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"Do not go where the path may lead, go instead where there is no path and
leave a trail."”

(Ralph Waldo Emerson)
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Glossary

Aorta-gonad-

Region of the first adult definitive hematopoietic stem cells,

mesonephros located in the embryonic mesoderm that develops from the
region para-aortic splanchnopleure!.

The inherited maternal or paternal version of a DNA-
Allele

sequence (gene)>.

Alpha-fetoprotein
(AFP)

Polypeptide chain that consists of 30 peptides,
predominantly glutamic acid, alanine, leucine, aspartic acid,
and cystine. The 4% carbohydrate content include N-
acetylglucosamine, mannose, galactose, fructose, and sialic

acid?.

Amniotic cavity

Fluid-filled space initially between the amniotic membrane
and epiblast. After embryonic folding, it surrounds the

embryo and later the fetus®*.

Amniotic

membrane

Composed of delaminated cells from the epiblast
surrounding the embryo and forming the amniotic sac. The
inner layer (amniotic ectoderm) is delineated by amniotic
cuboidal cells. Outside is a thin mesodermal layer adjacent

to the chorion’.

Embryonic coelom

Emerges from the extra-embryonic coelom and becomes
part of the embryo when the lateral plate mesoderm splits
into the somatopleure and splanchnopleure. Over time, this
space is segmented into the peritoneal, pleural, and

pericardial cavities®.

Embryonic genome

activation

During reprogramming the zygotic genome remains silent
(without transcription). Through maternal-to-zygotic
transition the transcriptional control is passed to the zygote

and the zygotic genome can be expressed’.
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Fate mapping

Determination of tissue origin during development of the
embryo using genetic mark inserted into a cell (e.g.,

fluorescent protein or molecular barcodes)?®.

Apocrine

Apocrine glands develop from protrusions of the membrane
that detach and enter the duct, losing a portion of the cellular

membrane during this process’.

Cytotrophoblast

Undifferentiated cells that are sustained through the fusion
of the cytotrophoblast. They are beneath the completely

differentiated, non-proliferating syncytiotrophoblast'’.

Extraembryonic

coelomic cavity

Space that is bounded by extraembryonic mesoderm, also

called chorionic cavity!!.

Genetic imprinting

Genomic imprinting is a process of silencing genes, e.g.,

through DNA methylation'?.

Gestational age

(LMP)

Gestational age or menstrual age, calculated as the number

of days from the first day of the last menstrual period.

Glucose-6- Cytoplasmic enzyme of all cells, essential for protecting
phosphate against cellular damage caused by reactive oxygen species;
dehydrogenase accomplished by supplying substrates to prevent oxidative
(G6PD) harm'3.
Cranial or mesencephalic flexure: Ventral bending of the
embryo's cranial region.
Head fold Likely driven by rapid forebrain growth and notochord
stiffness.
Results in ventral positioning of the mouth and heart'*.
Hemothrophic Transfer of substances between mother and fetus carried by
nutrition blood through the placenta's.
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Originating from the endometrium and uterine glands and

accumulating in the area between maternal and fetal tissues.

Histotroph Initially, the blastocyst's trophectoderm phagocytoses this
material, and subsequently, the process is continued by the
placental trophoblast or the yolk sac's endoderm!.

Histotrophic Absorption of secretions from the oviduct and uterus,

nutrition enhanced by the breakdown products of endometrial cells'®.
Catalyzes the transformation of hypoxanthine into inosine
monophosphate and guanine into guanosine

Hypoxanthine ) o ] ]
monophosphate. This enzyme is pivotal in the production of

phosphoribosyltran

sferase 1 (HPRT1)

purine nucleotides via the purine salvage pathway.
Alterations in this gene can lead to conditions like Lesch-

Nyhan syndrome or gout!”.

Laminin 111

Essential protein in early embryonic development. The

"111" identifies the protein isoform's chain composition of
alB1y1'®. When various parts of the trimer chains missing
(e.g., if the B1 and y1 chains) the basement membrane fails

to form, and epithelial formation cannot longer occur'®.

Lateral folding (or

flexion)

Lateral edges of the embryonic disc undergo sharp ventral
flexion.

Contact made by each germ layer's edges at head and tail
regions, closing towards the umbilicus.

Finally, ectoderm covers the entire body surface, excluding
the umbilical region where the connecting stalk and yolk sac

converge'4.

Linage tracing

Cell lineage experiments show the relationships between
cells marking them at one time point and detecting the
progenies derived from these marked cells at a later time

point®,




12

The monoamine oxidase A (MAOA) gene is on the X
chromosome. The protein product breaks down monoamine
neurotransmitters in the central nervous system, including

the catecholamines dopamine, adrenaline, and

MAOA ) ) ) )
noradrenaline, histamine, and serotonin (5-HT)?°. The gene
has also been associated with mental development of
premature children?!. It plays also a role in the trajectories
of attentional development?2,
Merocrine Secretions via exocytosis but without cell damage®.
Differentiate into a limited range of cell types (e.g.,
Multipotent stem o
hematopoietic stem cells, neural stem cells, mesenchymal
cells

stem cells)?.

Myeloid-bias

A particular form of linage-bias of stem cells that produce
skewed ratios of lymphoid to myeloid cells precursors. The
myeloid-biased cells produce reduced levels for the T- and
B- lymphocyte lineages but normal levels of myeloid

precursors?4,

Pluripotent stem

Pluripotent stem cells have the capacity to develop into

every cell type within the body, excluding those that form

cells

the placenta®.

This glycolytic enzyme not only catalyzes an ATP-

producing step in glycolysis and the reverse reaction in
Phosphoglycerate ) ) ) )

gluconeogenesis but also has diverse roles in pathogenesis,
kinase (PGK) o ) ]

nucleic acid interactions, cancer progression, cell death, and

viral replication®.

Mixed germ cell tumor characterized by embryoid bodies,
Polyembryoma consisting of a central core of embryonal carcinoma cells, an

amnion-like cavity, and a yolk sac tumor component?®.
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Several concurrent but independent tests that monitor and
record different body functions during sleep in different
channels. Modern PSD includes: Electroencephalogram

(EEQ); electrooculogram (EOQG); electromyogram (EMG);

Polysomnography | electrocardiogram (ECG); pulse oximetry; respiratory

(PSD) monitor; capnography; transcutaneous monitors;
microphone; video camera; thermometer; light intensity
tolerance test; nocturnal penile tumescence test; esophageal
tests; nasal and oral airflow sensor; gastroesophageal
monitor; blood pressure monitor?’.

Somatopleure Lateral plate mesoderm of the body wall®®.

Sleep health Sleep satisfaction*®, Alertness, Timing, Efficiency, Duration

dimensions®

*Sleep satisfaction

Feeling sufficiently rested, awake and alert®

Lateral plate mesoderm connected with the gut tube as well

Splanchnopleure ) ) ) )
as with the heart including the cardiac muscle®®.
Product of the SRY gene, also known as the testis-

SRY determining factor (DTF); a protein crucial for the formation
of testes due to its DNA-binding activity. It encodes the sex-
determining region Y protein..

Syncytialized trophoblasts (without cell boundaries) that

Syncytio- ) ) )
orchestrate the complex biomolecular interactions between

trophoblast

the fetus and mother!®

Totipotent stem

Omnipotent cells that have the capacity to develop into any

of the 220 cell types present in an embryo, including cells

cells
that form extra-embryonic structures like the placenta?’.
Cells forming the outer layer of a blastocyst providing
Trophoblast nutrients to the embryo and developing into a large part of

the placenta!”
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Tail (or caudal)

fold

Ventral bending of the embryo's caudal region to reorient
the cloaca and allantois.

Subdivision of the cloaca into urinary and anal openings'*.

XTAP

XIAP, an X chromosome-linked inhibitor of apoptosis
protein, suppresses caspases and prevents apoptosis.
XIAP can act as a proapoptotic protein by enhancing
mitochondrial membrane permeability, offering potential

cancer therapy benefits®!.

XIST

Xist RNA is non-coding RNA.

Serves as the primary regulator of X chromosome
inactivation (XCI).

Facilitates an epigenetic mechanism that balances X-linked
gene expression between females (XX) and males (XY) in

mammals®2.
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Preface

Today, it is widely accepted that environmental and maternal factors have potential to
influence early fetal development??. Hypertension, overweight, and hyperglycemia
are the key metabolic risk factors, along with tobacco, alcohol, sodium-intake, and
physical inactivity as the leading behavioral risk factors**. The new WHO (World
Health Organization) sustainable development goals emphasize the significance of
earliness in disease prevention. Accordingly, they urged, to initiate preventive
measures already prior to conception and during pregnancy?”.

Regarding the continual rise of obesity and metabolic disease globally including the
high-income countries®®, we need further insight and strategies. Identifying early
mechanisms and mediators of vulnerability for future development of disease, such as
developmental programming in pregnancy, has been one of the main focuses in the
scientific field of developmental origin of health and disease (DOHaD)?*?. However,
to distinguish between physiology and pathophysiology starts with the knowledge of
physiological ranges and adaption mechanisms.

What can we, in fact, expect during healthy pregnancy?

By a prospective longitudinal study design starting from before conception and
careful choice of non-invasive measurement methods, the present work contributes to
new insights on the influence of maternal and environmental factors on early human

development and possible mechanisms.
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Abstract in English

Background: The field of developmental origins of health and disease (DOHaD) has
spurred research into prenatal health determinants. Although nutrition and physical
activity are well recognized for their importance, maternal sleep in early pregnancy,
especially before conception, has received less attention despite its crucial
physiological role and significant interplay with physical activity, nutrition, and body
composition.

Animal studies have demonstrated the role of the yolk sac in transferring nutrients
and providing early blood and immune cells during early pregnancy. The latter, for
example, has been traced to adulthood as a tissue macrophage. However, analogous
evidence in human development was scant until recent findings demonstrated the
vital functions of the yolk sac in human pregnancy.

Aim: This study aimed to determine the normal variation in sleep and physical
activity before and during pregnancy and to examine their effects, in conjunction with
maternal body composition, on embryonic development, specifically the size of the
yolk sac and crown-rump length (CRL).

Methods: A prospective study was conducted on 190 healthy women intending to
conceive naturally. Sleep and physical activity patterns were assessed before
pregnancy and in each trimester. Actigraphy recordings from the preconception and
first trimester were analyzed along with serial transvaginal ultrasound measurements
of the yolk sac and embryo throughout the first trimester.

Statistics: Cohort and measurement summary statistics were calculated. Associations
between sleep, physical activity, and embryonic measurements were analyzed—
stratified and unstratified by embryonic sex and gestational age—using linear and
quantile regression analyses, controlling for maternal age, parity, and body
composition. Repeated measurements were modeled with linear mixed-effects
regression.

Main results: The study revealed large individual variation in maternal sleep and
physical activity patterns starting from preconception (+ 2 SD range: 307523

minutes and 120-608 minutes, respectively). Sleep duration increased notably in the
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first trimester from 415 minutes to 458 minutes, whereas physical activity levels,
including light and moderate-to-vigorous activity, decreased progressively, reaching
the lowest levels in the last trimester (for example, average daily physical activity
duration that was 362 minutes before conception, 262 minutes at 13 weeks, 251
minutes at 24 weeks, and 215 minutes at 36 weeks of gestation). Specifically,
preconception sleep duration and physical activity had distinct correlations with yolk
sac size and growth dynamics, as well as CRL between six and 11 weeks of
gestation—a critical period for embryonic development. These associations were
independent of maternal body composition and specific to narrow time frames, with
factor-specific interactions observed between gestational age and embryonic sex.
Discussion: Maternal sleep and physical activity patterns demonstrate significant
individual variations and undergo considerable changes from preconception to the
first trimester. These changes, which are intricately linked to hormonal, circulatory,
and metabolic regulation, can influence the menstrual cycle and potentially affect the
early embryonic nutrition provided by the endometrium and its glands. The observed
variations in yolk sac size could represent a physiological adaptation of the
membrane surface area, optimizing embryonic nourishment and growth.
Implications: Time- and sex-specific variations in the yolk sac due to sleep and
physical activity occur during a critical developmental phase marked by significant
organ development and shifts in organ function allocation. These observations not
only necessitate new considerations for future research designs but might also have
implications for pre-pregnancy care, pregnancy management, and lifelong health

outcomes.
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Abstract in Norwegian

Bakgrunn: Forskningsfeltet "Developmental Origin of Health and Disease" (DOHaD)
har vist hvor betydningsfull fosterutviklingen er for individets fremtidige helse og
sykdomsrisiko. I senere &r har den tidligste perioden av svangerskapet fatt gkt
oppmerksombhet. Viktigheten av sunn ernaring og fysisk aktivitet er anerkjent, mens
sevnens rolle i tidlig svangerskap, og spesielt for svangerskapet, har veert lite 1 fokus.
Dette til tross for sevnens velkjente fysiologisk betydning for fysisk aktivitet,
erngring og kroppssammensetning i sin alminnelighet.

