fetus is solely dependent on its own insulin production,
of which glucose is the strongest stimulant (5). Insulin is
a key growth factor in fetal life, both directly and through
stimulation of the insulin-like growth factor axis (6). The
increased maternal insulin resistance in pregnancy there-
fore aids the fetus in two important ways: by increased
supply of glucose (energy) and by stimulation of fetal
insulin production (growth).

Excessive insulin resistance has been thoroughly inves-
tigated. It is characterized by high levels of maternal and
fetal glucose and insulin, and may lead to gestational dia-
betes mellitus (GDM) or overt diabetes mellitus (DM)
(5,7). Fetal overgrowth may be one of several short-term
consequences (8). Far fewer studies have been conducted
on women at the other end of the insulin resistance spec-
trum, i.e. those who are too insulin sensitive. Still, that
group may be as important, because there is reason to
suspect impaired fetal growth in pregnant woman with a
suboptimal increase in insulin resistance (9).

There are several good measures for insulin resistance,
but most of them are complex (10). The oral glucose tol-
erance test (OGTT) is a simple and widely applied test
that evaluates glucose tolerance from recordings of fasting
and 2-h glucose values. We assumed that the difference
between the 2-h and fasting values, termed A glucose,
may serve as a proxy for glucose tolerance.

Much is still unknown regarding the causes of intra-
uterine growth restriction (IUGR). The aim of this study
was to evaluate the association between different levels of
A glucose and fetal growth in a pregnant population with
increased risk of TUGR, with special emphasis on women
with low A glucose. Our high-risk population was
deemed appropriate to explore this aim as a high propor-
tion of negative events would increase the power of the
study. The main hypothesis was that a low A glucose is
associated with restricted growth. Conversely, high A glu-
cose was assumed to be strongly correlated with GDM
and DM, and we expected an accelerated fetal growth in
these pregnancies.

Glucose metabolism and impaired fetal growth

Material and methods

The data have been derived from a large multicenter pop-
ulation-based cohort known as the Scandinavian small-
for-gestational age (SGA) Study (11). The overall aim was
to study fetal growth, perinatal outcome and the tendency
to repeat a negative outcome in consecutive births. Data
were prospectively collected between January 1986 and
March 1988 at the university hospitals of Trondheim and
Bergen (Norway), and Uppsala (Sweden).

Figure 1 shows the selection of the present study popu-
lation. Only para 1 and 2 women carrying singletons were
followed. Of the original 1945 women eligible for detailed
follow up (study visits at gestational weeks 17, 25, 33 and
37, and at birth), 860 (44%) completed an OGTT in week
37. This was done according to the protocol and regard-
less of any risk factors for GDM (11). Pregnancies where
an OGTT was not performed were excluded, as were
women with pre-pregnancy DM (n = 3). Since the OGTT
took place in gestational week 37, only two of the women
in our population had a preterm delivery. To avoid mix-
ing the effects of preterm birth and fetal growth restric-
tion, both pregnancies were excluded, which left us with
a final study population of 855 pregnant women. About
70% of the women were characterized with some degree
of increased risk for giving birth to an SGA baby while
the remaining 30% were derived from a 10% random
sample and served as a population reference (11).

All participants were informed about the study aims
and objectives and gave their written consent. Both the
Norwegian Data Inspectorate and the Regional Commit-
tee for Medical and Health Research Ethics approved the
study. Further details of the background study have previ-
ously been reported (11).

By use of eSnurra, a well-established mathematical
model developed by the National Center for Fetal Medi-
cine, St Olavs University Hospital and Norwegian Univer-
sity of Science and Technology, Trondheim (12),
gestational age and expected date of delivery were esti-
mated from ultrasound measurements of biparietal dia-
meter at the first visit (17 weeks). Fetal weights at 25, 33
and 37 weeks of gestation were also estimated from
eSnurra, based on biparietal diameter and mean abdomi-
nal diameter. Femur length was used when biparietal
diameter was missing (n = 19). For recordings before day
167, weight deviations (not estimated weights) were ascer-
tained by the use of the manual eSnurra plastic wheel
(n = 14) (13). Weight deviation was expressed as% devia-
tion from a population-based reference at each gestational
age (12). Growth between gestational ages was calculated
from the estimated growth deviations. Based on growth
in the 10% random sample, IUGR was defined as fetal
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Women recruited to the study

(n=6354)
_ Ineligible
g (n=432)

Did not make first appointment
(n=200)
Y
Eligible and made first appointment
(n=5722)
A4 A4 ¢
10% Random sample High risk Rest population
(n=561) (n=1384) (n=3777)
Detailed follow-up

(n=1945)
g Did not complete OGTT
o (n=1085)
- Pre-pregnancy DM
- (n=3)
> Preterm birth

(n=2)
A4

(n = 855)

Final study population

Figure 1. Flow chart for the selection of study participants, adapted from Bakketeig et al. (11). High-risk criteria (at least one): (i) previous low
birth child, (i) previous perinatal death, (i) maternal low (<50 kg) pre-pregnancy weight, (iv) smoking around the time of conception, and (v)
chronic maternal hypertension or renal disease. OGTT, oral glucose tolerance test; DM, overt diabetes mellitus.

growth from week 25 to week 37 below the 10th centile.
SGA was defined as birthweight <10th centile at each ges-
tational week, with reference standards specific for parity
and newborn gender (11,14).

Capillary glucose was recorded after an overnight fast.
Following consumption of 75 g glucose in 200 mL water
over 10 min, the equivalent 2-h value was recorded
(7,15). We defined A glucose (mmol/L) as 2-h glucose
minus fasting glucose. From a 10% random sample we

1162

derived cut-offs for the 10th and the 90th percentiles of
the A glucose distribution, which were 0.8 and 3.6 mmol/
L, respectively. Three groups were therefore identified:
Low group (L; A glucose < 0.8 mmol/L; n = 103; 12%),
High group (H; A glucose > 3.6 mmol/L; n = 91; 11%),
and Medium group (M; 0.8 mmol/L <A glu-
cose < 3.6 mmol/L; n = 661; 77%).

The clinically familiar glucose metabolism disorders
were defined as (capillary; mmol/L): hypoglycemia, fasting
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and 2-h <2.80; impaired fasting glycemia, fasting >5.6
and <6.1, and 2-h <7.8; for GDM, fasting <6.1 and 2-h
>7.8 and <11.1; and DM, fasting >6.1, 2-h >11.1 (7,15).

We considered the following established and potential
confounders in the multivariate analyses: previous low
birthweight child, mother’s highest completed education,
maternal age, parity, pre-pregnancy body mass index,
weight gain, smoking habits during pregnancy, gestational
age when the OGTT was performed, sex and gestational
age at birth (11). Classification of smoking was based on
reported number of cigarettes in week 33, after which the
adverse effect on fetal growth seems greatest (16). In
Table 1 levels of education and smoking are shown.

An influence-analysis of the fetal growth and growth
outcome restricted to the 10% random sample was con-
structed to investigate how generalizable the findings of
the main analysis were to a parous population with aver-
age risk.

Statistical analysis

All analyses were performed with the statistical program
Stata 12.1 (Stata Corporation, College Station, TX, USA).

Normally distributed variables are presented as mean
(95% CI), non-normally distributed variables as median
(25th—75th centile), and frequencies as n (%). By use of
generalized linear models, we fitted linear regression
models for continuous outcome variables and Poisson
regression models for binary outcome variables (17). For
non-normally distributed outcome variables, we carried
out the analyses with the appropriate nonidentity link

Table 1. Maternal baseline characteristics by A glucose group.

Glucose metabolism and impaired fetal growth

function. Linear trend was tested by fitting regression
models with the covariate representing the ordered A glu-
cose groups as a continuous variable. Both univariate and
multivariate (with potential confounders included) mod-
els were built. Robust standard errors were used in all
models. Non-normally distributed continuous indepen-
dent variables were transformed to the appropriate scale
before analysis. We did not find interaction terms
required.

Missing data were imputed (see the Supporting Infor-
mation for details). For comparison, univariate and com-
plete case analyses of all regression analyses may be found
in Tables S1 and S2 (see the Supporting Information),
with number of missing observations in the far right
columns.

Results

Maternal baseline characteristics are reported in Table 1.
Most characteristics were comparable between the groups.
Pre-pregnancy weight tended towards higher weight with
lower A glucose. Cigarette consumption was lower in
group M than in the other two. Based on current Norwe-
gian guidelines at least 81 (9%) of the women fulfilled
the criteria for taking an OGTT as screening for GDM or
DM (18).

By design, group L had the lowest A glucose and 2-h
blood glucose values, and group H had the highest
(Table 2). Intuitively, women in group L also had a
slightly higher median fasting blood glucose, which helps
to explain the five (5%) cases of DM in this group.