Dyrestudier har vist at plommesekken er essensiell for & overfore naringsstoffer og
danne de forste blod- og immunforsvarscellene til embryo i utvikling. Noen celler
kan spores helt til voksen alder, for eksempel vevsspesifikke makrofager. Humane
studier er imidlertid & og sammenlignbare konklusjoner usikre. Det er forst i senere
tid at plommesekkens kritiske funksjoner hos mennesket er blitt dokumentert med
sikkerhet.

Mal: A fastsld den normale variasjonen i maternelle sovn- og fysisk aktivitetsmenstre
for og under graviditet. Dernest, & undersgke hvordan disse to faktorene pavirker
embryonal utvikling, det vil si starrelsen pa plommesekken og embryolengde, malt
fra isse til sete, pa engelsk "crown-rump length" (CRL). Disse forholdene ble
analysert i sammenheng med andre relevante maternelle faktorer som
kroppssammensetning.

Materiale og Metode: I denne prospektive studien ble 190 friske kvinner som planla

en naturlig unnfangelse inkludert. Savn- og aktivitetsmenstre ble registrert med
aktigrafi for svangerskapet, og registreringene ble gjentatt for hvert trimester.
Kroppssammensetning ble ogsa mélt for graviditet ved hjelp av bioelektrisk
impedansanalyse. For & fastsla pavirkningen av disse faktorene pa embryonal
utvikling, ble sterrelsen pa plommesekken og CRL (isse-sete lengde) malt gjentatte
ganger med transvaginal ultralyd i ferste trimester.

Statistikk: Deskriptiv statistikk for kohorten og malingene ble utfert. Sammenhengene
mellom sgvn, fysisk aktivitet og embryonale malinger ble analysert ved hjelp av

linezr og kvantil regresjon, bdde med og uten stratifisering etter embryonalt kjonn og
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gestasjonsalder, og i subanalyser justert for mors alder, paritet og
kroppssammensetning. Serielle mélinger ble modellert med linesre blandet-effekt
modeller (eng. linear mixed-effects models).

Hovedfunn: Studien avdekket allerede for svangerskapet en betydelig
variasjonsbredde blant deltakerne i sgvn- (+ 2 SD: 307-523 minutter) og fysisk
aktivitetsmengde (+ 2 SD: 120-608 minutter). I lopet av det forste trimesteret ekte
gjennomsnittlig sevnmengde betydelig fra 415 til 458 minutter, mens den fysiske
aktiviteten, inkludert subgruppene lett og moderat til kraftig aktivitet, gradvis minket
gjennom hele svangerskapet (for eksempel ble gjennomsnittlig daglig fysisk aktivitet
maélt til 362 minutter for svangerskapet, 262 minutter ved 13 uker, 251 minutter ved
24 uker, og 215 minutter ved 36 uker i svangerskapet).

Seerlig for konsepsjon viste sgvn og fysisk aktivitet en klar sammenheng med
plommesekkens storrelse i den kritiske utviklingsperioden mellom den 6. og 11.
svangerskapsuken, samt med dens vekstdynamikk og embryonets storrelse (CRL).
Disse forbindelsene var spesifikke for korte tidsvinduer og avdekket ogsé
faktorspesifikke interaksjoner mellom svangerskapsalder og embryonalt kjenn.
Fortolkning: Maternelle sgvn- og aktivitetsmenstre viste tydelig individuell variasjon
og endret seg betydelig fra for konsepsjon til slutten av forste trimester. Endringer i
sovn og aktivitet er knyttet til hormonelle, sirkulatoriske og metabolske
reguleringsmekanismer, og kan dermed pavirke menstruasjonssyklusen og mulig
tidlig embryonal ernaering som leveres av endometriet og dets kjertler. Derfor kan de
observerte variasjonene i plommesekkens storrelse reflektere en fysiologisk
tilpasning av membranens overflateareal for & optimalisere ernaring og vekst av
embryoet.

Implikasjoner: Tids- og kjennsspesifikke variasjoner i plommesekken, pavirket av
sovn og fysisk aktivitet, oppstar i en kritisk fase av utviklingen som er kjennetegnet
ved hurtig organ-utvikling og skiftende funksjoner. Disse funnene stiller ikke bare
nye krav til utforming av fremtidige studier, men kan ogsa ha implikasjoner for

omsorgen i tiden bade for og under svangerskapet, samt for barnets langsiktige helse.
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What is known

What this study shows

In general, sleep disturbances are
more common during pregnancy, a
time when sleep duration is higher

and physical activity is lower.

Animal studies and epidemiology
show that fetal development is

sensitive to environmental factors.

Generally, embryos develop rapidly

through many stages in a short time.

Sex differences are known

throughout biology, also in humans.

Sleep is important for a healthy life in

the general population.

Physical activity is part of daily life
involving metabolism and general
health.

Sex differences are known

throughout biology, also in humans.

Robust references ranges quantify the
development of sleep and physical
activity development from
preconception to the end of pregnancy

in healthy women (Paper I).

In healthy human pregnancies,
maternal factors influence embryonic

development (Paper I1I-I1I).

Using ultrasound, we demonstrate that
the embryo is sensitive to specific cues
in only short time windows in healthy

pregnancies (Paper II-III).

Sleep duration in healthy women
influences the embryo (yolk sac size)
but in short time windows of their

pregnancy (Paper II).

Physical activity duration and intensity
influences yolk sac in embryos of

healthy pregnancies (Paper III).

The effects of maternal sleep and
physical activity affect the human yolk
sac in a sex-specific fashion, both in

timing and responses (Paper I1I-11I).
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1. Introduction

Timing and gestational age (GA) play pivotal roles in the development of embryos
and fetuses. Embryonic development typically commences with conception, i.e.,

within 24 hours following ovulation”-

. However, the precise timing of ovulation
can vary among women during a menstrual cycle, depending on the length of the
current follicular phase (Mo = 13 days + 4 days in 75%).

Thus, determining gestational age by estimating menstrual age (MA), based on the
number of days since the first day of the last menstrual period (LMP), raises two
significant implications: 1- the absolute value of GA calculated by LMP (menstrual
age) does not align with the embryonic age (E), which is determined by the number
of days since conception/ovulation, and 2- the correlation between embryonic age (E)
and menstrual age (MA) is limited as it fails to account for variations in time of
ovulation. Consequently, the "true" GA can be either overestimated or
underestimated by several days, potentially introducing unrecognized bias. Note, that
even a minor difference of few days can have significant impact during early
development. Unfortunately, precise data on the exact timing of conception is often
unavailable.

Alternative methods, such as calculating gestational age based on sonographic
measurements of fetal biometry, including the fetal crown-rump length (CRL), have
been proposed. However, these methods also do not adequately address ovulatory
variations, because the biometric reference curves for gestational age are still based
on the LMP. Furthermore, biometric age determination commonly relies on mean
estimates, which truncate early age and growth variations. Although the LMP method
and/or sonographic age estimation using biometric measurements are commonly
used—due to the unknown time of conception—it is crucial to be aware of specific
limitations and potential pitfalls when studying effects and mechanisms during early

pregnancy development.
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1.1 The first days of human development and implantation

Fertilization (conception) occurs usually in the ampulla of the fallopian tube*. The
contact between a sperm and the oocyte induces a complex sequence of molecular
and physical events resulting in the formation of a zygote, which is a zona pellucida
surrounded one-cell embryo. Here, the maternal and paternal pronuclei with their
haploid sets of 23 chromosomes unite to a nucleus with a new unique diploid set of
46 chromosomes. Shortly after conception (30 hours), the zygote passage through the
fallopian tube and undergoes a serious of mitotic cell divisions into smaller cells
(blastomeres)*® (Fig. 1). When conceptus reaches the eight-cell stadium, the human
embryonic genome is activated*'*?. Further cell divisions result approximately three
days after conception in a compact ball of 1632 cells (morula) that enters the uterine
cavity; this process is called compaction®.

The morula develops then to a blastocyst (64-cell stadium)* through fluid separation
of the blastomeres. The fluid originates from the uterine cavity and penetrates the
zona pellucida. It also forms the cystic cavity separating an inner layer of centrally
located blastomeres (i.e., the inner cell mass or embryoblast, which gives rise to the

embryo) and a thin outer cell mass—the peripheral layer called trophoblast which

gives rise to the embryonic placenta part*+,
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Fig. 1 "Summary of the ovarian cycle, fertilization, and human development during the tirst week." Figure reprinted

from Moore et al. (2020)*°, The Human Development with permission. © 2020, Elsevier Inc. All rights reserved.
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Implantation

Human embryos, like the embryos of great apes, encounter interstitial implantation,
i.e., the late blastocyst penetrates through the endometrial epithelium and invades the
connective tissue*’. As soon as the blastocyst attaches to the endometrium the
trophoblast or outer cell mass differentiate in two layers—an inner layer of
cytotrophoblast and an outer layer of highly invasive syncytiotrophoblast. The
syncytiotrophoblast is a multinucleated mass without cell boundaries that in finger-
like extensions penetrates the endometrium (E 7) as it invades the connective tissue
below and allows the conceptus to be embedded in the endometrium during the next

days (E 8-12)* (Fig. 2).

Endometrial
connective lissue

Glandular
secretion

Syncytiotrophoblast

Embryoblast

Cytotrophoblast

Hypoblast

Blastocystic cavity

Fig. 2 Attachment of the blastocyst to the endometrial epithelium during early stage of implantation. At (E 7), the
syncytiotrophoblast penetrated the epithelium and started to invade the endometrial connective tissue. Figure adapted from

Moore et al. 2020%, The Human Development with permission. © 2020, Elsevier Inc. All rights reserved.

Implantation is a sensitive process that depends on synchronization of blastocyst and
receptive endometrium that only in a relatively brief period (2—3 days) expresses
essential proteins, such as bone morphogenetic protein®. During this process,
surrounding connective tissue cells accumulate glycogen and lipids—some of them
degenerating adjacent to the syncytiotrophoblast and thereby providing the embryo

with nutrition®.
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The former blastocyst is progressively enclosed by syncytiotrophoblast, and the
development of lacunae can be seen (E 9). These contain a nutrient-rich fluid, derived
from disrupted endometrial capillaries and eroded uterine glands, that can reach the

embryonic disc through diffusion®.

1.2 Formation Primary and Secondary Human Yolk sac

The yolk sac (YS) evolved in our aquatic ancestors more than 500 million years ago,
serving primarily to absorb and deposit nutrients*’. However, with the emergence of
lactation during phylogenesis and successful adaptation for in utero development with
placentation, there was a diminished reliance on the YS for nutrition*. In turn,
repurposing of the extraembryonic membranes was required*’, and the human YS, in
fact, never contains any yolk. Consequently, some authors have preferred to refer to it
as the primary or secondary umbilical vesicle*’. Additionally, the primary YS or
umbilical vesicle has been referred to as Heuser's membrane and the exocoelomic
membrane**,

Although eggs of placental mammals does not contain any yolk, the Y'S has remained

an fundamental part of embryonic development* (Fig. 3).

Fish
500 mya Reptiles and birds

300 mya Mammals
160 mya

Fig. 3 "Extraembryonic membranes in fish, birds, and mammals"#. The yolk sac was already present in our aquatic
ancestors a million years ago (mya). Phylogenetically, the oldest extraembryonic tissue. The amnion, chorion, and allantois
originate from the amniotic egg, subsequently adapted in mammals, to support embryonic development inside the uterus.
Figure from "Origin and function of the yolk sac in primate embryogenesis", Ross C & Boroviak TE, Nature Communications
© 2020, Crown, reused with permission under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs

4.0 International (CC B Y-NC-ND 4.0).
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Primary Yolk sac Formation, Embryonic Disc, and Amniotic Cavity

The YS formation starts already during implantation*. Approximately at the fifth day
post fertilization (E 5), the inner cell mass or embryoblast gives apparently rise to a
thin cell layer lining the trophoblast within the blastocyst. This layer is a first form of
endoderm, also referred to as primary endoderm, primitive endoderm, or hypoblast®.
Together with the trophoblast it constitutes a bilaminar omphalopleure called the
primary YS*°. The endodermal part adjacent to the embryonic disc is called visceral
endoderm, while the parietal endoderm is the peripheral remainder that is adjacent to
the trophoblast*.

At (E 8-11), a small space emerges in the embryoblast, which is the "primordium of
the amniotic cavity", and the embryoblast differentiates into epiblast and hypoblast
forming two layers within the embryonic disc. While the hypoblast faces towards the
YS and becomes a more robust part of the primitive visceral endoderm, the epiblast is
directed towards the amniotic cavity* (Fig. 4). Its pluripotent stem cells (PSC's) give
not only rise to amnioblasts enclosing the amniotic cavity*, but differentiate later

during gastrulation also into mesoderm and definitive endoderm*-!.,

Amniotic cavity Cytotrophoblast

Uterine gland

. Maternal blood
in lacunae

Epiblast and
hypoblast of the
bilaminar
embryonic disc

Primary yolk sac
with visceral* &

parietal endoderm

Extraembryonic ~ Endometrial epithelium

mesoderm

Fig. 4 Section through a blastocyst at implantation partially embedded in the uterine endometrium (= E 8). The actual size
of the conceptus is 0.1 mm. Note the slit-like amniotic cavity. Figure adapted from Moore et al. 2020 ¥, The Human
Development with permission. © 2020, Elsevier Inc. All rights reserved. Original annotations have been removed using the

Affinity Designer 2, v.2.0.3 Brush Healing Tool.
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Secondary Yolk sac

At (E 8-9), the secondary YS or secondary umbilical vesicle emerges from the
primary YS through accumulation of spindle-shaped cells that probably delaminate
from primary visceral and parietal endoderm*. Thereby, it also originates from the
extraembryonic cell linage®!. Then, at (E 9-12), these cells form a reticular pattern
called extraembryonic mesoderm (EEM) between the endoderm and the basal lamina
of the trophoblast*. Additionally, it seems to be "supplemented" with mesodermal
cells from the embryonic disc***°. This early formation is characteristic of primate
embryogenesis® (Fig. 5).

During implantation, the blastocyst size must be small to penetrate the endometrial
epithelium. However, after successful interstitial implantation it may re-expand
through early and extensive growth of EEM which, in turn, provides necessary space
for the embryo to grow™’. At the end of that process, the whole amnion, the primary
YS, and trophoblast are lined by the EEM, which, through matrix production (i.e.,
fibronectin, collagen, and laminin 111)%, subsequently develops coelomic spaces
within its reticular meshwork. These spaces constitute the extraembryonic coelom,
which conflates during further development to form the extraembryonic coelomic
cavity or chorionic cavity, finally enclosing the amnion, embryo, and secondary

YS*45 (Fig. 5).
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Fig. 5 Embedded blastocyst day 12. Coelomic spaces appeared in the extraembryonic mesoderm, forming the beginning of
the coelomic cavity. (A) Schematic representation of the section underneath (B) Section through the implantation site at E 12
with the surrounding uterine endometrium (x100). Figures adapted from Moore et al. 2020 %, The Human Development with
permission. © 2020, Elsevier Inc. All rights reserved. Source Fig. B: Hertig AT, Rock J: Two human ova of the pre-villous
stage, having an ovulation age about 11 and 12 days respectively, Contrib Embryol Carnegie Inst 29:127, 1941. Courtesy,
Carnegie Institute of Washington, DC.

During coelomic cavity formation, the primary Y'S is assumed to undergo periodic
collapse and re-expansion, eventually resulting in its rupture**—similar fluctuations
have been observed for primate's blastocyst size in in vitro experiments**,
Simultaneously, a more robust visceral endoderm proliferates beneath the epiblast of
the bilaminar embryonic disc*. This endoderm extends from the embryonic margins,
referred to as the extraembryonic endoderm, initiating the formation of the secondary
YS. Upon disruption of the primary YS, the initially smaller secondary YS emerges

within the coelomic cavity, consisting of visceral endoderm (derived from the former
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primary YS), extraembryonic endoderm, and a few parietal endoderm cells with
residual mesoblasts from the primary YS (E 12—-15)*. The mesoblast cells of the
adjacent extraembryonic mesoderm organize into a mesothelial layer of the Y'S, while
peripheral cells beneath the trophoblast form a mesothelial layer lining the coelomic
cavity*

The connecting stalk is the embryonic attachment to the trophoblast which connects
the embryo with the chorion. It also originates from the extraembryonic mesoderm
and its matrix proteins that accumulate around that region at (CS 6)*. When the
coelomic cavity is formed, the connecting stalk persists as the origin for the umbilical
vessels to the placenta. It derives from local mesoderm lined trophoblast™.

In secondary YS development, morphologically, it may seem that the distal part of
the primary YS is "pinched off" from the proximal part, thereby forming the
secondary YS as ventral protrusion of the primitive gut*® (Fig. 6).

Extraembryonic Maternal Lacunar  Primary chorionic villus
somatic mesoderm sinusoid  network

Maternal blood Primary chorionic villus

Connecting
stalk

Endometrium

ﬁ

Chorionic sac

Secondary
umbilical
vesicle
(yolk sac)

Prechordal
plate

Primary
umbilical Remnant Endometrial  Extraembryonic
vesicle of primary epithelium somatic mesoderm
(yolk sac) umbilical

vesicle

Extraembryonic Extraembryonic
splanchnic mesoderm  coelom

Fig. 6 "Pinched-off" secondary yolk sac (E 12-15). Note that the coelomic cavity developed from fused matrix vesicles of
the extraembryonic mesoderm (E 12-15). Figure adapted from Moore et al. 2020%, The Human Development with permission.
© 2020, Elsevier Inc. All rights reserved. Figures merged to a figure panel and modified using Affinity Designer 2, v.2.0.3
Brush Healing Tool.

Nevertheless, the precise cellular developmental origin of the secondary YS and the

molecular mechanisms are still not clear®’.
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Successive Development of the Secondary Yolk sac
The secondary yolk sac is initially a small structure positioned under the embryonic
disk, occurring alongside numerous vesicles found throughout the blastocyst cavity.

These vesicles are predominantly located in areas away from the embryo* (Fig. 7).
A B

Fig. 7 An early (E 14) villous human blastocyst™. (A) Mesodermal villi (m) developed over large parts of the chorionic
surface with peripheral spread of the extraembryonic mesoderm. Most epithelial remnants of the primary yolk sac have
degenerated, although a vesicular remnant (v) persists abembryonically. Secondary yolk sac (y). Carnegie No. 7801, Section
12-1-4. X 120. (B) Diagram of a human embryo (E 16). Within the exocoelomic cavity (Ex), the definitive secondary yolk sac
(y) begins to extend over the embryonic disc and consists of three layers: endoderm, mesoderm with some blood islands, and
the outer mesothelium). The remnants of the primary yolk sac can be seen as acidophilic strands (S). Figures adapted from
WISTAR INSTITUTE OF ANATOMY AND BIOLOGY., ASSOCIATION OF AMERICAN ANATOMISTS with permission. ©
John Wiley & Sons — Books.

The YS then rapidly extends beyond the embryonic margins during CS 7 and CS 8
and reaches a two millimetre diameter (E 16-19)°° consisting of three layers: 1- The
inner endodermal cell layer which is in contact with the serous fluid of the lumen of

¢ consisting of three

the Y'S and has features of a synthesizing and secretory tissue®
layers: 1- The inner endodermal cell layer which is in contact with the serous fluid of
the lumen of the yolk sac and has features of a synthesizing and secretory tissue*®, 2-

The outer mesothelial cell layer representing the boundary to the exocoelomic cavity,
and 3- the scant intermediate mesenchymal tissue layer in between.

The membrane with its layers increases in thickness within a few days, hematopoietic
foci appear (=E 16) and later the YS membrane contains size-variating vitelline

vessels (5 to 110 pm) with a continuous endothelial cell lining without a basal lamina
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(Fig. 8). These endothelial vessel cells are similar to the surrounding mesenchymal

cells, except for the presence of coated vesicles and absence of glycogen granules®’.

Fig. 8 Semi-thin (0.5 pm) yolk sac sections stained with toluidine blue of the human yolk sac wall (Fig. 8-A) and
vitelline duct (Fig. 8-B) at eight weeks (MA)*.

Fig. 8A: Flattened mesothelial cells (M) facing the exocoelomic cavity (ECC), while the endoderm (E) lines the yolk sac
cavity (C) and contains large ducts(%). Small blood vessels (BV) are located within the mesenchyme, separating the two
layers. Fig. 8-B: Section of the vitelline duct proper (*), the contents of which drain into the embryo. Large blood vessels
(%) adhere to the duct. Figure adapted from Jones and Jeauniaux (1995) modified using the Affinity Designer 2, v.2.0.3 Brush
Healing Tool with permission. © Elsevier Science & Technology Journals.

The vessels in the lumen are filled with various types of erythroblasts, as well as
megakaryoblasts, megakaryocytes, platelets, macrophages, mononuclear cells, and
rarely, monocyte-like cells®’. Goh et al. (2023)* found that in human YSs, the
extravascular mesenchymal tissue contains collagen fibrils, a sublayer of smooth
muscle cells, macrophages, and a small number of dendritic cells. The smooth muscle
cells formed between the mesoderm and the endoderm.

Notably, it has been previously reported that the YS endoderm at CS10
(approximately 6 weeks MA) is comparatively thick, and that the most prevalent
hematopoietic cell types are HSPCs, erythroid cells, macrophages, and
megakaryocytes*'. However, at later stages, Goh et al. (2023) described a shift to a
predominance of erythroid cells and macrophages, which were the only cells that
were sustained, whereas both HSPCs and megakaryocytes were proportionately
diminished>. As such, the ratio of hematopoietic to nonhematopoietic cells was
approximately 3:1 in the early YS, while this ratio approached 1:3 by 10 gestational
weeks owing fibroblast expansion and the formation of more non-hematopoietic cells
than hematopoietic cells. These were then predominantly mesenchymal cells, now

forming a thicker loose cellular network®.
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The circulation development of early human embryos begins at stage 7 (E 16) and is
complete and functioning from about (E 24)7. Note, that this is not equivalent to an
established intra-placental circulation with hemotrophic nutrition.

Anatomically the umbilical arteries and vein develop in the connecting stalk, while
the complex vascular system of the YS wall is connected to the embryonic circulation
via the vitelline artery and vein® that forms part of the vitelline duct, also called YS
stalk (Fig. 9). This embryonic structure is originally part of the endodermal protrusion
(primitive gut) that has a wide connection to the embryonic midgut and connects the

embryo with the secondary YS.