Medium (n = 661) High (n = 91)

Low (n = 103)

Height (cm), mean (95% CI)* 167.6 (166.5-168.8)
Age (years)b 28 (25-31)
Pre-pregnancy weight (kg)® 59 (54-68)
Pre-pregnancy body mass index (kg/m?)° 21 (19-24)
Weight gain during pregnancy (kg)° 14 (11-17)
Years of education®

<9 20 (19)
10-12 56 (54)
>13 27 (26)
Previous low birthweight child® 25 (24)
Para 1¢ 79 (77)
Number of cigarettes, week 33¢

0 37 (36)
1-9 26 (25)
10-19 34 (33)
>20 5 (5)

166.2 (165.8-166.7) 163.9 (162.7-165.1)

28 (26-31) 28 (26-31)

58 (52-63) 55 (48-60)
21 (19-22) 20 (18-23)

14 (11-17) 14 (11-17)
108 (16) 21(23)
378 (58) 44 (48)
171 (26) 26 (29)
170 (26) 16 (18)
473 (72) 61 (67)
319 (49) 40 (44)
144 (22) 19 (21)
159 (24) 28 (31)

32 (5) 4 (4)

Normally distributed variables presented as *mean (95% Cl), °non-normally distributed variables presented as median (25th-75th centile) and

“frequencies as n (%).
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Table 2. Glucose profile by A glucose group.

Medium High
Low (n = 103) (n=661) (n=91)

Glycosylated 4.8 (4.7-5.0) 4.9 (4.8-4.9) 5.1(5.0-5.2)
hemoglobin
week 37, %°

Glycosylated 4.8 (4.7-4.9) 4.9 (4.9-4.9) 5.0(4.9-5.1)
hemoglobin
at delivery, %°

Fasting blood glucose 47 (4.4-51) 45(4.2-49) 45 (4.1-5.0)
week 37, mmol/L°

Two-hour blood 50(4.6-5.6) 6.6(6.0-7.2) 9.0(8.4-9.9)
glucose week 37,
mmol/L°

A glucose week 37, 0.4 (0.0-0.6) 2.0(1.5-2.6) 4.4(4.0-5.0)
mmol/L®

Gestational diabetes 0(0) 3 (0) 0(0)
mellitus prior to
week 37

Hypoglycemia 0(0) 0 (0) 1(1)
week 37¢

Impaired fasting 7 (7) 10 (2) 0 (0)
glycemia week 37¢

Gestational diabetes 0(0) 66 (10) 78 (86)
mellitus week 37¢

Overt diabetes mellitus 5(5) 6 (1) 9 (10)

week 37¢

Normally distributed variables presented as *mean (95% Cl), Pnon-
normally distributed variables presented as median (25th—-75th centile)
and “frequencies as n (%).

Eighty-seven (96%) of the group H women fulfilled the
criteria for either GDM (n = 78; 86%) or DM (n = 9;
10%). The only mother with hypoglycemia was in group
H. Glycosylated hemoglobin both in week 37 and at
delivery support the overall impression that group H had
the highest glucose load and group L the lowest.

Tables 3 and 4 present fetal growth pattern and growth
outcome, respectively. The growth pattern of each group
can be seen from Figure 2. Mean growth deviations in all
three groups were comparable in week 25, although
group H had a slightly higher estimated weight than the
other two groups (—2.2%, —2.3% and —1.3% in groups
L, M and H, respectively). In week 37 the differences
between the three groups were most pronounced and
group L deviated —5.1% from expected weight. Group L
deviated by —2.4 percentage points more than group M.
The linear trend analyses suggested a continuous relation
between A glucose and fetal growth.

By comparing the weight deviation in week 37 with
weight deviation at baseline (week 25) we obtained a
measure of deviation from the group centiles. Both
groups M and H followed their respective centiles and
had more or less the same weight deviation in week 37 as
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Table 3. Fetal growth by A glucose group; mean, comparison between groups and linear trend test (Low-Medium-High).

Mean (95% Cl), p-value

Mean difference (95% Cl), p-value

Mean (95% Cl)

Linear trend test

High vs Medium

Low vs. Medium

=91)

=661) High (n

Medium (n

103)

Low (n

0.37
< 0.001
0.20
< 0.001
0.11

0.01
0.01

—3.5109.3)
5.4-46.8)
35.6-106.8)
0.2 to 1.1)
0.3-2.2)
1.2-3.5)
0.2 to 1.5)

29
0.4
1.3
24

26.1
71.2
0.7

02
0.02

02
0.04
0.01
0.02
0.28

0.6 to 2.0)

q
N

<

0.0-2.0)

0.4-3.5)
0.4-4.2)

1.0
2.0
2.3
0.7

0.31
0.38
0.005
0.87
0.40
0.004
0.31

—4.6 to 14.8)
—45.7 t0 17.5)
—-09to 1.1)
—2.1100.8)
—4.0 to —0.8)
—1.9t0 0.6)

5.1
—14.1
~73.6

0.1

-0.6
—2.4
-0.6

779.6, 796.6)
2043.5-2103.0)
3007.1-3117.1)
—2.1t0 —0.4)
—32t0 —-0.4)
—2.1t0 1.4)
—2.0t0 0.4)

-13
-1.8
-0.4
-0.8

788.1
2073.3
3062.1

772.3-781.0)
2021.5-2046.3)
2973.8-3013.7)
—2.7t0 1.9
—4.4t0 —3.2)
-2.0to —1.0)

776.6
2033.9
2993.7

-2.3
-3.8
-2.7
-15

772.8-790.7)
1990.8-2048.7)
2873.4-2966.7)
—-3.1t0 -1.2)
—5.8t0 —3.1)
—6.6 to —3.6)
—3.3t0 —-1.0)

781.7
2019.8
2920.1

-2.2
-5.1
=21

%
%
%

Estimated weight week 25, g*
Estimated weight week 33, g
Estimated weight week 37, g
Growth deviation week 25,
Growth deviation week 33,
Growth deviation week 37,
Change in growth deviation
week 25-33,

%

0.008

1.1(0.3-1.9)

0.42

0.007 0.5(-0.7 to 1.8)

—1.6 (-2.8 to —0.4)

1.1(0.7-1.5) 1.6 (0.4-2.8)

—0.5(-1.6t0 0.6)

Change in growth deviation

week 33-37, %

T. Rogne & G.W. Jacobsen

0.001

1.8(0.7-2.9)

21

0.

0.002 1.1 (-0.6 t0 2.9)

—0.4 (-0.9-0.2) 0.8(-0.91t02.5) —2.5(-4.0 to —0.9)

—2.8(-4.3t0 —1.4)

Change in growth deviation

week 25-37, %

Linear regression fitted by generalized linear models after multiple imputation. Covariates included: previous low birthweight child, maternal education, pre-pregnancy body mass index (trans-
formed) and age (transformed), weight gain during pregnancy, smoking, gestational age (not for growth deviations), time between ultrasound dates (only for growth deviation intervals) and sex.

“Nonidentity link function.
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Figure 2. Mean deviation (%) from expected fetal weight (95% Cl)
by A glucose group.
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Figure 3. Prevalence (%) of small-for-gestational age (SGA) births
(95% Cl) by A glucose group.

they had in week 25 (—0.4% in M and 0.8% in H).
Group L, however, deviated by an extra —2.8 percentage
points in week 37 compared with week 25.

Birthweight and ponderal index followed the same
order as predicted during pregnancy. Triceps skin-fold
thicknesses also showed a strong positive correlation with
A glucose. Head circumference was greater in group H
than in the other two groups. Although similar in groups
L and M, the placental weight was higher in group H.

T. Rogne & G.W. Jacobsen

Table 4 also shows the distribution of IUGR and SGA
frequencies. There was a 58% increased risk for IUGR in
group L compared with group M. The prevalence of SGA
births followed a negative linear trend between the
ordered A glucose groups (Figure 3).

The association between low A glucose and impaired
fetal growth was less evident when we restricted the
analysis to the 10% random sample (see Supporting
information, Table S3). At birth there were only minor
differences between groups L and M (see Supporting
information, Table S4).

All covariates under study had a substantial impact on
fetal growth, except for parity and gestational age at the
time of the OGTT. Hence, these two covariates were
excluded from the analyses. The univariate analyses and
multivariate analyses before and after imputation were
comparable (see Supporting information, Tables SI and
S2).

Discussion

The results support our hypothesis that there is a positive
correlation between A glucose and fetal growth. From
week 25 onward, group H had a higher fetal weight than
the other two groups. Group L steadily declined from its
expected fetal weight during the last trimester and was
the only group with a substantial change in weight devia-
tion from week 25 to week 37.

All groups had a negative expected value at all time
points. This may be explained by the higher birthweight
at the time of sampling of the reference population, and
by the high-risk population in our study (12,19).

The hyperinsulinemic euglycemic glucose clamp tech-
nique is widely accepted as the reference standard for
assessing insulin sensitivity (10). As this test is relatively
complex, other techniques that indirectly measure insulin
sensitivity have emerged. Still, most of them involve both
levels of glucose and insulin in a fasting state and prefera-
bly also after a glucose challenge (10). An argument for
the use of A glucose rather than insulin sensitivity is
therefore that the former is more accessible and easier to
manage.