Vascular system
[] Intraembryonic

[] vitelline

[] Placental

Heart

Sinus
venosus

——————————Umbilical
Yolk {H } vein
sac Vitelline
| / artery
Dorsal
aorta

Umbilical cord

Chorion {

Fig. 9 Circulation of the early human embryo — connection of the intraembryonic vessels with the vitelline vessels of the
secondary yolk sac and the vessels of the connecting stalk (later umbilical vessels). Reused with permission under the terms
of the Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International (CC BY-NC-ND 4.0). © 2018 Burton
and Jauniaux®'.
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Later during gastrulation (E 21-28)° (Fig. 10), the embryonic cephalocaudal and
lateral flexion/folding of the embryo results in the narrowing of the proximal Y'S, the
cavity of which remains continuous with the developing gut tube and forms a narrow
vitelline duct?®. The vitelline duct is, like the YS, covered by a mesothelial layer.
However, in contrast to the YS wall, the mesenchymal layer between the endoderm

and mesothelium, is barely apparent at any stage**.
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mesoderm gut and yolk sac body cavity

Yolk sac

Fig. 10 (A) Sagittal midline sections of embryos through development demonstrating cephalocaudal folding and its effect
on the position of the endoderm-lined cavity at 17, 22, 24, and 28 days. The arrows specify the order of head- and tail- folding
events. (B) Cross sections through embryos showing the effect of lateral folding; the endoderm-lined cavity is narrowed
to the vitelline duct (connection midgut-secondary yolk sac) until the ventral abdominal wall is finally closed. Figure adapted
from Sadler, TW in Langman's medical embryology, ed.12 with permission. © 2012 Lippincott Williams & Wilkins, a Wolters
Kluwer business. Figures have been merged to a panel (A & B) and blue arrows have been added using Affiniy Designer 2,
v.2.0.3.
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The folding process, especially the tail fold, also brings the connecting stalk (body
stalk) and the Y'S closer to each other forming the umbilical root. After amniotic
expansion, the amnion incorporates the whole embryo, including connecting stalk and
YS, and takes origin at the umbilical root. Further expansion forms the umbilical cord
as a tube of an amnion covering both the vitelline duct and the connecting stalk. The
cord successively elongates, and the vitelline duct continues to narrow while the YS

remains in the umbilical sheath® (Fig. 11).
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Fig. 11 Development of the umbilical cord?®. Fusion of the vitelline duct with the body stalk into the umbilical cord.
Umbilical cord elongation due to expansion of the amniotic cavity leads to further narrowing of the vitelline duct. Close
to the placental cord insertion, the YS remnant can often be found as a flat, gold nodule. Figure reused from Larsen's

Human Embryology with permission. © 2021, Elsevier Inc. All rights reserved.
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Regression of the secondary Y'S starts about (E 45-50)*, by the end of the first
trimester, when the exoceolomic fluid is absorbed and the amnion has fused with the
chorion®. After its degeneration, the secondary YS may occasionally be seen as a

flat, gold, nodular remnant between amnion and chorion of the fetal surface®
(Fig. 12).

Yolk sac

5&/ remnant

fitthndt o

Fig. 12 Yolk sac remnant on the fetal surface of a term placenta. Picture adapted with permission. ©2002-2023,

PathologyOutlines.com, Inc®%. Original annotations were removed using Affinity Designer 2, v.2.0.3 Brush Healing
Tool.

1.3 Function of the secondary yolk sac

The secondary human Y'S has a crucial role during embryonic development. It is the
first hematopoietic organ'* and can be considered as upgraded extension of the
embryonic gut, evolved to take on nutritional, endocrine, and liver-specific functions

during organogenesis®.

Hematopoesis and stemcells

Human hematopoiesis occurs in several waves*. During the first wave, at 5-6 weeks

(MA) or CS 7 onward, large and nucleated erythrocytes, macrophages, and
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megakaryocytes form in the blood islands of the YS mesoderm!#*%4, Both, the
surrounding vascular endothelium and these hematopoietic cells likely develop from
a transient bipotent precursor cell (angioblast or hemangioblast) with either
embryonic or extraembryonic origin®>%. The blood islands of the Y'S wall rapidly
form an extensive vascular plexus that envelopes the whole YS* and is founding the
basis for the embryo-vitelline circulation. After initiation of cardiac activity,
erythroblasts can be found in the circulation, including the cardiac cavity!4,

All stages of human YS macrophages, immature to mature, are in the early human
YS?*”. Their ultrastructure is very similar to the macrophages in the hepatic sinusoids
of the embryo®’, and it has been suggested that, analogous to mice, human
macrophages migrate to the embryo via blood circulation through the YS stalk during
a limited time window®—the second wave of hematopoiesis . Here erythro-myeloid
progenitors®® and lymphoid progenitors %% was long thought to function transiently,
only to support the developing embryo before generation of definitive hematopoietic
stem and progenitor cells (HSPCs) in the aorta-gonadmesonephros region (AGM)
during a third hematopoietic wave (i.e., after 7 weeks)"-63%°, Earlier, it has been
suggested that hematopoietic cells, derived from human YS, lack lympho-
hematopoietic stem cell potential'-4*7°,

However, lineage tracing experiments in mice and fate mapping could show that
certain adult tissue-resident macrophages, such as microglia, Kupffer cells, and
alveolar macrophages, do not solely develop from hematopoietic stem and progenitor
cells (HSPCs)®. Furthermore, these experiments have demonstrated that not only
populations of macrophages®’'-7* but also mast cells”> and lymphocytes’® develop
from HSC-independent Y S-derived progenitors. These are thought to seed developing
organs and to generate tissue-resident populations maintaining their selves throughout
adulthood>*®.

Due to the limited access to early-stage human tissue, the human embryonic
hematopoiesis system has for a long time been less understood than that of mice.
Despite this, erythro-myeloid progenitors have been found within human Y Ss®-7778,
In addition, as early as (E 19), in vitro colonization of both, human embryonic YS

tissue and tissue from the whole paraaortic splanchnopleure (P-Sp), including the
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dorsal aorta of the embryo proper, showed separately potential to generate
hematopoietic colonies’. Later, nRNA sequencing of hematopoietic cells from
human embryos at (CS 11-23), as well as the functional assessment of myeloid-
biased progenitors derived from YSs, showed similarities with their tissue-resident
adult counterparts, indicating comparable mechanisms in human embryos.
Moreover, it is possible to identify a particular type of T-cells (V52+) during
embryonic development as early as 5 gestational weeks (MA) in the liver and thymus,
which is mainly present before 12 gestational weeks (MA). It is believed that these
cells could have a distinct origin from HSC-independent progenitors within the Y'S,
like the (Vy3+) T-lymphoid lineage observed in mice®. Atkins and
colleagues®’suggested the existence of a program for multipotent hematopoietic
progenitors (MPPs) in the YS. They arrived at this conclusion after demonstrating in
vitro that mesoderm generated from pluripotent human stem cells (PSCs) had the
ability to produce various blood cell lineages, including erythro-myeloid and
lymphoid YS progenitors. More recently, Goh et al.?, arrived at the conclusion that
initial erythropoiesis is YS restricted, based on their finding that the human
embryonic liver remained macroscopically pale before CS 14, a finding that was
supported by hemoglobin (Hb) subtype tracking.

At later gestational age (7—8 weeks), the liver replaces the YS as the main
hematopoietic site and the bone marrow becomes a hematopoietic organ thereafter—
the end of the 3rd month®.

In summary the process and molecular mechanisms of primary hematopoiesis and
hematopoietic reallocation are complex processes; cellular response, cell counts, and
cell characteristics are involved in changes of the local microenvironment, growth
factors, and signaling that depend on the location and stage of development. In
addition, the vascular system of the YS plays an indispensable role in nutrient
transport throughout early gestation®’. Recent evidence from research on mice, human
tissue, and stem cell studies indicates that embryonic YS progenitor cells play a
significant role in the development and maintenance of immune cell populations in

adult tissues®.
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Nutrition

The maternal circulation to the human placenta is limited during the initial 10-12
weeks of pregnancy®. As such, the intra-placental circulation is not fully established
and functional until the end of the first trimester!>8!-%4_ and the embryo primarily
depends on uterine secretions, known as histotrophic nutrition, for nourishment'>. The
absence of intra-placental circulation in the early stages of the first trimester cannot
only be demonstrated through ultrasound Doppler imaging®' (Fig. 13), but also intra-
arterial measurements of placental oxygen concentrations that does not increase

before 10-12 weeks of gestation (MA)®2.

Fig. 13 Ultrasound of the extraembryonic coelomic cavity (EEC) with placenta (P) and fetus (F). The Color-Doppler
flow illustrates the lack of circulation within the early placenta, while fetal blood flow could be demonstrated. Reused with
permission under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International (CC BY-NC-

ND 4.0). © 2018 Burton and Jauniaux®'.

Additionally, the umbilical circulation does not establish a connection between the
fetal and placental systems until approximately four weeks post-conception®.
Consequently, despite the invasive nature of human implantation', and although
maternal erythrocytes have been detected within the lacunar spaces from (E 12-13)%,
a sufficient bloodborne hemotrophic nutrition seems unlikely during this early stage.

Another consideration is the initial composition of the intervillous space, which is



47

exclusively filled with a clear fluid®” and remains unconnected to the spiral
arteries®®"8, These arteries, still occluded by trophoblast cells®**°, have not undergone
remodeling and present high resistance®. It is only at a later stage that the
intercellular spaces within the trophoblast begin to coalesce, forming an expansive
network of channels that eventually permits maternal arterial blood to flow into the

intervillous space®78%%,

The human endometrial surface contains about 15 gland openings per square
milimeter'¢. The significance of these glands was evident in sheep, as the inhibition
of their secretions during early pregnancy was closely associated with miscarriage
and restricted growth®"°!, The glandular epithelium's apical surface shows microvilli
that exhibit signs of both apocrine and merocrine secretory mechanisms and can
produce the histotroph or "uterine milk"*? that contains lipids, mucopolysaccharides,
glycogens, and glycoproteins, such as glycodelin and MUC-1'3%, These products
could be found within the intervillous space (IVS) and the cytoplasm of the villous
syncytiotrophoblast®, indicating that they provide the trophoblast with substrates for
organogenesis and glycolysis®. Moreover, tracer studies have demonstrated that
syncytiotrophoblast absorbed proteins pass into multivesicular bodies, and it has been
proposed, that they are degraded to their constituent amino acids serving as source to
the fetus®.

The plasma filtrate that is penetrating through the trophoblastic plugs on the tips of
the spiral arteries' could be another source of nutrients in the intervillous fluid.
However, although the maternal glycoproteins may be degraded within the
syncytiotrophoblast, the resulting amino acids and sugars still need to be conveyed to
the fetus's. The detection of glycodelin in amniotic fluid suggests that certain
maternal substances traverse the trophoblast into the core of the villi. From there,
they can move through the stromal channels into the coelomic fluid and the amniotic
space!®. During that passage they get also in contact with the secondary YS, that

floats within the exocoelomic cavity®® (Fig. 14).
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Fig. 14 Schematic representation of the steps along
the "histotrophic pathway" during early human
pregnancy”’. (1) Secretion from uterine glands into
the intervillous space. (2) Maternal serum transudate
originating from the spiral arteries (SA) forms
another part of the fluid in the intervillous space. (3)
Trophoblasts absorb maternal secretions, which can
either be broken down and used in local synthesis
processes, or (4) transferred unaltered into the villous
mesenchymal core (VM). From there, the substances
migrate through stromal pathways into the coelomic
fluid. (5) The products diffuse along stromal channels
into the coelomic fluid. (6) Absorption by the
epithelia of the yolk sac with transport to the fetus
through the vitelline duct and vitelline circulation. (7)
The plugs of cytotrophoblast cells occluding the
mouths of the spiral arteries loosen towards the end
of the first trimester, allowing first maternal serum,
and later whole blood, to enter the intervillous space
directly with permission. © Elsevier Science &
Technology Journals, published by W.B./SSAUNDERS
CO. LTD.

The ultrastructure of the outer mesothelial layer of the human YS has large similarity

with that of an absorptive epithelium with characteristic villi on the surface’®%

(Fig. 15 A). As such, Burton et al.'> could demonstrate, for example, the uptake of

maternal glycodelin. Transport from the YS membrane to the embryo is either

possible through the vitelline vascular plexus, that develops between E 16 and E 24

or through the vitelline duct. Note, that increasing vascularisation of the YS falls

together with the successive closure of the vitelline duct, suggesting a redistribution

process of the supplying route®. This is in line with results from Doppler studies of

the vitelline circulation!®’, where the detection rate of arterial blood flow increased

significantly from five to seven gestational weeks (MA). After 10 weeks, no arterial

blood flow was detected, while the umbilical circulation increased. This falls together

with increased placental circulation®!, an established vascular fetomaternal

connection, and the suggested debut of hemotrophic nutrition.
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Fig. 15 (A) Surface ultrastructure of the mesothelium consisting of mesothelial cells covered only with microvilli. The
cell boundaries were relatively evident. Scanning Electron Microscope x 900; (B) Orifice of an endodermal yolk sac wall
tubule surrounded by endodermal cells. The surface of cells forming the endodermal tubule has shorter villi than absorptive
mesothelial cells. Blood cells are present in the tubule; 6th week of pregnancy; Scanning Electron Microscope x 900. Picture

adapted from Nogales FF, The human yolk sac and yolk sac tumors", © Springer.

However, the inner endodermal layer of the YS membrane also has a dense apical
microvillous border facing the YS cavity (Fig. 15 B) and numerous endocytic
vesicles® 192103 Their presence indicates an active endocytic machinery®®. Nutrient-
filled vesicles are transferred from the endosome to the lysosome, where the contents
are processed, for example, proteins by lysosomal cathepsins'®, transcripts of which
indicate proteolytic activity in the human YS!'%. In addition, various other lysosomal
enzymes involved in digestion and energy metabolism (e.g., acid phosphatase,
galactosidase, lactate dehydrogenase, y-glutamyl-transferase, and choline
phosphotransferase) have been found in the cytoplasm of apical endodermal Y'S
cells’. During gastrulation, spatially resolved single-cell transcriptional profiling
revealed that cell states in both the human liver and Y'S possess gene clusters
associated with coagulation, as well as lipid and glucose metabolic processes®*—
similar transcripts and mechanisms of transport and nutrition have been reported in

other species, such as mice, rabbits, and rats>'%°, Notably, it has been reported in rats
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that the visceral YS accounts for up to 95% of the amino acid uptake during organ
formation!%. After being processed the products can be transferred directly or
resynthesized to new proteins from the Y'S to the developing embryo*%°. Again, the
middle mesenchymal layer provides blood vessels to access the fetal circulation

(Fig. 16).

Visceral Yolk Sac Cavity

Fig. 16 Absorption of nutrients in the endoderm of the
human yolk sac. Nutrients are endocytosed by microvilli on
the apical surface of the endoderm and enter the early
endosome for transfer to the lysosome for digestion. After
that, breakdown products are secreted into the mesenchymal
cell layer, where they have access to the vitelline circulation

and embryo. Reused from Zohn and Sarkar (2010)°° with

permission. © John Wiley & Sons — Books.

The interface between the extra-embryonic coelomic cavity and the embryonic
compartments has been further elucidated by detecting glycoproteins in the fluid of
the human Y'S, which are not synthesized by the cells of the YS membrane; for
example, human choriogonadotropin!®’.

It is noteworthy that the orientation of human YS membranes is inverted compared to
that of rodents. In humans, the absorptive endodermal cell layer is internal rather than
external. Nutrients must first traverse the Y'S lumen before encountering the apical
endoderm®. However, the compositional similarities between the coelomic and Y'S
fluids suggest a free exchange of proteins and other nutrients across these two
compartments'®®.

Finally, mRNA transcripts encoding a wide array of solute carrier proteins, which

facilitate the transport of amino acids, glucose, vitamins, nucleoside sugars, and ions
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from the coelom into the cavity of the secondary YS, suggest the preservation of
essential transport functions in the YS membrane!®.

In summary, the human YS plays a crucial role in embryonic nutrition prior to the full
development of the placenta. De novo synthesis of various molecules and enzymatic
digestion are primarily functions of the inner endodermal cell layer of the secondary
YS. Conversely, the outer mesothelial layer likely supports embryonic nutrition by
conveying nutritive fluids from the trophoblast to the embryo?. This transfer occurs
via two principal pathways: through the blood vessels in the YS wall and through the

YS cavity, which essentially extends the primitive gut*.

Cholesterole

The YS is suggested to be involved in embryonic cholesterol supply and metabolism,
especially before the start of liver cholesterol synthesis and before the vascularization
of chorionic villi is established!*!'°, Cholesterol is a lipid that is primarily
transported by the lipoproteins HDL and LDL''?. In embryonic development, it plays
a critical role in cell membrane formation, production of bile acids, and synthesis of
steroid hormones!'?”. As such, maternal cholesterol is also involved in progesterone
synthesis by the corpus luteum, suggesting its involvement in early development even
prior to implantation''!.

Additionally, cholesterol participates in signaling pathways, such as the modulation
of targeted gene activation or repression. These pathways influence the development
of various organ systems, including the neural tube, brain, limbs, and heart!®,

Studies in humans support the concept of cholesterol transport through the Y'S,
evidenced by the expression of receptors for lipoproteins on the visceral endoderm!®,
These studies also document the secretion of lipoprotein particles, including high-
density lipoprotein (HDL), low-density lipoprotein (LDL), and very low-density
lipoprotein (VLDL)3:!!2, Moreover, a more recent investigation has identified mRNA
molecules that encode for various apolipoproteins, the cholesterol efflux transporter
ABCAL, and lipoprotein receptors!%. These findings collectively underscore the YS's

role in establishing a maternal connection to essential pregestational mechanisms,
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with potentially significant implications for the embryo during critical stages of

development.

Antioxidants

Free radicals, as part of reactive oxygen species (ROS) and reactive nitrogen species
(RNS), are highly reactive by-products, ubiquitously produced during normal cellular
processes! 3114, Their accumulation can inflict damage on DNA, proteins, and
lipids''3. Hence, their detoxification with antioxidants is crucial, particularly during
development.

The YS is involved in the transport and biosynthesis of antioxidants, including o-
tocopherol (vitamin E)!'*, ascorbic acid (vitamin C)'", and uric acid!'*. It also
synthesizes glutathione, utilizing enzymes such as y-glutamyl cysteine synthetase and
glutathione synthetase. Superoxide dismutase and glutathione peroxidase enhance the
antioxidant defence'". First-trimester analyses of maternal and fetal serum, along
with fluid from the amnion and coelomic cavity, have revealed a subsidiary role for

the glutathione-related detoxification system'!4

. Conversely, embryonic
compartments exhibit elevated levels of vitamin C and uric acid''*. The presence of
vitamin E in the uterine glands, coelomic fluid, embryo, and secondary YS
mesothelium''* suggests an YS-mediated antioxidant transport mechanism.

It is noteworthy that diminished activity or availability of antioxidant enzymes or
their substrates may result in embryopathy!!3. For instance, animal studies under
diabetic conditions have demonstrated a link between glucose metabolism and
oxidative phosphorylation; elevated glucose levels can increase phosphorylation rates
and consequently raise the likelihood of reactive oxygen species production''>. In
YSs of embryos exposed to diabetic environments, there is a reduction in superoxide
dismutase activity, growth, and protein content, coinciding with an increased
incidence of congenital anomalies''s. Generally, diabetes affects the development of
human offspring!!”-!'%, with epidemiological studies further substantiating a
significant association with congenital malformations'!”.

More recently, the antioxidative capacity of melatonin and its role in reproductive

processes have garnered increasing attention'?!2!, This hormone has demonstrated
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greater antioxidant efficiency than vitamins C and E'?, actively scavenging ROS,
upregulating the expression of genes for superoxide dismutase and glutathione, and

121 Melatonin's signaling effects, mediated through

inhibiting pro-oxidative enzymes
MT1 and MT2 receptors found in ovarian follicles, the endometrium, trophoblast, and
blastocyst with inner cell mass, appear to be beneficial during implantation and early
development!?*123 1t is noteworthy that the inner cell mass is also the origin for cells
of the primary YS. Since melatonin levels are closely linked to sleep and circadian
rhythms'?4, melatonin represents a maternal link between sleep, circadian regulation,
and early embryonic development.

However, ROS and RNS are not solely deleterious; they have also positive effects on
cellular immune responses'?® and signalling functions!?%. At physiological levels, free
radicals regulate a variety of cellular functions, such as gene expression by redox
sensitive transcription factors and post-transcriptional regulation through changes in

mRNA stability''".

Vitamins and trace elements

Several micronutrients have been detected directly within the secondary YS!4127,
while others have been indicated indirectly both in human and animals, through the
transcripts of soluble carrier proteins, suggesting their transport'®. Micronutrients,
essential for normal physiological functions, include vitamins that act as antioxidants,
prohormones, or cofactors in metabolic reactions, and trace elements that function as
catalytic or structural components within organic molecules'?. Trace elements may
also contribute to immune responses'?.

Recent studies in mice and humans have shown that the YS expresses high levels of
metal transporters for zinc and iron, as well as for vitamins, such as B12, C, E, and
folate!'®. In rodents, it has been demonstrated that vitamin B12 forms a complex with
intrinsic factor/transcobalamin in plasma, which is endocytosed by the YS

130 Vitamin B12, as a cofactor in folate metabolism and amino acid

endoderm
synthesis, plays a significant role in development!*!. Plasma retinol (vitamin A),
bound to retinol-binding protein, has been detected in rat embryo cultures radio-

labelling studies'?’. This protein is likely transported into the YS endoderm via
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retinol-binding protein-receptor mediation and secreted into embryonic circulation'?’.
Elevated levels of the retinol transporter transthyretin in rodents supports the notion
of active retinol transport, crucial for eye development, retinoic acid synthesis, and

signaling throughout embryogenesis*.

Protein synthesis

The secondary YS endoderm has been suggested to be actively involved in protein
synthesis, as evidenced by its structural characteristics'%? and the presence of proteins
identified in animal and human immunohistochemistry studies. For example AFP, the

first embryo-specific protein of Y'S origin identified in humans'>!3, along with other

134,135 134,135
s

proteins such as albumin and a-antitrypsin!3#135, Ferritin!*+!3, transferrin
and o2-H-globulin?, have been detected in the cytoplasm of the large endodermal cells
located in the inner portion of the YS wall in embryos between six to eight weeks of
age. Albumin acts as a carrier for fatty acids, dyes, metal ions, and hormones?, and is
important for maintaining osmotic pressure. Studies have involved not only in vitro
cultivation of human YS tissue fragments®!34, but also YS tumors and
polyembryomas™!'2. The protective role of AFP in initial development, postulated due
to its estrogen-binding capacity across various species, remains speculative in
humans®. However, human AFP has shown affinity for other hydrophobic molecules,
including fatty acids, and it binds to metal ions, bilirubin, deoxycholate, and retinoic
acid, suggesting a role in modulating the local microenvironment and cellular
function'?’.

By approximately 60 days post-conception, the fetal liver also begins to synthesize
AFP, albeit with structural differences from the YS form. The source of AFP,
whether vitelline or hepatic, has been discerned via electrophoresis'®.

More recently, the expression of transport proteins such as AFP and albumin, in
addition to alpha-1-antitrypsin, EPO, and coagulation proteins (including thrombin,
prothrombin, and fibrin), has been verified through spatially resolved single-cell
transcriptional profiling in the human Y'S endoderm and embryonic liver

hepatocytes®®. The pivotal role of these proteins, expressed by the YS, is underscored
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by in vivo experiments showing embryonic lethality in homozygous null mice lacking
coagulation factors prior to establishing liver synthetic functions'?°.

Serum proteins including transferrin, AFP, prealbumin, albumin, and alpha-1-
antitrypsin were primarily observed in early preparations from human Y'S tissue
fragments'3*. In later stages—specifically, eight weeks and 11 %4 weeks gestation—
levels of these proteins either declined or were not detected, implying that protein
synthesis in the endoderm is most active during the early stages of YS development
and decreases as gestation advances®>!3, Further ultrastructural analysis indicated
that protein synthesis in the YS endoderm ceases around the ninth gestational week
(MA)*, which is in line with transcriptional profiling data®. This data also
demonstrates a shift in expression patterns between the early and late YS endoderm
stages, showing a subsequent decrease in the synthesis of EPO and enzymes by the
YS endoderm, with embryonic hepatocytes taking over these functions®.
Additionally, an increase in genes associated with cell stress and death post-nine
weeks gestation (MA) has been observed>, corroborating the presence of both time-

specific and organ-specific expression patterns during embryonic development.