It seems plausible that A glucose serves as a proxy for
insulin resistance, and even more so for glucose tolerance;
almost all (96%) women included in group H fulfilled
the criteria for either GDM or DM. A high fasting glu-
cose may contribute to a lower A glucose value. Neverthe-
less, the fasting glucose value was comparable between
the groups. Still, we emphasize that A glucose is an
approximation of glucose tolerance. The finding of hea-
vier fetuses in the diabetogenic group H was in accor-
dance with the accepted understanding that GDM and
DM are associated with accelerated fetal growth (20).
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In a small, high-risk population, Langer et al. found
that hypoglycemic pregnancies had a 10-fold increased
risk for SGA births compared with controls (21). In a
similar comparison, Abell and Beischer studied 2000 low-
risk pregnancies and observed a doubled risk for low
birthweight in hypoglycemic pregnancies (22). Varying
exposure and outcome definitions, as well as different
populations under study, may explain why these reports
showed a more pronounced association than we did. For
instance, in the former, hypoglycemic pregnancies were
compared with normal and hyperglycemic pregnancies
combined, which may have exaggerated the effect esti-
mate (21). Weissman et al. found no association between
hypoglycemia and SGA births and concluded that post-
prandial hypoglycemia should be regarded as a normal
phenomenon in pregnancy (23). A notable difference in
that study, compared with Langer et al. (21), Abell et al.
(22) and our study, is that the OGTT was performed in
the second trimester and not the third. Failure to increase
the glucose intolerance in the third trimester in relation
to the fetal growth spurt may have more pronounced
effects on fetal growth than an elevated glucose tolerance
in the second trimester.

The insulin levels among women giving birth to
growth-restricted babies have repeatedly been found to be
lower than those among controls (24,25). Furthermore, in
two small studies and a recent, large one, increased insu-
lin sensitivity was found in growth restricted pregnancies
(9,26,27). If our hypothesis that many of the women in
group L were too insulin sensitive is correct, our findings
are in accordance with these studies.

Two distinct strengths of our study are the repeated
ultrasound measurements and the large study popula-
tion. In our attempts to identify IUGR, a longitudinal
design and extensive fetal weight data allowed us to esti-
mate individual fetal growth patterns, which is much
preferred over cross-sectional measures (28). The OGTT
was performed regardless of risk factors for GDM, pro-
viding us with data at both ends of the insulin resis-
tance range.

A limitation of the present study is that we lacked data
on maternal insulin levels. We were therefore unable to
correlate A glucose with insulin sensitivity. Furthermore,
our study population differed from the general popula-
tion in two important aspects. We had no nulliparous
women, and our population was enriched with women
with increased risk for giving birth to SGA babies. Analy-
ses restricted to the 10% random sample revealed a
weaker association between low A glucose and impaired
growth. This could be due to a reduced sample size,
smaller proportion of SGA births and a lower risk profile.
Fetuses already at high risk for growth restriction may
be particularly vulnerable to a compromised nutritional

Glucose metabolism and impaired fetal growth

supply. Generalization of our findings should therefore be
treated with caution. Data on placental function were
unavailable to us and may have contributed to confound-
ing because of its importance for both fetal growth and
access to maternal blood glucose (29).

Given that they are replicated in future studies, our
findings may have important implications for clinical
practice. In today’s antenatal care the sole reason for per-
forming a routine OGTT is to diagnose and treat GDM
or DM, thereby accepting values below these thresholds
as normal (30). Our results indicate that if the 2-h glu-
cose value from an OGTT in late pregnancy is roughly
equal to or below the fasting value, they imply an
increased risk for restricted growth, especially in a high-
risk population. One may speculate that there may be
therapeutic opportunities if excessive insulin sensitivity is
found to cause IUGR (such as increase the insulin resis-
tance). However, we underscore that such conclusions
cannot be drawn from this study alone, and that more
studies are needed before any clinical implementation.
Besides challenging our findings in high-risk populations,
we would suggest that observational studies of representa-
tive samples of the pregnant population should be
performed to evaluate the predictive value of a low A glu-
cose on IUGR. We would also encourage further studies
of OGTT throughout all trimesters of pregnancy, both to
evaluate the individual change in glucose tolerance and
because an earlier identification of risk pregnancies may
have clinical advantages. A systematic review on the cur-
rent issue would be informative.

Conclusion

In summary, we found a positive relation between A glu-
cose and fetal growth. Our results support the large body
of evidence that pregnant women who are glucose intol-
erant often carry heavier babies. More important, we
found an increased risk for impaired fetal growth in preg-
nancies with low A glucose, which has been sparsely
reported previously. Our results advocate that more
attention should be paid to pregnant women with an
insufficient increase in glucose after a glucose challenge,
with special emphasis on high-risk pregnancies.
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Table S1. Fetal growth by A glucose group; mean com-
parison between groups and linear trend test. Univariate
and complete case analysis.

Table S2. Birth outcome by A glucose group; mean/
risk, comparison between groups and linear trend test.
Univariate and complete case analysis.

Glucose metabolism and impaired fetal growth

Table S3. Fetal growth by A glucose group; mean,
comparison between groups and linear trend test (Low—
Medium-High). Random sample only.

Table S4. Birth outcome by A glucose group; mean/
risk, comparison between groups and linear trend test
(Low—Medium-High). Random sample only.
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ABSTRACT

Vitamin B12-deficiency in pregnancy is prevalent, and has been associated with lower birth
weight (birth weight <2,500 g) and preterm birth (length of gestation <37 weeks).
Nevertheless, current evidence is contradictory. We performed a systematic review and an
individual participant data meta-analysis to evaluate the associations between maternal serum
or plasma vitamin B12 (B12) concentration in pregnancy and offspring birth weight and
length of gestation. Twenty-two eligible studies were identified (11,993 observations).
Eighteen studies were included in the meta-analysis (11,216 observations). No linear
association was observed between maternal B12 levels in pregnancy and birth weight, but
B12-deficiency (<148 pmol/L) was associated with an increased risk of newborn low birth
weight (adjusted risk ratio (RR) 1.15 (95% confidence interval (CI) 1.01, 1.31)). There was a
linear association between maternal levels of B12 and preterm birth (adjusted RR for preterm
birth was 0.89 (95% CI 0.82, 0.97) per one standard deviation increase in B12). Accordingly,
B12-deficiency was associated with increased risk of preterm birth (adjusted RR 1.21 (95%
C10.99, 1.49). Lower maternal B12 in pregnancy increased the risk of preterm birth. This
finding supports the conduct of randomized controlled trials of vitamin B12 supplementation

in pregnancy.



MANUSCRIPT
Globally, preterm birth and low birth weight (LBW) cause over a third of the 2.9 million
neonatal deaths each year, and prevention of these events is important to reduce under-five
year mortality (1,2). The etiology of preterm birth, however, is complex, and few

interventions have been successful in preventing it (3).

Vitamin B12 (B12) is a vitamin with metabolic roles closely related to folate and
homocysteine, and is found in animal-derived foods only (4). It is important for the synthesis
(5) and methylation (6) of DNA, and plays a role in the energy production of the cell (7). It
has been hypothesized that B12 may affect placentation and fetal growth (8). B12-deficiency

may affect over three quarters of some pregnant populations (9).

Few supplementation-studies of B12 in pregnancy have been undertaken to assess possible
effects on birth weight and length of gestation. However, a recent meta-analysis concluded
that multiple-micronutrient supplementation may reduce the risk of LBW and the number of
stillbirths, but not preterm birth or neonatal mortality (10). Thus, a more targeted

micronutrient supplementation practice may be warranted.

The aim of this systematic review and individual participant data (IPD) meta-analysis was to
study whether maternal serum or plasma B12 levels in pregnancy may be associated with
birth weight and length of gestation. Individual studies have reported conflicting results. A
recent systematic review that included traditional meta-analyses was unable to conclude
whether maternal B12 levels were associated with offspring birth weight (9). However, high
heterogeneity in the meta-analyses, dependence among some of the included studies, and

reporting bias may have biased their results. We collected IPD and single-study estimates



from eligible studies in order to pool effects across all studies in a meta-analysis. This
approach allowed for exploration of confounding factors and evaluation of preplanned

subgroup effects.

METHODS
The systematic review and meta-analysis was reported according to the PRISMA and

MOOSE guidelines (11,12), and the protocol was registered at PROSPERO (13).

Study inclusion criteria
We included studies that assessed the association between maternal B12 in serum or plasma

during pregnancy and birth weight or gestational age at delivery.

Only studies of longitudinal cohort design were eligible for this review. To be eligible,
information on birth weight had to be registered at birth and could not be retrospectively
reported and length of gestation, in completed days or weeks, had to be estimated by either
ultrasound or last menstrual period, or a combination of the two. Studies where B12 was
measured after conception and prior to delivery were eligible. If a study was designed to
evaluate women or offspring with a specific condition (e.g. preeclampsia or congenital
malformations), and there was a marked overrepresentation of participants with such a
condition, that study was excluded. Studies with fewer than 50 participants were not
considered. Given the need to collaborate with authors of the original studies, we included

only those studies published in 1998 or later.

Search methods



The electronic literature search was constructed by the first author (TR) and a librarian trained
in medical database searches, and conducted in PubMed, Scopus, Web of Knowledge,
EBSCO-host (CINAHL) and OvidSP (MEDLINE, EMBASE and GLOBAL HEALTH); last
accessed August 2015. No language restriction was applied. The reference lists of all studies
read in full-text were hand searched to find additional eligible studies. Web Appendix 1

provides complete information on the electronic searches.

Data collection

Electronic literature searches were carried out by the first author (TR). Duplicates were
removed and eligibility of all references evaluated by screening of the titles and abstracts by
the first author (TR). All potentially eligible studies were read in full-text and assessed for
inclusion independently by two authors (TR and KRR). A handsearch of reference lists was
done independently by two authors (TR and KRR or MJT). When multiple reports from the

same study were found, we used the most complete report.

Risk of bias was independently assessed by two authors (TR and MJT) based on a modified
version of the Newcastle-Ottawa Scale (range 0-7) (14). Disagreements were resolved by
consulting a third reviewer (KRR). We defined high risk of bias as a score of four or less, and

moderate to low risk was defined as scores five through seven.

Authors from all eligible studies were contacted to obtain IPD, each research group being
approached at least three times. IPD was received without personal identification. For studies
where IPD could not be shared, authors were asked to provide results from pre-specified
reanalyzes of their data. When neither IPD nor reanalyzes could be retrieved, relevant

estimates were extracted from the publications.



Variables

The main exposure of interest was vitamin B12 levels in maternal serum or plasma. We
calculated trimester-specific standard deviation (SD) scores based on studies providing IPD
and reanalyzed aggregate data. Analyses were performed for B12-deficiency pre-defined as
<148 pmol/L,(15) and B12 tertiles constructed on the basis of included individual data; <148

pmol/L (tertile 1), 148-216 pmol/L (tertile 2), and >216 pmol/L (tertile 3).

The three pre-defined main outcomes were: birth weight as a continuous measure in grams,
LBW (birth weight <2,500 g) and small-for-gestational-age (SGA; birth weight SD score
<10™ centile) (1). Birth weight SD score was calculated using gestational age at delivery and
sex-specific reference standards published by the INTERGROWTH 21* Project (16). We
assumed birth weight SD score to serve as a proxy of fetal growth, and defined SGA as a
proxy of restricted fetal growth. Outcomes related to length of gestation were gestational age

at delivery (days) and preterm birth (gestational age at delivery <37 weeks).

Three main confounders were identified based on a priori assumptions of confounding
factors, availability of data and exploration of effect of covariates on outcome and exposure:
maternal age (continuous), pre-pregnancy or pregnancy body mass index (BMI, continuous)
and parity (nulliparous versus primiparous or multiparous). Maternal weight was used when
information on BMI was unavailable. Also, we considered smoking habits (smoking versus
not smoking during pregnancy) and highest completed education (completed high school,

equal to 13 years of education, versus not completed high school).

Statistical analysis



We applied a two-step IPD meta-analysis with random effects to pool the results across
studies, including aggregate data from individual studies when IPD was not available. All
presented results are adjusted for maternal age, BMI/weight and parity (the “main model”),

unless otherwise specified. Precision was assessed by 95% confidence intervals (CI).

Mean difference of the continuous outcomes birth weight (g), gestational age at delivery
(days) and birth weight SD score (SD) were analyzed by linear regression. To estimate risk
ratios (RR), Poisson regression with robust error variance (17) was used to analyze the

dichotomous outcomes LBW, SGA, and preterm birth.

We conducted a meta-analysis that evaluated how B12 was associated with maternal weight.
Publication bias was explored using funnel plots. Heterogeneity between the studies was
explored by computing the I” statistic, and was considered to be present when I” was greater
than 30%. All statistical analyses were carried out using Stata SE version 13.1 (Stata
Corporation, College Station, TX, USA). The statistical analyses, including sensitivity

analyses, are described in more detail in Web Appendix 2.

RESULTS

Availability of data

The electronic literature search and hand search of reference lists identified 606 unique
references (Figure 1). Twenty-two studies met eligibility criteria (11,993 observations) of
which 18 studies were included in the meta-analyses (11,216 observations), representing 94%
of all eligible observations (18-35). Four eligible studies (777 observations) were not
included as they neither reported on the association between maternal B12 and birth weight or

length of gestation, nor provided the necessary IPD or results from requested reanalyzes (36—



39). Fourteen of the included studies reported estimates for the association between B12 in
pregnancy and birth weight or length of gestation, and were qualitatively appraised in the

systematic review section (10,563 observations) (18,19,21,23-25,27,29-35).

For the meta-analyses, ten studies provided IPD (8,928 observations) (18,19,21-23,26—
29,32), two studies provided results from reanalyzes (973 observations) (20,35), and relevant
information and estimates were extracted from the published reports of six studies (1,315
observations) where IPD or reanalyzes of original data were not provided

(24,25,30,31,33,34).

Details of eligible studies

Studies included in the meta-analyses are described in Table 1; details of the eligible studies
not included are presented in Web Table 1 (36-39). Of the included studies, one was
conducted in North America (34), nine in Europe (18,19,22,25-28,31,32), one in Africa (30),
one in Oceania (24), and six in Asia (20,21,23,29,33,35). The number of pregnancies studied
ranged from 84 to 5,641. B12 was measured during the first trimester in seven studies
(19,22,23,28,31-33), during the second trimester in 15 studies (18-24,26-29,31-33,35), and
during the third trimester in 12 studies (18,20,21,23,25,27,29,30,32-35). Mean = SD B12
concentrations in the first, second and third trimester were 219.8 £ 128.2, 187.8 £ 91.3 and
188.7 = 82.5 pmol/L, respectively. Preterm deliveries were excluded from four studies

(25,26,31,33).

Key maternal and newborn characteristics of the included studies are presented in Table 2.

B12-deficiency was identified in 0% to 69% of pregnancies (median 33%). The incidence of

LBW ranged from 0% to 33% (median 6%), preterm births from 4% to 14% (median 8%),
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and SGA from 5% to 32% (median 11%). Higher maternal weight was associated with lower
maternal B12; one SD higher maternal BMI or weight was associated with an 11 pmol/L

decrease in B12 (95% CI -15, -7).

Systematic review

Birth weight/SGA. The association between B12 and birth weight or risk of SGA birth was
reported in 14 of 22 eligible studies. Three studies reported a clear association: one study
reported that birth weight was higher among B12-deficient women than among non-deficient
women (34); another study reported that only among women with gestational diabetes
mellitus, lower B12 was associated with higher birth weight (32). Conversely, a third study
reported that lower values of B12 significantly increased the risk of SGA births (23). In the
remaining 11 studies, there was weak evidence of an inverse association in three studies

(25,27,33), and no association in eight studies (18,19,21,24,29-31,35).

Length of gestation. Only two published reports reported on the association between B12 and
length of gestation or preterm birth. The first study observed that higher B12 was associated
with a longer length of gestation and a reduced risk of preterm birth, but the small sample size
yielded low precision of the estimates (21). The second study did not find evidence of an

association between B12 and length of gestation (19).

Evaluation of the risk of bias showed that the scores ranged between three and seven, and that

two studies were classified with high risk of bias (see Web Table 2).

Meta-analysis of maternal B12 in relation to birth weight and LBW
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In the meta-analysis, we found no evidence of a linear association between B12 and birth
weight (Figure 2): The adjusted estimate was 5.1 g increase in birth weight per SD increase in

B12 (95% CI-10.9, 21.0; I’=30%).

Subgroup and sensitivity analyses are presented in Web Table 3. Stratification by country
income showed that there was an association between B12 and birth weight in low- and
middle-income countries, but not in high-income countries. Heterogeneity among the studies
was explained largely by country income level and maternal BMI or weight. Excluding a
study that used late-pregnancy BMI (29), instead of pre-pregnancy or early pregnancy
BMI/weight in the other studies, reduced the heterogeneity from I’=30% to I’=13% (results
not presented). One study reported an association between B12 and birth weight that greatly
deviated from the other studies (33). Excluding this study did not notably change the effect
estimate, but resulted in a modest reduction in heterogeneity (from I’=30% to I>=21%; results
not presented). Sensitivity analyses excluding each of the included studies one by one, and
excluding studies only evaluating newborns born at term, did not meaningfully alter the

association between B12 and birth weight (results not presented).

Results for categories of B12 supported our main results. Neither B12-deficiency nor B12

tertiles were associated with birth weight (see Web Table 4).

B12-deficiency was associated with a 15% (95% CI 1%, 31%; I’=5%) increased risk of LBW

(Figure 3, left panel).

The funnel plot of B12 and birth weight indicated low risk of publication bias (see Web

Figure 1).
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Since birth weight may be regarded as a summary measure of fetal growth and gestational

age, we further performed analyses to assess a possible influence of B12 on these factors.