Primordial germ cells (PGC's)

Primordial germ cells (PGCs) are haploid and serve as the progenitors of sperm and
egg cells. They were first identified in the YS as early as 1911'%°. In vitro models
have posited the epiblast as the likely origin of human PGCs!'#!'42, During the fourth
and fifth week of gestation (MA), these cells migrate from the embryo and enter the
YS during gastrulation®’. Subsequently, as the YS's endoderm undergoes lateral
folding, the PGCs re-enter the embryo*. Following their translocation from the
hindgut into the dorsal mesentery, PGCs migrate toward the gonadal ridges*. It has
been hypothesized that the posterior Y'S serves as a resting place, safeguarding the
developing PGCs from the signalling cascades within the embryo proper. This region
offers a niche for the formation and consolidation of the germ cell gene regulatory
network, while also providing a suitable environment for epigenetic reprogramming,

which enables PGCs to develop into any type of cell (totipotency)*.
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1.4 Synopsis of the yolk sac functions
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Fig. 17 Overview of the functions of the primate secondary yolk sac (YS). (A) Hematopoiesis and vasculogenesis with the
formation of a complex network of blood vessels starting at (CS 6A). Reciprocal signaling between the extraembryonic
endodermal inner layer and mesodermal mid-layer leads to the formation of primitive blood islands. These processes prepare
for embryonic circulation, facilitated by embryonic heart formation, during subsequent development. (B) Primordial germ
cells (PGCs) are specified in the embryo and migrate through the Y'S to the hindgut and then towards the genital ridges. (C)
The outer mesothelium exhibits characteristics of absorption, degradation, and synthesis, as indicated by the presence of
LRP2-CUBN-AMN endovesicular complexes in the plasma membrane. After nutrient transfer from the exocoelomic fluid to
the intracellular compartment through endosomal inclusion, transport continues to lysosomes that contain hydrolytic enzymes
such as cathepsins to degrade maternal proteins and complex molecules. Finally, nutrients are either transported or synthesized
and subsequently exocytosed into the surrounding blood vessels or directed through the extracellular environment towards
the endodermal tubules and the YS cavity. (D) The inner layer (endoderm) contains an abundant rough and smooth
endoplasmic reticulum, glycogen vesicles, and exocytotic vesicles. Its cells produce and release carrier proteins (e.g., AFP,
transthyretin, albumin, and transferrin) into the YS cavity. They can be absorbed by the endoderm of the primitive gut and
enable as such embryonic nutrition via the vitelline duct. Figure reused from Ross & Boroviak, (2020)®. With permission

under a Creative Commons Attribution 4.0 International License.
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1.5 Yolk sac size

The first static ultrasound analysis of the human yolk sac size was in 1979'#* and only
two years later, the first growth curve could be reported'* ranging between seven and
11 gestational weeks (MA). Before transvaginal ultrasound was introduced in the late
80's'*°, measurements of yolk sac size demonstrated large variation when correlated
with CRL or menstrual age!*+!4, This was changed by employing the transvaginal
approach, making it possible to visualize the secondary yolk sac earlier (=1week) and
with higher precision'3¢.

There are different methods for determining the yolk sac size using ultrasound. One
common method is to calculate the arithmetic mean of the largest diameters of the
two orthogonal measurements. Here, different caliper placements are possible (i.e.,

47 center-to-center'3¢148149 "and outer-to-outer diameter'>%!3!). Few

inner-to-inner!
studies have reported precision parameters such as inter- and intra-observer
variability. Since the echogenic yolk sac wall-thickness varies with transducer-
dependent point spread function and gain settings, some authors have advocated a

t'*8, while others recommended outer-to-outer

center-to-center caliper placemen
placement provided magnification and gain settings are optimal and enhanced gamma
level is ensured!2.

Conversely, it has been reported that true yolk sac size is more accurately estimated
when employing volumetric approaches because a more detailed external surface
evaluation can be achieved!**. Two examples of transvaginal volumetric
measurements are the multiplanar method'>*!5¢ and virtual organ computer-aided
analysis (VOCAL)'331%7,

However, regardless of the method used, the pattern was similar. The YS size
increased weekly from the fifth to the 11th week of gestational age (MA) in
accordance with the CRL (Fig. 18). In addition, reference intervals based on in vitro

fertilization studies demonstrated the same pattern'®

. Between five and 10 gestational
weeks, the YS growths in a linear fashion and longitudinal studies with prospective

measurements reported a growth-rate of ~0.4 mm per week'4%15°,
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After 10-11 weeks, the YS size remains for a short period constant, before size

decreases, and the Y'S finally disappears'*®15° (Table 1).

YSD (mm)
YSD (mm)

I T T T T T
40 45 50 55 60 65 70 75 0 10 20 30 40
Gestation (days) CRL (mm)

Fig. 18 Yolk sac (YS) growth-curve'®. Relationship between YS diameter (center-to-center) and gestational age (MA) in
days (left) and according to embryonic CRL (right); median, 95th, and 5th percentiles. Figure adapted (original annotations
have been reworded using the Affinity Designer 2, v.2.0.3) with permission. © Karger AG, published by S. Karger AG.

Secondary yolk sac variations and associated factors

YS size is not only variating according to gestational age. In several studies,
abnormal Y'S size findings have been associated with miscarriage!#4!46.147:150.157.159~
165__not only YS absence, but also the presence of a small (<5th percentile) or large

(>95th percentile) YS'# (Fig. 19).
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Fig.19 Longitudinal changes in yolk sac diameter in normal and abnormal pregnancies. Each dot represents a
measurement at a given gestational age, and the three green lines represent the median diameters in ongoing pregnancies with
the first and third quartiles (green dots, ongoing pregnancies; red dots, pregnancies destined to be lost). Figure reused from

Detti et al. (2020)">° with permission. © John Wiley & Sons — Books.

Other abnormal ultrasound findings, including an irregularly shaped and calcified Y'S,
have also been associated with miscarriage, and one study reported that an abnormal
YS shape was more specific than an abnormal size!6. However, it is noteworthy that
abnormal YS findings do not always indicate a miscarriage. Although less common,
pregnancies can successfully progress with an oval and enlarged yolk sac'®®.
Furthermore, serious pathology and unfavorable outcomes have been associated not
only with Y'S shape and size but also with other sex-specific sonographic differences.
Even though fetal sex alone has not been associated with the size of the YS,
differences such as the distance to the embryonic pool have been described for male
and female embryos'®’.

However, in addition to miscarriage, other fetomaternal pathologies, such as
aneuploidy'®"-1%8-17% and insulin-dependent diabetes'*>!7! have been associated with
abnormal YS size. Results regarding the association between YS size and diabetes are
conflicting, though!”2.

A more recent review'”?, however, described how hyperglycemia can influence the
structure and function of the YS—i.e., visceral YS capillaries and vitelline vessels

become sparse, patchy, and not uniformly located in rodents!”. There are also
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reduced numbers of rough endoplasmic reticulum, ribosomes, and mitochondria in
endodermal visceral YS cells'’*. Furthermore, experiments on the transport function
of these cells in rats, have shown that the cellular uptake of peroxidase is diminished
when conceptuses are cultured under hyperglycemic conditions'’>. Findings from
human studies corroborated both structural alterations and alterations in prostaglandin
E2 levels of YSs associated with maternal diabetes mellitus!'>>!76-178,

Nevertheless, the question remains, whether these structural and functional changes
related to fetomaternal pathology may also lead to varying Y'S sizes.

A comparison of ultrasound and morphological findings demonstrated significant
degenerative changes in the YS wall when its maximum sonographic size was
reached, and it has been suggested that the YS diameter may increase between nine
and 10 weeks secondary to these morphological changes!*®.

This suggests that degenerative changes within the YS membrane have an impact on
stability, elasticity, and permeability.

Another factor could be the intracavitary pressure of the secondary YS or external
pressure within the surrounding exocoelomic cavity. One relevant biological factor
for the variation in pressure, especially in a low-pressure environment, is the
difference in osmolarity. In plasma, it depends mainly on salt concentrations, that is,
sodium (chloride and bicarbonate), and non-electrolyte glucose and urea'”’. Notably,
the concentration of pre-albumin in the coelomic fluid was positively correlated with
the YS volume!3’; however, plasma osmolarity depends only to a minor degree on the
protein concentration (i.e., 0.5%)'”. Furthermore, the coelomic and YS cavity protein
concentrations are similar'®” which contradicts the hypothesis of a protein-caused
osmotic gradient, while other osmotic agents may still play a significant role.

With regard to the thickness of the Y'S wall itself, pathological conditions could also
be associated with hydropic cell degeneration or edema resulting from circulatory
pathology within the embryo proper!*.

Finally, vascularization, number of cells within the YS wall, or cellular content could
differ, thereby contributing to differences in wall thickness.

However, when mechanisms occur in adaption to maternal and environmental factors

and are related to normal embryonic development, they may be considered
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physiological responses. Data from studies in rodents suggest, for example, that the
histotrophic function of the yolk sac is adaptable to developmental changes
influenced by diet'®!. This suggests it offers a mechanism for embryos to react to
inadequate nutrition, thereby safeguarding fetal growth and "competitive fitness"'8!.
This is in line with the 2018 study by Karlsen et al., who reported that YS size in low-

151

risk pregnancies was positively correlated with maternal size'~'. These effects were

traceable in later fetal size development'>'.
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Table 1 Overview of early yolk sac (YS) and related embryonic development according to gestational age as the number of
weeks from LMP (MA), embryonic age as the number of days from conception (E), Carnegie stage (CS), and embryonic/fetal
crown-rump length (CRL") in millimeters with 5th and 95th percentiles. The median YS diameter in mm, with its 5th and

95th percentiles, was based on center-to-center measurements using transvaginal ultrasound (TVS).

Menstrual | Embryo | Carnegie CRL (Development Embryo/ YS) YS size
age age stage
None — global embryonic gene
E2-3 CS2 — —
activation occurs at 4-8 cell stadium*'#2,
E4-5 CS3 — None — first cavity in morula. —
None — blastocyst breaks through and
escapes from the zona pellucida (free
E6 Cs4 — . . —
blastocyst). Implantation occurs in the
2-3 time window between day 6710)48
None — formation of the primary YS
endoderm— pre-villous implantation
(trophoblast without lacunae).
E7-8 CS5a — Epiblast differentiates into the amnion —

and the pluripotent embryonic disc.
Formation of the syncytiotrophoblast and

its penetration into the endometrium*3.

Continued development of the primary
YS; first formed gaps (lacunae) in the

E8-10 CS5b — ) ) —
syncytiotrophoblast. Expansion of the

amniotic cavity®.

Completed development of the primary
34 YS; lacunae form a nearly completed
sphere®’; some mesoblast intrude the
El1-12 CS5c — surrounding cytotrophoblast into —
prospective primary chorionic villi**.
Local thickening of the visceral

endoderm*®

Initiation of gastrulation in the
E13 CS6A — embryonic disc and primary chorionic

villi formation*3.

Primitive streak becomes clearly
visible®.

4-5
"Pinch off"" as small secondary YS
E14-15 CS6B — enclosed by visceral (embryonic) and +-
parietal (extraembryonic) endoderm. The
mesodermal cells have started to form the

mesothelium (lining secondary YS and

trophoblast) of the coelomic cavity.
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Menstrual

age

Embryo

age

Carnegie

stage

CRL

(Development Embryo/ YS)

YS size

4-5

E14-15

CS6B

Primitive erythroblasts expressing
embryonic globin genes, surrounded by

endothelium, appear in the YS7%182

+-

5-6

El16-17

CS7

0.4

Hematopoietic foci appear within the

mesodermal mid-layer of the secondary
vS°° and the development of vascular

plexus begins®’

Early gastrulation

E17-19

CS8

“1-1.5

Notochord formation and lateral folding,
narrowing the YS base resulting later in

formation of the YS stalkmg, YS

hematopoiesis'**

*3.01 (1.8, 4.2)

E22-23

CS9

24(1.1,4.1)

Embryonic heart activity begins (still
without competent valvular system and
development of a conduction system and
the umbilical arteries connected to the
primitive dorsal aorta®!

Vitellin circulation may be visualized
with ultrasound Doppler'*®

Liver development as thickened

diverticulum of the foregut>*!34

32(24,4.1)

E24-25

E29

CS10-13

3.4(19,5.5)

Early heart and established fetal
circulation, but not connected to

maternal circulation®’

Hematopoietic progenitors and
macrophages are detectable at CS117°.

Macrophages, monocytes, mast cells, and

innate lymphocytes are also reported’!%4,

Liver subsequently presented with buds

and ducts>*!3

3.4(2.6,4.3)

AFP-production at the endodermal part
of the YS wall!33:185

E35

CS14-15

8.5(5.9, 11.6)

Definitive hematopoietic stem and
progenitor cells (HSPCs), capable of
long-term multilineage repopulation,
arise in the AGM region at CS14 1%,
Vitelline duct begins progressively to

narrow'?’.

Vitellin blood-flow detection is high!®

3.8(3.0,4.8)
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Menstrual

age

Embryo

age

Carnegie

stage

CRL

(Development Embryo/ YS)

YS size

E36-42

CS16

CS17

15.0 (11.4,19.1)

Liver-hematopoiesis begins.

Fetal adrenal cortex originates from the
mesothelium next to the dorsal
mesentery.

Medulla develops from neural crest cells
associated with nearby sympathetic
ganglia'®.

Separation of common cardiac outflow

(aortic arch and pulmonary aorta).

Definitive hematopoietic stem and
progenitor cells (HSPCs) cells equivalent
to AGM produced at CS11 are found in
the YS (at CS16) and the liver (from
CSI7)186,188_

43(3.4,53)

E44-45

E48

CS18

CS19

22.4(18.0,27.3)

YS protein synthesis ceases™S

Biliary ductuli developed in periportal
connective tissue produces ductal plates
that receive biliary capillaries'®’
Accessory olivary nucleus (neural system

development)'*®

4.7(3.7,5.8)

E56

CS20-23

30.1(24.9,35.7)

10-11

E63

35.5(29.9, 41.6)

E70

Fetal pancreatic and endocrine
function begins.

Hepatic production AFP'3*
Straightening of trunk, intestines
herniated at umbilicus'®?

Sharp increase of placental circulation
with rise in the intra-placental oxygen

tension and antioxidant gene expression®?

5.0 (4.0, 62)

53(4.2,64)

*43(3.3,5.3)

13

+/-

14

*

reference values from Jauniaux et al., 199113,

ok

Reference value for the embryonic length is not based on ultrasound'®.

Before week 12 reference values (CRL and YS) from Papaioannou et al., 2010'*° were used. After week 12,
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1.6 Maternal body composition, sleep, and physical activity

in pregnancy

Physical activity, sleep, and nutrition constitute essential components of
physiological homeostasis. These interconnected factors are directly and indirectly
related to human body composition, fitness, health (including mental health), and

disease.

Maternal body composition

There is consensus that body composition has a significant impact on overall health.
As people age, their body composition changes, typically resulting in an increased fat
mass and a decrease in lean tissue, and an increased risk of morbidity and
mortality'?"!2, In particular, increased fat mass is linked to obesity-related health
risks, including type-2 diabetes, cardiovascular disease, and mortality'®*. Body
composition changes physiologically during pregnancy to support fetal
development!®*. The fetal unit contributes to the formation of amniotic fluid,
placenta, and fetus, with approximately one-third of the physiological weight gain at
the time of delivery!®®>.The other two-thirds are derived from the maternal unit—i.e.,
mammary glands, uterus, fat tissue, and extracellular fluids, and due to blood volume

expansion!%

. Pregnancy and the associated changes with separate contributions from
fetal and maternal units are dilemmas for body composition measurements, which is

reflected in the strengths and limitations of the different methods'**1°-1% (Table 2).
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Table 2 Overview of the different methods of body composition measurement and their advantages (pros) and disadvantages

(cons) regarding their use throughout pregnancy.

Method

Description

Pros

Cons

Anthropometric

measurements'*

-Circumference and
caliper skinfold
measurements in different
body regions combined
with other factors (e.g.,
body weight, gender, age,
and height).

-Relatively easy applicable
-Inexpensive

-Safe to use in pregnancy

-Only site-specific
measurements.
-Operator variability
-No estimate of the fetal

compartment.

Ultrasound

-Maternal and or fetal
skinfold thickness
measurements with
ultrasound

-Fetal weight, placenta,
and amnion fluid

estimation by ultrasound.

-High correlation with
estimates by a caliper'**.
-Enables also measurement
of visceral adipose tissues'*.
-Data from the fetal

compartments accessible.

-Only site-specific
measurements.
-Depending on skilled

ultrasound operator.

Bioelectric impedance

analysis (BIA)]94

Method that relies on the
electrical properties (the
conductivity) of different

biological tissues

-Fast, relatively inexpensive,
and user-friendly non-
invasive method

-Large body of evidence with
reports from different studies
and fields including
pregnancy

-Low voltage and current
considered safe in pregnancy
-Valid estimates of total body
water in early pregnancy

compared to deuterium

-Not discriminating
maternal and fetal
components'”’
Segmental body analysis
is possible!*®
-Overestimation of fat
mass changes in normal
and obese women during
1st trimester compared to
other methods

-In later pregnancy (32

weeks), BIA may

and physiological body
enrichment properties of
the water isotope
deuterium (D,0) to
estimate total body water
and hence fat free mass

(lean mass)*"!

pregnancy?®2,

Easy to applicate and to
collect samples in various

settings

dilution?® underestimate the total
body water??
Deuterium dilution -Exploiting the dilution -Considered safe in -Laboratory needed for

analysis after sample

collection.
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Method

Description

Pros

Cons

Quantitative magnetic

-Nuclear magnetic

resonance®” is used to

-Fat, free water and lean

mass calculation?®

-High costs.

resonance -Non-diagnostic scanning
measure fat mass, lean -Whole body measurement protocols are not
mass, free water, and total | -Differentiation between recommended before
body water of the maternal and fetal second trimester'**
maternal—fetal unit?* compartment -Limited field of view in
some women
Densitometry -Utilizes underwater -Considered safe in -Laboratory necessary

weighing and air
displacement
plethysmography.
-Based on the constant
density principle of fat
mass and fat-free mass.
-Measures both maternal

and fetal tissues'*.

pregnancy—specific
equations for pregnancy
considering estimated
changes in free fat mass,
hydration, and density have
been developed and

validated?06-208

-Two-compartment model
that is challenged by
increased hydration and
change in density of fat
free mass during
pregnancy'®’

-equation based estimation
necessary to estimate

changes in free fat mass

hydration

Dual-energy X-ray
absorptiometry

-Results for fat mass and

bone mineral content'?®

-Although small risks to
mother and fetus; ionizing
radiation should be

avoided

Three-compartment

model

-Combined body
composition estimate
using: 1-body weight, 2-
desitometri, 3-degree of
hydration of fat free mass

by total body water!%®

-Safe in pregnancy

-Time consuming

-Laboratory necessary

Four-compartment model

-Combined body
composition is estimate
using: 1- body weight, 2-
densitometry, 3- total body
water by means of isotope
dilution, and 4- bone
mineral content before and

after pregnancy'%®

-Considered as gold standard

today'%°

-Time consuming
-Laboratory necessary

-Expensive
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Nevertheless, variations in maternal body composition and gestational weight gain

are also linked to pregnancy complications, such as gestational diabetes?212,

213,214 215

hypertensive disease in pregnancy , cesarean section="> even when controlling for
macrosomia®!'®, birth weight?'7:2!8, fetal growth?!*-?2°, and twinning??!. In addition,
data suggests an influence on the offspring's health??? and disease in a life-long
perspective’3?23224 Note that not only the body composition during pregnancy but
also body composition before pregnancy and around conception have effects on

195.225 " on birth outcomes??®, and on the offspring??*22"-22%; some of these

pregnancy
can even be traced within physiological body composition ranges?*>??%, However, it is
crucial to consider the time perspective (duration of pregnancy/ gestational age) when
assessing alterations in both body composition and overall weight gain. Associations
with pregnancy outcome and prematurity can otherwise easily be biased; for example,
the total amount of weight gain in pregnancy would be less in women with shorter
pregnancies (i.e., those who experience miscarriage or premature birth)>3.

Conversely, studying the effect of weight gain in term pregnancies excludes these

important subgroups and their body composition changes®*°.

Sleep in pregnancy

Sleep is involved in the most basic physiological regulation; thus, sleep deprivation
generally has severe health consequences?*!?32, This also applies to pregnancy?33234,
in which many maternal and fetal pregnancy complications have been associated with
sleep disturbances. These complications include preeclampsia and hypertension?3>-23,
hyperglycemia and gestational diabetes>’->*%, miscarriage?*?, preterm birth?40-24!,
macrosomia?*?, prolonged birth duration???, and assisted operative delivery or
cesarean section?*3?#!, The suggested pathophysiological mechanisms are often based
on in vitro experiments in assisted reproduction and animal studies. These studies
have demonstrated a potential link between the circadian rhythm, embryonic
development, and epigenetic programming?#-23!, Although several methods have
been developed for monitoring, recording, and classifying sleep, studies on the effects

234,252

of sleep on human embryonic physiology and development are scarce . Sleep

diaries and questionnaires are good tools but succumb to participant recall bias and
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subjectiveness?’. It is only through subjective measures, however, that one can
capture sleep satisfaction’?—namely the sense of feeling rested, alert, and well
enough to perform daily tasks and activities. Other methods, such as
polysomnography and actigraphy, are often categorized as objective because the data
are generated by different sensors or probes in combination with a software package.
These methods avoid recall bias and have performed better in terms of

reproducibility?’ (Fig. 20).
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Fig. 20 Taxonomy of sleep detection methods?’. Gray boxes represent categories. White boxes represent the methods or
technologies used to assess sleep. Reused with permission under the terms of the Creative Commons Attribution-

NonCommercial-NoDerivatives 4.0 International (CC BY 4.0) © 2018, Ibariiez et al.

In 2014, actigraphy was implemented in the third edition of the International
Classification of sleep disorders?3. This is because sleep duration during pregnancy
seems to be presented more accurately by actigraphy than by questionnaires?.
Moreover, the technique is especially suited for studying sleep-wake rhythms by
continuously recording complete days, particularly for longer periods (up to weeks
and months) and in various environments, which is not possible when using

polysomnography. Conversely, polysomnography allows differentiation between



70

sleep stages and cycles using electroencephalography (measurement of local brain
activity generated potentials over time), electrooculography (eye movements),
electromyography (measurement of muscle movement), and other methods®. It is the
most advanced diagnostic tool for sleep disorders?’ and often used as "gold-standard"
in validation studies?>> 28,

In women, descriptive, cross-sectional studies, using questionnaires, actigraphy, or
polysomnography, have reported a sleep duration of 6.8 to 7.8 h/night before
pregnancy, increasing during the 1st trimester, but then decreasing during the 2nd and
3rd trimesters?®. These findings are consistent with those of longitudinal studies?®-
262, Nevertheless, there is little data and only data from small studies describing sleep
variations of healthy women from before conception?%%263264, However, the concept
of fetal plasticity implies that early influences on a developing fetus, in particular,
have the greatest potential to affect future health?®. Given the known effects of sleep
patterns and sleep duration on human physiology and their links to human pregnancy,
their alterations during early pregnancy may also affect the developing fetus. The
significant changes in sleep duration that occur from preconception to the end of the

first trimester make this possibility particularly intriguing.

Physical activity

Widely recommended for promoting overall health and well-being?®, physical
activity recommendations also extent to pregnancy, where regular maternal physical
activity is beneficial for the health of the mother, fetus, and newborn?¢-2%°, Tt has been
associated with healthy weight gain, improved control of maternal glucose
levels?’%?7! and favorable obstetric outcomes?”'2>—more specifically, maternal
physical activity has been found to contribute to increased placental parenchymal
volume with a larger villous surface area and vascular volume?’® and modulates
placental angiogenesis?’’78, In addition, physical activity during pregnancy reduces

oxidative stress and downregulates genes involved in placental fatty acid and insulin

* An exhaustive list of the polysomnography channels can be found in the glossary.
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transport. Genes involved in amino acid transport across the placenta are
upregulated?’!27,

Similar to sleep, physical activity during pregnancy can be measured using several
validated methods. These include indirect calorimetry, the doubly labelled water
method, activity or activity recall logs, motion sensors (i.e., actigraphs or
pedometers), heart rate monitors, and multiphasic devices, such as the one used in the
current study?**?8!, Combining questionnaires with actigraphy has been suggested as
advantageous for measuring moderate-to-vigorous activity during pregnancy®*?. Due
to their simplicity and accessibility questionnaires and actigraphy have frequently
been employed for assessing physical activity in pregnancy?®-283284, Triaxial
accelerometers seem to represent energy expenditure better than other standard
methods (indirect colorimetry and doubly labeled water)*. The advantages of using
actigraphy over questionnaires for measuring physical activity during pregnancy?3¢
align with those of sleep, as described in the preceding section.