Meta-analysis of maternal B12 in relation to length of gestation and preterm birth

The analyses did not support a linear association between maternal B12 levels with length of
gestation in days (0.1 days (95% CI -0.2, 0.3; I’=0%) per SD increase of B12). However,
increasing levels of B12 were associated with a reduced risk of preterm birth (RR 0.89 (95%
CI0.82, 0.97; I’=0%) per SD increase in B12; Web Figure 2). Accordingly, B12-deficiency in
pregnancy was associated with a 21% increased risk of preterm birth (95% CI -1%, 49%;

1’=20%); Figure 3, middle panel).

The association between B12 and preterm birth was similar within all subgroup and
sensitivity analyses, although there was a loss of precision in these subgroup analyses due to

smaller sample sizes (see Web Table 5).

Meta-analysis of maternal B12 in relation to birth weight SD score and SGA

B12 was not associated with birth weight SD scores in the main analysis (see Web Figure 3).
However, B12 was associated with birth weight SD score in low- and middle-income
countries (0.08 SD per 1 SD increase in B12 (95% CI 0.03, 0.14; >=0%)), but not in high-

income countries (-0.02 SD (95% CI -0.05, 0.02; ’=23%)).
Women with B12-deficiency were not at higher risk of SGA births than non-deficient women

(Figure 3, right panel), and B12 levels were similar in SGA and non-SGA pregnancies (see

Web Table 6).
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DISCUSSION

The results from this systematic review and meta-analysis do not support any linear
association between vitamin B12 levels in pregnancy and offspring birth weight. However,
our findings provide evidence that lower maternal B12 levels are associated with increased
risk of preterm birth, and that the risk of preterm birth was particularly high in the presence of

B12-deficiency during pregnancy.

Strengths and limitations

A strength of this study is the use of IPD and reanalyzed data. Due to substantial
heterogeneity in the published analyses, a traditional meta-analysis could not answer our
research questions. Incomplete or selective reporting may reduce the replicability of studies
and distort the literature (40). This is illustrated by comparing the findings of this review with
those of a recently published systematic review by Sukumar et al. with traditional meta-
analysis on the association between B12 and birth weight (9). That study reported an odds
ratio of 1.70 (95% CI 1.16, 2.50; I’=84%) of the association between “low B12” and “adverse
birth weight”. A more moderate association was found in the present study in a comparable
analysis of B12-deficiency in relation to LBW (RR 1.15 (95% CI 1.01, 1.31); I’=5%). One
reason for the discrepant results may be that Sukumar et al. depended solely on data presented
in the published reports and were unable to include results reported as being “insignificant”;
for instance, from the largest individual study in the present review (19). The comparable
meta-analysis in the present review included roughly ten times as many pregnancies as the
meta-analysis in Sukumar’s review. Additionally, of eight individual results included in
Sukumar’s meta-analysis, five evaluated most of the same women from a single original

study, exaggerating the influence of a single, outlying study (8,23). By collecting IPD and
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requesting reanalyzes from contributing studies, we were able to standardize the analyses
across most of the included studies, thereby reducing heterogeneity and facilitating
interpretation of results. Compared with the review by Sukumar et al. that presented meta-
analyses with high levels of heterogeneity (I*-scores from 74% to 98% in the primary
analyses), the present study had I*-scores between 0% and 30% in the primary analyses.
Additionally, the present study enabled conduction of subgroup and sensitivity analyses,

along with more complete adjustment for important confounders (e.g. maternal weight).

We included 94% of all eligible participants, permitting an unbiased summary of the
published literature. Given the relative large number of included subjects, we had increased
power to evaluate findings reported with low precision in individual studies. We tested the

stability of our findings with a broad range of sensitivity analyses.

Another strength was that our analyses were not post-hoc, but followed a detailed protocol.
We performed a thorough literature search without language restrictions, and systematically

reviewed all eligible studies.

There are several limitations. Unpublished studies were not considered for this review, which
could potentially skew estimates. However, a funnel plot did not suggest publication bias. We
were unable to include four eligible studies (777 observations, 6% of all observations). Given
the small number of observations, it is unlikely that inclusion of these remaining studies

would have importantly influenced our main results.

Our approximations of fetal growth and restricted fetal growth by use of gestational age and

sex specific birth weight charts is suboptimal, as these outcomes are ideally estimated using
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serial ultrasound measurements during pregnancy (41). Furthermore, we did not have
sufficient data at hand to evaluate the possible implications of low levels of B12 during
different periods in pregnancy in the same woman. Sensitivity analyses stratified by trimester
of B12 measurement across studies, however, did not reveal important variation in the

association between B12 and the outcomes of interest.

Importantly, B12-deficiency may be a proxy for inadequate nutritional status, and it is
possible that some of our findings are related to nutritional status, not specifically to B12. A
predominantly plant-based diet is low in B12, but also other nutrients, such as vitamin D and
zinc, which to some degree may be associated with preterm birth (42—44). We did not have
information on dietary intake or blood levels of these nutrients. Nutritional status could
explain the present finding of an association between B12 and birth weight in low- and
middle-income countries but not high-income countries. However, lower vitamin B12 levels
were associated with higher risk of preterm birth irrespective of country income. It seems less

likely that nutritional status can fully explain this finding.

Mixing of effects is inherent in observational studies, and residual confounding cannot be
ruled out. We emphasize that our study report associations, and that causal effects must be
explored through trials (see below). Reassuringly, we found little discrepancy in the pooled
results of adjusted main models as compared to extended adjusted models (i.e. additionally

adjusting for maternal education and smoking habits).

Possible explanation of findings

Low birth weight is a result of preterm birth, of being born small at term, or a combination of

the two (45). While we found an increased risk of preterm birth and LBW among B12-
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deficient women, there was little evidence that maternal B12 levels influenced offspring birth
weight SD score or SGA status. It seems more likely that the observed higher risk for LBW in

B12-deficient women can be explained by preterm birth rather than by reduced fetal growth.

Higher B12 was associated with higher birth weight in low- and middle-income countries, but
not in high-income countries. Four of the five studies included in the low- and middle-income
group were performed in an Indian population. Therefore, generalization of these results to
low- or middle-income countries outside India should be treated with caution. Indian women
generally have lower dietary intake of B12, due to a mainly vegetarian diet, making them
susceptible to B12-deficiency (46). Additionally, Indian newborns are among the smallest in
the world (45). Our findings suggest that pregnancies already at greatest risk of giving birth to

small newborns were the ones most vulnerable to low levels of B12.

The association between B12 and the risk of preterm birth was consistent across studies in
both high-income and low- and middle-income countries, and generalization to countries not

studied may be feasible.

In line with our findings, maternal obesity has been associated with B12-deficiency in several
populations (47,48). It is hypothesized that this association is due to altered fat distribution
and metabolism in the overweight compared with normal weight (47). Maternal weight is
positively correlated with newborn weight (49), and failure to adjust for maternal weight may

underestimate a positive association between B12 and birth weight.

Potential mechanism of action
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Preterm birth may be categorized into spontaneous and medically indicated, with varying
etiologies (50). Unfortunately, information on spontaneous versus medically indicated
preterm births were not available to us. Medically indicated preterm birth are most commonly
caused by severe preeclampsia or severely restricted fetal growth (51). Our findings do not
support maternal level of B12 to be associated with fetal growth. Maternal B12 may,
however, be associated with risk of preeclampsia, potentially through homocysteine, but
reports are discrepant (52—54). The rate of medically indicated preterm births is higher in
high-income countries than in low- and middle-income countries (55). In analysis stratified by
country income, we found similar associations between B12 and risk of preterm birth in low-,
middle- and high-income countries. Still, this finding does not link B12 to specific etiologies

of preterm birth, which is a topic that deserves further studies.

It is possible that supplementation of B12 or folic acid, with a subsequent reduction of
homocysteine, increases birth weight and length of gestation. However, a Cochrane review
concluded that supplementation of folic acid during pregnancy did not reduce risk of either
preterm birth or LBW (60). Two small (256 pregnancies and 68 pregnancies) randomized
controlled trials of B12 supplementation during pregnancy reported on birth weight and
length of gestation (61,62). Both observed higher B12 plasma levels in the supplemented
group compared with the control group, but no reduction in homocysteine levels. No
differences were observed in birth weight, length of gestation, or frequency of LBW births or
preterm births in the supplemented group compared with the control group in either study (C
Duggan, Harvard University, personal communication, 2015) (61,62). However, the studies

were not powered to detect small but meaningful differences in preterm birth.

Context
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There are 15 million preterm births and 20 million low birth weight births globally each year
(1). The greatest burden of LBW is found in South Asia, while preterm birth is highest in
Africa (1). Preterm birth is the leading cause of neonatal deaths (1). In the era of The
Millennium Development Goals (1990-2015), post-neonatal under-five mortality rate was
reduced by 58% (2). Reduction in neonatal mortality was less pronounced (47%) (2).
Prevention of preterm birth is thus a key strategy to reduce neonatal deaths and reach the new
target of under-five year mortality of 25 per 1,000 live births by 2030, down from 43 per

1,000 in 2015 (2).

Our systematic review was not designed to study the prevalence of B12-deficiency during
pregnancy. However, this condition was common in the studies in our review, and
comparable to a systematic review of B12-deficiency during pregnancy (9). A large group of

women are thus affected by a potential preventable risk of preterm birth.

Conclusion and implications for clinical practice and future research

Vitamin B12-deficiency during pregnancy is common. Results of this systematic review with
IPD meta-analyses provides robust evidence that lower B12 levels during pregnancy are
associated with increased risk of preterm birth, particularly in B12-deficient women. Our
findings support conducting randomized controlled trials to evaluate whether maternal B12

supplementation in pregnancy reduces the risk of preterm birth.

19



Acknowledgement

We would like to acknowledge the following persons for their help in order to provide the
necessary data for the present study: Professor Caroline H D Fall, MRC Lifecourse
Epidemiology Unit, University of Southampton, UK; Dr Simon Wheeler, nutritionist at the
MRC Epidemiology Unit, University of Cambridge; Professor Anura V Kurpad, Professor of
Physiology, St. John’s Medical College, India; and Dr Nithya Sukumar, research fellow at
Warwick Medical School, University of Warwick, UK. Also thanks to Professor Christopher
Duggan, Professor in the Department of Nutrition, Harvard University, USA, for providing
necessary unpublished results from a previous trial. Lastly, we would like to acknowledge
Janis Glover, Academic Librarian at the Medical Library, Yale University, USA, who helped
develop the search strategy.

20



References

L.

10.

11.

12.

13.

14.

15.
16.

17.

Lawn JE, Blencowe H, Oza S, et al. Every Newborn: progress, priorities, and potential
beyond survival. Lancet. 2014;384(9938):189-205.

UNICEF, WHO, World Bank, et al. Levels and trends in child mortality 2015. 2015 1-
36 p.

Barros FC, Bhutta Z a, Batra M, et al. Global report on preterm birth and stillbirth (3 of
7): evidence for effectiveness of interventions. BMC Pregnancy Childbirth.
2010;10(Suppl 1):S3.

Allen LH. Vitamin B12 metabolism and status during pregnancy, lactation and infancy.
Adv. Exp. Med. Biol. 1994;352:173-86.

Allen RH, Stabler SP, Savage DG, et al. Metabolic abnormalities in cobalamin
(vitamin B12) and folate deficiency. FASEB J. 1993;7(14):1344-53.

Chiang PK, Gordon RK, Tal J, et al. S-Adenosylmethionine and methylation. FASEB J.
1996;10(4):471-80.

Halarnkar PP, Blomquist GJ. Comparative aspects of propionate metabolism. Comp.
Biochem. Physiol. B. 1989;92(2):227-31.

Muthayya S, Kurpad A, Duggan C, et al. Low maternal vitamin B12 status is
associated with intrauterine growth retardation in urban South Indians. Eur. J. Clin.
Nutr. 2006;60(6):791-801.

Sukumar N, Rafnsson S, Kandala N, et al. Prevalence of vitamin B-12 insufficiency
during pregnancy and its effect on offspring birth weight: a systematic review and
meta-analysis. Am. J. Clin. Nutr. 2016;103(5):1232-51.

Haider BA, Bhutta ZA. Multiple-micronutrient supplementation for women during
pregnancy. Cochrane database Syst. Rev. 2015;11:CD004905.

Liberati A, Altman DG, Tetzlaff J, et al. The PRISMA statement for reporting
systematic reviews and meta-analyses of studies that evaluate healthcare interventions:
explanation and elaboration. BMJ. 2009;339:2700.

Stroup DF, Berlin JA, Morton SC, et al. Meta-analysis of observational studies in
epidemiology: a proposal for reporting. Meta-analysis Of Observational Studies in
Epidemiology (MOOSE) group. JAMA. 2000;283(15):2008-12.

University of York. PROSPERO.
2015;(http://www.crd.york.ac.uk/PROSPERO/display record.asp?ID=CRD420150251
41). (Accessed January 15, 2016)

Wells G, Shea B, O’Connell D, et al. The Newcastle-Ottawa Scale for assessing the
quality of nonrandomised studies in meta-analyses.
2013;(http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp)

Stabler SP. Vitamin B12 Deficiency. N. Engl. J. Med. 2013;368(2):149-160.

Villar J, Ismail LC, Victora CG, et al. International standards for newborn weight,
length, and head circumference by gestational age and sex: the Newborn Cross-
Sectional Study of the INTERGROWTH-21st Project. Lancet. 2014;384:857-868.

Zou G. A modified poisson regression approach to prospective studies with binary

21



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

data. Am J Epidemiol. 2004;159(7):702-706.

Baker PN, Wheeler SJ, Sanders TA, et al. A prospective study of micronutrient status
in adolescent pregnancy. Am. J. Clin. Nutr. 2009;89(4):1114-1124.

Bergen NE, Jaddoe VW V, Timmermans S, et al. Homocysteine and folate
concentrations in early pregnancy and the risk of adverse pregnancy outcomes: The
Generation R Study. BJOG. 2012;119(6):739-51.

Bhate VK, Joshi SM, Ladkat RS, et al. Vitamin B12 and folate during pregnancy and
offspring motor, mental and social development at 2 years of age. J. Dev. Orig. Health
Dis. 2012;3(2):123-130.

Chen LW, Lim AL, Colega M, et al. Maternal folate status, but not that of vitamins B-
12 or B-6, is associated with gestational age and preterm birth risk in a multiethnic
Asian population. J. Nutr. 2015;145(1):113-20.

Dayaldasani A, Ruiz-Escalera J, Rodriguez-Espinosa M, et al. Serum vitamin B12
levels during the first trimester of pregnancy correlate with newborn screening markers
of vitamin B12 deficiency. Int. J. Vitam. Nutr. Res. 2014;84(1-2):92-7.

Dwarkanath P, Barzilay JR, Thomas T, et al. High folate and low vitamin B-12 intakes
during pregnancy are associated with small-for-gestational age infants in South Indian
women: a prospective observational cohort study. Am. J. Clin. Nutr. 2013;98(6):1450—
8.

Furness D, Fenech M, Dekker G, et al. Folate, vitamin B12, vitamin B6 and
homocysteine: impact on pregnancy outcome. Matern. Child Nutr. 2013;9(2):155-66.

Halicioglu O, Sutcuoglu S, Koc F, et al. Vitamin B12 and folate statuses are associated
with diet in pregnant women, but not with anthropometric measurements in term
newborns. J. Matern. Fetal. Neonatal Med. 2012;25(9):1618-21.

Hay G, Clausen T, Whitelaw A, et al. Maternal folate and cobalamin status predicts
vitamin status in newborns and 6-month-old infants. J Nutr. 2010;140(3):557—-64.

Hogeveen M, Blom HJ, van der Heijden EH, et al. Maternal homocysteine and related
B vitamins as risk factors for low birthweight. Am. J. Obstet. Gynecol.
2010;202(6):572.e1-6.

Kaymaz C, Demir A, Bige O, et al. Analysis of perinatal outcome by combination of
first trimester maternal plasma homocysteine with uterine artery Doppler velocimetry.
Prenat. Diagn. 2011;31(13):1246-50.

Krishnaveni G V., Veena SR, Karat SC, et al. Association between maternal folate
concentrations during pregnancy and insulin resistance in Indian children.
Diabetologia. 2014;57(1):110-21.

Mamabolo RL, Alberts M, Steyn NP, et al. The effect of maternal glucose metabolism,
iron, vitamin B12 and folate status on pregnancy outcomes. South African J. Clin. Nutr.
2006;19(3):120-30.

Relton CL, Pearce MS, Parker L. The influence of erythrocyte folate and serum
vitamin B12 status on birth weight. Br. J. Nutr. 2005;93(05):593.

Sukumar N, Bawazeer N, Patel V, et al. Low B12 Level Is Associated with Maternal
Obesity and Higher Birthweight in Gestational Diabetes. In: Journal of Developmental
Origins of Health and Disease. 2011:128-9.

22



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Takimoto H, Mito N, Umegaki K, et al. Relationship between dietary folate intakes,
maternal plasma total homocysteine and B-vitamins during pregnancy and fetal growth
in Japan. Eur. J. Nutr. 2007;46(5):300-6.

Wu BTF, Innis SM, Mulder K a., et al. Low plasma vitamin B-12 is associated with a
lower pregnancy-associated rise in plasma free choline in Canadian pregnant women
and lower postnatal growth rates in their male infants. Am. J. Clin. Nutr.
2013;98(5):1209-1217.

Yajnik CS, Deshpande SS, Jackson a a, et al. Vitamin B12 and folate concentrations
during pregnancy and insulin resistance in the offspring: the Pune Maternal Nutrition
Study. Diabetologia. 2008;51(1):29-38.

Karakantza M, Androutsopoulos G, Mougiou A, et al. Inheritance and perinatal
consequences of inherited thrombophilia in Greece. Int. J. Gynecol. Obstet.
2008;100(2):124-129.

Lopez-Quesada E, Vilaseca MA, Vela A, et al. Perinatal outcome prediction by
maternal homocysteine and uterine artery Doppler velocimetry. Eur. J. Obstet.
Gynecol. Reprod. Biol. 2004;113(1):61-66.

Lee S, Guillet R, Cooper EM, et al. Maternal Inflammation at Delivery Affects
Assessment of Maternal Iron Status. J. Nutr. 2014;144(10):1524-32.

Neumann CG, Oace SM, Chaparro MP, et al. Low vitamin B12 intake during
pregnancy and lactation and low breastmilk vitamin 12 content in rural Kenyan women
consuming predominantly maize diets. Food Nutr Bull. 2013;34(2):151-9.

Glasziou P, Altman DG, Bossuyt P, et al. Reducing waste from incomplete or unusable
reports of biomedical research. Lancet. 2014;383(9913):267-276.

Nyberg D a, Abuhamad A, Ville Y. Ultrasound assessment of abnormal fetal growth.
Semin. Perinatol. 2004;28(1):3-22.

Position of the American Dietetic Association and Dietitians of Canada: Vegetarian
diets. J. Am. Diet. Assoc. 2003;103(6):748-65.

Ota E, Mori R, Middleton P, et al. Zinc supplementation for improving pregnancy and
infant outcome. Cochrane database Syst. Rev. 2015;2:CD000230.

De-Regil LM, Palacios C, Lombardo LK, et al. Vitamin D supplementation for women
during pregnancy. Cochrane database Syst. Rev. 2016;1:CD008873.

United Nations Children’s Fund and World Health Organization. Low Birthweight:
Country, regional and global estimates. 2004 1-31 p.

Yajnik CS, Chandak GR, Joglekar C, et al. Maternal homocysteine in pregnancy and
offspring birthweight: epidemiological associations and Mendelian randomization
analysis. Int. J. Epidemiol. 2014;43(5):1487-97.

Knight BA, Shields BM, Brook A, et al. Lower Circulating B12 Is Associated with
Higher Obesity and Insulin Resistance during Pregnancy in a Non-Diabetic White
British Population. PLoS One. 2015;10(8):e0135268.

Krishnaveni G V., Hill JC, Veena SR, et al. Low plasma vitamin B12 in pregnancy is
associated with gestational “diabesity” and later diabetes. Diabetologia.
2009;52(11):2350-2358.

23



49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Romundstad PR, Smith GD, Nilsen TIL, et al. Associations of prepregnancy
cardiovascular risk factors with the offspring’s birth weight. Am. J. Epidemiol.
2007;166(12):1359-1364.

Goldenberg RL, Culhane JF, lams JD, et al. Epidemiology and causes of preterm birth.
Lancet. 2008;371(9606):75-84.

Gyamfi-Bannerman C, Fuchs KM, Young OM, et al. Nonspontaneous late preterm
birth: Etiology and outcomes. Am. J. Obstet. Gynecol. 2011;205(5):456.e1-456.¢6.

Wadhwani NS, Patil V V, Mehendale SS, et al. Increased homocysteine levels exist in
women with preeclampsia from early pregnancy. J. Matern. Fetal. Neonatal Med.
2016;29(16):2719-25.

Makedos G, Papanicolaou A, Hitoglou A, et al. Homocysteine, folic acid and B12
serum levels in pregnancy complicated with preeclampsia. Arch. Gynecol. Obstet.
2007;275(2):121-124.

Sanchez SE, Zhang C, Malinow MR, et al. Plasma folate, vitamin B12, and
homocyst(e)ine concentrations in preeclamptic and normotensive Peruvian women.
Am. J. Epidemiol. 2001;153(5):474-480.

Blencowe H, Cousens S, Oestergaard MZ, et al. National, regional, and worldwide
estimates of preterm birth rates in the year 2010 with time trends since 1990 for
selected countries: a systematic analysis and implications. Lancet.
2012;379(9832):2162-72.

Hogeveen M, Blom HJ, den Heijer M. Maternal homocysteine and small-for-
gestational-age offspring: systematic review and meta-analysis. Am. J. Clin. Nutr.
2012;95(1):130-6.

Miner SES, Evrovski J, Cole DEC. Clinical chemistry and molecular biology of
homocysteine metabolism: An update. Clin. Biochem. 1997;30(3):189-201.

Refsum H, Ueland PM, Nygard O, et al. Homocysteine and cardiovascular disease.
Annu. Rev. Med. 1998;49(1):31-62.

Dodds L, Fell DB, Dooley KC, et al. Effect of homocysteine concentration in early
pregnancy on gestational hypertensive disorders and other pregnancy outcomes. Clin.
Chem. 2008;54(2):326-334.

Lassi ZS, Salam RA, Haider BA, et al. Folic acid supplementation during pregnancy
for maternal health and pregnancy outcomes. Cochrane database Syst. Rev.
2013;3:CD006896.

Duggan C, Srinivasan K, Thomas T, et al. Vitamin B-12 supplementation during
pregnancy and early lactation increases maternal, breast milk, and infant measures of
vitamin B-12 status. J. Nutr. 2014;144(5):758-64.

Siddiqua TJ, Ahmad SM, Ahsan KB, et al. Vitamin B12 supplementation during
pregnancy and postpartum improves B12 status of both mothers and infants but vaccine
response in mothers only: a randomized clinical trial in Bangladesh. Eur. J. Nutr.
2016;55(1):281-93.

24



Legends to figures

Figure 1 Title: Flow chart of studies included in at least one of the meta-analyses of the
association between B12 and birth weight or length of gestation

Legend: B12, vitamin B12; IPD, individual participant data; N, number of studies; n, number
of pregnancies.
a, IPD or reanalyses not provided, and results could not be abstracted from published reports.

Figure 2 Title: Forest plot presenting the association between B12 and birth weight

Legend: Meta-analysis of studies of the association between vitamin B12 and birth weight
after adjustment for maternal age, parity and body mass index or weight. Effect estimates are
expressed as change in birth weight per one standard deviation increase of vitamin B12. CI,
confidence interval; n, number pregnancies.

Figure 3 Title: Forest plot presenting the association between B12-deficiency and the risk of
low birth weight (left panel), preterm birth (middle panel), and small-for-gestational-age birth
(right panel)

Legend: Meta-analysis of studies of the association between vitamin B12-deficiency and the
risk of low birth weight (left panel), preterm birth (middle panel), and small-for-gestational-
age birth (right panel) after adjustment for maternal age, parity and body mass index or
weight. Effect estimate expressed as risk ratio of the outcome comparing B12 deficient to
non-deficient. CI, confidence interval; n, number pregnancies; RR, risk ratio.

Web Figure 1 Title: Funnel plot of studies evaluating the association between B12 and birth
weight

Legend: Funnel plot of studies evaluating the association between vitamin B12 and birth
weight after adjustment for maternal age, parity and body mass index or weight. Individual
studies are represented by solid dots, and the pseudo-95% confidence interval by broken lines.

Web Figure 2 Title: Forest plot presenting the association between B12 and the risk of
preterm birth

Legend: Meta-analysis of studies of the association between vitamin B12 and the risk of
preterm birth after adjustment for maternal age, parity and body mass index or weight. Effect
estimates are expressed as risk ratios of preterm birth per one standard deviation increase of
vitamin B12. CI, confidence interval; n, number pregnancies; RR, risk ratio.

25



Web Figure 3 Title: Forest plot presenting the association between B12 and birth weight SD
score

Legend: Meta-analysis of studies of the association between vitamin B12 and birth weight
standard deviation scores (i.e. accounting for length of gestation and sex) after adjustment for
maternal age, parity and body mass index or weight. Effect estimate expressed as change in
birth weight standard deviation score per one standard deviation increase of vitamin B12. CI,
confidence interval; n, number pregnancies.
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- B12 not measured in pregnancy, N = 18

- Outcomes of interest not available, N = 7

'

Eligible studies
N=22
n=11,993

- Population of diseased women, N =5

- Population size <50, N =3

- Newer or more complete report included, N =13
- Studies published before 1998, N =9

v

Studies included
N=18
n=11,216

N

P Studies not included, N =4, n= 797*

IPD
N=10
n=_8,928

Reanalysed data
N=2
n=973

Data abstracted
from published
reports
N=6
n=1,315
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Web Appendix 1. Search Terms.

The search terms were adapted to each service provider and database, and were
composed of a combination of the following (or related) terms: B12 and pregnancy
and birth weight or length of gestation. We added restriction terms excluding review
articles, intervention studies and case reports, studies evaluating adults, children
(other than infants), rodents, and patients with anemia. We used a combination of
controlled vocabulary terms and free text words.

Pubmed

("Vitamin B 12"[Mesh] OR B12[Text Word] OR "B 12"[Text Word] OR
cobalamin*[Text Word]) AND (pregnan*[Text Word] OR Pregnancy[Mesh] OR
gestation*[ Text Word] OR fetus[MeSH] OR fetus*[ Text Word] OR foetus*[ Text
Word] OR foetal* [Text Word] OR fetal*[Text Word] OR ”Fetal
Development”[Mesh] OR “Infant, Newborn”[Mesh]) AND ("Infant, Low Birth
Weight"[Mesh] OR "Birth Weight"[Mesh] OR birthweight[ Text Word] OR "birth
weight"[Text Word] OR SGA[Text Word] OR "fetal growth retardation"[MeSH] OR
IUGR[Text Word] OR “growth restriction”[ Text Word] OR growth
retardation”[ Text Word] OR "small for gestational age"[Text Word] OR "small for
date"[Text Word] OR ”Infant, Premature”’[Mesh] OR ”Premature Birth”[Mesh]

OR ”Gestational Age”’[Mesh] OR preterm[Text Word] OR prematur*[Text Word]
OR ”gestational age”[Text Word] OR ”length of gestation”[Text Word] OR duration
of pregnancy”[Text Word]) NOT ("Review”[Publication Type] OR ”’Child”’[Mesh]
OR ”Aged”[Mesh] OR ”’Case Reports”’[Publication Type] OR ”Clinical
Trial”[Publication Type] OR "Rodentia”’[Mesh] OR ”Anemia”[Mesh])

OvidSP Medline

(exp Vitamin B 12/ or b12.tw or B 12.tw or cobalamin®*.tw) and (pregnan*.tw or exp
Pregnancy/ or gestation*.tw or exp Fetus/ or fetus*.tw or fetal*.tw or foetus®.tw or
foetal*.tw or exp Fetal Development/ or exp Infant, Newborn/) and (exp Infant, Low
Birth Weight/ or exp Birth Weight/ or birth weight.tw or birthweight.tw or SGA.tw or
exp Fetal Growth Retardation/ or IUGR.tw or growth restriction.tw or growth
retardation.tw or small for gestational age.tw or small for date.tw or exp Infant,
Premature/ or exp Premature Birth/ or exp Gestational Age/ or preterm.tw or
prematur*.tw or gestational age.tw or length of gestation.tw or duration of
pregnancy.tw) not (review/ or exp child/ or exp aged/ or exp case report/ or exp
clinical trial/ or exp rodentia/ or exp anemia/)

OvidSP Embase

(exp cyanocobalamin/ or exp cyanocobalamin deficiency/ or exp cobalamin
derivative/ or exp cobalamin/ or b12.tw or b 12.tw or cobalamin*.tw) and
(pregnan*.tw or exp pregnancy/ or gestation*.tw or exp fetus/ or fetus*.tw or



fetal*.tw or foetus*.tw or foetal*.tw or exp fetus growth/ or exp newborn/) and (exp
birth weight/ or birthweight.tw or birth weight.tw or SGA.tw or exp intrauterine
growth retardation/ or IUGR.tw or growth restriction.tw or growth retardation.tw or
small for gestational age.tw or small for date.tw or exp prematurity/ or exp premature
labor/ or exp gestational age/ or preterm.tw or premature.tw or gestational age.tw or
length of gestation.tw or duration of pregnancy.tw) not (exp review/ or exp case
report/ or exp aged/ or exp anemia/ or exp clinical trial/ or exp rodent/)

OvidSP Global Health

(exp vitamin b12/ or b12.tw or b 12.tw or cobalamin*.tw) and (pregnan*.tw or exp
pregnancy/ or gestation*.tw or exp fetus/ or fetus*.tw or fetal*.tw or foetus*.tw or
foetal*.tw or exp fetal development/ or exp neonates/) and (exp low birth weight
infants/ or exp birth weight/ or birthweight.tw or birth weight.tw or sga.tw or exp
growth retardation/ or iugr.tw or growth restriction.tw or growth retardation.tw or
small for gestational age.tw or small for date.tw or exp prematurity/ or exp premature
infants/ or exp gestation period/ or preterm.tw or prematur*.tw or gestational age.tw
or length of gestation.tw or duration of pregnancy.tw) not (exp reviews/ or exp
elderly/ or exp case reports/ or exp clinical trials/ or exp rodents/ or anaemia.sh)

EBSCO-host CINAHL

((MH ”Vitamin B 12") OR (MH ”Vitamin B12 Deficiency+”) OR b12 OR "b 12" OR
cobalamin*) AND (pregnan* OR (MH Pregnancy+") OR gestation®* OR

(MH ”Fetus+”) OR fetus* OR foetus* OR foetal* OR fetal* OR (MH “Infant,
Newborn+”)) AND ((MH ”Infant, Low Birth Weight+") OR (MH "Birth Weight")
OR birthweight OR "birth weight" OR SGA OR (MH "Fetal Growth Retardation")
OR IUGR OR ”growth restriction” OR ”growth retardation” OR "small for
gestational age" OR "small for date" OR (MH ”Infant, Premature”) OR

(MH ”Childbirth, Premature”) OR (MH “Gestational Age”) OR preterm OR
prematur®* OR “gestational age” OR ”length of gestation” OR “duration of
pregnancy”’) NOT ((MH “Literature Review+) OR (MH ”Child, Preschool””) OR
(MH ”Aged+") OR (MH Case Studies”) OR (MH Clinical Trials+”) OR

(MH "Rodents+”) OR (MH ”Anemia+"))

SCOPUS

(TITLE-ABS-KEY(b12 OR b 12” OR cobalamin*)) AND (TITLE-ABS-
KEY(pregnan* OR gestation* OR fetus* OR fetal* OR foetus* OR foetal* OR
newborn*)) AND (TITLE-ABS-KEY ("birth weight” OR ”birthweight” OR sga
OR ”growth retardation” OR “growth restriction” OR iugr OR ”small for gestational
age” OR ”’small for date” OR preterm OR prematur* OR “gestational age”

OR ”length of gestation” OR ”duration of pregnancy”)) AND
(EXCLUDE(DOCTYPE, "re””)) AND NOT ((TITLE(anemi* OR anaemi*)) OR
(TITLE-ABS-KEY (mouse OR mice OR rat OR rats OR rodent*)))



Web of Knowledge

#1: (TS=(b12 OR b 12” OR cobalamin*)) AND (TS=(pregnan* OR gestation* OR
fetus® OR fetal* OR foetus* OR foetal* OR newborn*)) AND (TS=("birth weight”
OR ”birthweight” OR sga OR “growth retardation” OR “growth restriction” OR iugr
OR ”small for gestational age” OR “’small for date” OR preterm OR prematur*®

OR ”gestational age” OR "length of gestation” OR “duration of pregnancy’’)) NOT
((TT=(anemi* OR anaemi*)) OR (TS=(mouse OR mice OR ra OR rats OR rodent*)))

#2: Restrict #1 to reviews

#3: #1 NOT #2



Web Appendix 2. Statistical Analyses.

A multivariable model was applied adjusting for maternal age, BMI (or weight when BMI
was unavailable) and parity. When IPD was not provided, we requested results from the
following reanalyzes of original studies: the association of B12 (SD score) with birth weight,
gestational age at delivery, LBW and preterm birth; and the association of B12-deficiency
with birth weight, LBW and preterm birth. Results were provided for both crude analyses, and
two different multivariable analyses (adjusting for maternal age, BMI and parity; and
adjusting for maternal age, BMI, parity and smoking habits). When neither IPD nor results
from requested reanalyzes were available, we extracted relevant results from the publications.

We stratified our analysis for the following a priori subgroup and sensitivity analyses:
trimester of B12 measurement (four strata: 1%, 2", 3™ trimesters, and 1* and 2™ trimesters
combined), country income category (high-income versus low- and middle-income countries,
as defined by The World Bank),' risk of bias (high risk versus moderate or low risk of bias),
and excluding each of the studies one by one. Additional sensitivity analyses that were carried
out: overweight status (BMI >25 kg/m” versus BMI<25 kg/m?), B12 assay technique
(radioimmunoassay, electroluminescence, microbiological), alternative multivariable models
(e.g. a more saturated model including maternal education and smoking habits in addition to
the main model), fixed effects model, Poisson regression with non-robust error variance,
logistic regression model (dichotomous outcomes), and by excluding studies that only
evaluated newborns born at term.

References:

1. The World Bank. The World Bank. (2016). at <http://data.worldbank.org/country>



Risk of bias scale

1)
2)
3)

4
5)

6)
7)

Was B12 ascertained irrespective of the risk of LBW or PTB, and otherwise not prone to selection bias?
The study controlled for maternal BMI or weight either by matching or by statistical methods?

The study controlled for previous LBW births or PTB, or maternal age, parity, socioeconomic status
(SES), smoking habits, ethnicity, vegetarian status or B12 supplement use (at least two of these) either
by matching or by statistical methods? (Because of potential over-adjustment, if a study adjusted for
levels of folate, homocysteine or methylmalonic acid, they earned no point on this item (even if they had
adjusted for two or more of the mentioned confounders))

Was the exposed cohort truly or somewhat representative of the average pregnant population in the
community?

Did the women with B12-deficiency receive the same follow-up and interventions as the non-deficient
women? (e.g. not similar if start of multivitamin supplementation if B12-deficient but not non-deficient)
Was the outcome assessed by independent or blind assessment, or by secure records or record linkage?
>80% follow-up or description provided for those lost to follow-up?
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