Several studies employing different measurement methods have consistently reported

a reduction in daily physical activity during pregnancy?*’-22

. This decline begins in
the first trimester and continues throughout pregnancy, with the lowest activity levels
observed in the last trimester?882°!. Previous studies have indicated substantial
individual variation and significant changes in activity levels compared with
preconception measurements. These changes are already evident during the first
trimester?$82°! a critical period characterized by numerous sequential developmental

milestones. Therefore, it is important to start measurements before pregnancy to

quantify physical activity changes, particularly during this period.

1.7 Maternal factors and epigenetic programming in early

pregnancy

Forsdahl?*? and Barker?** originally linked nutritional conditions during pregnancy to
cardiovascular disease in the next generation of humans. Subsequently, several
possible mechanisms were identified through animal studies, in vitro experiments,

and prospective cohort studies?*>*°%, Here, epigenetic mechanisms play a major role
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in regulating the expression of DNA-encoded information and determining the
specific "identity" of a cell, while the genetic code is not altered. The mechanisms
involved are linked to changes in development or environmental signals. These
changes regulate epigenetic chromatin markers through post-translational protein-
DNA interactions, such as histone modifications, or by chemical modifications of
DNA bases, for example through methylation. Additionally, non-coding RNAs, such
as microRNA-mediated repression, can regulate mRNA transcription through base
pairing. This can result in mRNA degradation or translational inhibition.

Currently, there is a robust body of evidence for links between epigenetic
programming and maternal factors such as maternal body composition®?*, diet®*,

27 sleep, and circadian rhythm?>!. The phase of life when epigenetic DNA

activity
imprinting is most active extends from conception until the second year of life,
commonly known as "the 1,000-day period"?8. Here, the principle of the DOHaD
concept is the initiation of phenotypic alterations, typically within the bounds of
normal physiology, which enable a modified reaction to subsequent challenges that
also generally fall within normal physiological limits3?. From this perspective,
epigenetic changes can be viewed as swift responses to environmental challenges, in
contrast to genetic adaptations, which require significant time to adjust to the
environment through random alterations in the genetic code, such as mutations.
Compared with epigenetic adaptations, which directly affect the phenotype of the
subsequent generation in response to the maternal environment, the probability of a
DNA-gene mutation conferring an evolutionary advantage and simultaneously
influencing reproduction is considerably lower.

Finally, epigenetic mechanisms also include the environmental influences on gametes
before conception. If, for example, one of the two inherited alleles (one maternal and
one paternal) is turned off or "stamped" and does not show in the offspring, that gene
is imprinted'??*. These mechanisms could also be traced in the human Y, as studies
on mRNA expression provided evidence for genetic imprinting of sex-specific
parental alleles, such as the maternal insulin and IGF-2 allele, which has been
assumed to contribute to embryonic and fetal growth regulation and insulin growth-

related disease later in life3.
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Epigenetics and early sexual dimorphism

Generally, the impact of sex on mammalian phenotypes and diseases is substantial®°!.
However, genetic sex plays a significant role in gene expression patterns,
developmental trajectories, and interactions with the maternal environment, even
during the early stages of preimplantation embryonic development and before
gonadal differentiation®®. At this stage, male and female embryos primarily differ in
their sex chromosome content, resulting in differential expression of sex
chromosome-encoded genes through transcriptional sexual dimorphism303-3%4,

One mechanism is based on a reversible and dynamic process known as X
chromosome inactivation. While both X chromosomes are active at the beginning
(i.e., after embryonic gene activation at day 3), the subsequent physiological process
of inactivation is not fully accomplished during early development, resulting in
higher expression of X-linked genes in female embryos®*23%4,

As such, studies conducted in mouse3?>3%, bovine’*’3!!, and human embryos3!? have
reported increased expression of selected X-linked genes such as X-inactive specific
transcript (XIST), glucose-6-phosphate dehydrogenase (G6PD), hypoxanthine
phosphoribosyl transferase 1 (HPRT1), phosphoglycerate kinase (PGK),

X chromosome-linked inhibitor of apoptosis protein (XIAP), and monoamine oxidase
A (MAOA)."

Notably, X-linked genes also play a significant role in the transcriptional regulation

302 Because of their greater abundance compared to Y-linked

of autosomal genes
genes, X-linked genes may have a more pronounced impact on this regulation®®2. This
notion is supported by the reversal of transcriptional sexual dimorphism in autosomal
genes when X chromosome inactivation is completed®??. A notable sex difference that
is linked to the environment is, for example, observed in the speed of development,
particularly under suboptimal conditions such as high glucose concentration®'3314,
This is supported by the notion of sex-specific differences in glucose metabolism,

with males exhibiting higher glucose metabolism?'*— that includes human

embryos>'®,

2 Explanation of the function of these genes can be found in the glossary.
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Another mechanism for sex-biased gene expression is gene imprinting. As mentioned
above, it refers to the process of maternal or paternal alleles being turned off or
"stamped" and not being expressed in the offspring. In particular, when it involves X-
linked genes, it can contribute to the biased expression of genes based on sex**2. This
phenomenon is especially significant because male embryos lack the X chromosome
inherited from the father3®.

Additionally, it has been observed in mice that the paternal X chromosome, which is
actively transcribed during the two- to four-cell stages, undergoes progressive
silencing through imprinting mechanisms in the early stages of preimplantation’!”-318,
In these cases, the X chromosome inherited from the mother is inactive in certain
cells, whereas the X chromosome inherited from the father is inactive in others. The
preferential inactivation of the X chromosome derived from the father is restricted to
cells of extraembryonic lineages®!3. Embryonic YS cells originate from the same cell
lineage.

In conclusion, accumulating evidence suggests that epigenetic differences occur
before gonadal differentiation and result from the presence of one or two X
chromosomes. Inactivation of one X chromosome is one of the primary drivers of
male and female disparities during preimplantation development, along with other
mechanisms such as preferential imprinting of parental alleles. In female embryos,
this inactivation introduces a delay in transcription, allowing for specific epigenetic
events in female cells®'?. The variations in growth, metabolism, and genetic and
epigenetic programming during the early stages before implantation suggest that
males and females might respond distinctly to environmental factors. Disruptions at
this stage could lead to effects that are specific to each gender, impacting not just

development before implantation but also after birth®!3.

1.8 Research challenges

Embryonic assessments during early human pregnancy pose significant challenges
resulting in the scarcity of in vivo studies on normal pregnancies. Strict ethical

regulations and concerns limit research in this area—ensuring the safety and well-
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being of the mother and fetus is paramount. Additionally, the limited frequency of
healthy women seeking clinical care prior to pregnancy typically leads to a lengthy
participant recruitment process, which adds to the scarcity of information in these
populations. This is a dilemma, since data from healthy women are needed to
establish physiological ranges or new mechanisms, which, in turn, lay the foundation
for understanding pathology and disease. Studies conducted on infertile populations,
such as those on assisted reproduction (AR)*?, cannot be directly extrapolated to the
pregnancies of healthy women who conceived naturally and under physiological
conditions. Such investigations are indispensable and may extend basic knowledge.
They also hold the potential to generate novel insights with implications for public

health initiatives and improved clinical management practices.
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2. Aims of the study

2.1 Overall aim

To study how maternal health factors (body composition, activity, and sleep) before
conception and during gestation interact with human embryonic development and the

sequence of events in healthy women.

2.2 Specific aims

To assess the influence of sleep, activity, and maternal body composition on

embryonic and Y'S size in a healthy cohort with low-risk pregnancies.

Paper 1

The study aimed to quantify normal daily sleep and activity duration, as well as
variation, at preconception, during the first trimester, and throughout the remainder of
the pregnancy (i.e., during the second and third trimesters). Furthermore, our goal
was to estimate the proportion of changes from pre-pregnancy levels that can be

attributed to gestation.

Paper 11
The objective of this study was to test whether there is an association between
maternal pregestational and early first trimester sleep duration with embryonic YS

size and crown-rump length.

Paper 111

This study intended to determine whether there is a connection between the duration
or intensity of maternal physical activity and the size of the human YS. Additionally,
the study aimed to evaluate the intra- and inter-observer variability of the current

method for measuring Y'S.
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3. Data Collection and Methods

3.1 Study population (CONIMPREG project)

Participants for Paper I were enrolled between 2014 and 2018, while for Papers II and
111, enrollment spanned from 2014 to 2020. Additionally, in 2023, we generated a
second dataset for Paper III that incorporated extra data to assess the intra- and inter-
observer variability of the YS size measurements. These studies are embedded in the
larger CONception-IMplantation interval in PREGnancy (CONIMPREG) project,
which set out to prospectively gather data from over 300 healthy women who
conceived naturally. Participants were recruited through targeted Facebook®
advertisements and posters before pregnancy. In the CONIMPREG project, these
women were followed until they conceived, then, along with their fetuses, through
birth, and their offspring will be tracked until they reach five years of age. Women
were eligible for the study if they were healthy, without chronic diseases, had a
regular menstrual cycle, were non-smokers, were aged between 20 and 35 years, had
a BMI of 18-30 kg/m?, and had no history of complicated pregnancies or fertility
problems (i.e., three or more miscarriages). Contraceptives were not used for one
month before the start of the study. Women who did not conceive during the six
monitored cycles allocated to them were excluded from the study. This study was
approved by the Regional Committee for Medical Research Ethics, Southeast
Norway (REK Southeast, ref. 2013/856a), and written informed consent was obtained
from all the participants. All studies were conducted in accordance with applicable
guidelines and regulations. The study is characterized by longitudinal and prospective
data collection that commences before pregnancy, enabling the study of pre-
conception maternal and environmental effects on the offspring. In addition,
hormonal determination of conception and implantation enables precise gestational
age determination (& 24h)*?'=23 and allows for the study of maternal effects on the
conception-to-implantation interval or, vice versa, the effect of that interval on fetal,
maternal, and offspring parameters. Extensive sampling of material (stored in a

biobank) and serial data collection from the mother, father, fetus, placenta, umbilical
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cord, newborn, and later the child provides the opportunity for successive

comprehensive studies of developmental physiology and parental or environmental
effects (Fig. 21).

Conception Pregnancy 5 Years of Age
&
Implantation Gestational Age in Weeks (wks) Size & Body
Interval Composition
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(] Daily Urine

Samples until (J
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Fig. 21 Study protocol for the CONIMPREG project: Inclusion of women and their partners when planning to conceive.
Determination of prepregnant body composition, average daily sleep and activity duration, nutrition records, and bio sampling
(blood, saliva, hair, and nails). Daily urine samples were collected until pregnancy to determine the conception-to-
implantation interval. Follow-up through gestation until birth — repeated body composition measurement, sleep, activity, and
nutrition record, as well as bio samples in each trimester. Ultrasound and Doppler flow measurements of the fetus were also

performed. After birth, newborn assessment and follow-up until five years of age were performed.

3.2 Study design

Paper |

Height, weight, and maternal body composition were measured at the first study visit
(i.e., before conception). Physical activity and sleep recording were started on the
same day using actigraphy. (The measurement methods are described in detail below)
When pregnancy was achieved, women were scheduled for a first-trimester

ultrasound based on the last menstrual period, and gestational age was adjusted
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according to fetal crown-rump length. The actigraphy recording was then conducted
again and repeated twice during the remainder of the pregnancy, resulting in serial
actigraphy measurements of maternal sleep and physical activity before conception

and during the first, second, and third trimesters (Fig. 22).

Before conception Conception Trimester 1 Trimester 2 Trimester 3

(week 12-14) (week 23-25) (week 35-36)
o O \.
@0 Median 26 days
IQR 75 days

(i

Actigraphy Actigraphy Actigraphy

Bodycomposition
Actigraphy

Fig. 22 Timing of actigraphy recordings in Paper I. Material from: Vietheer A et al., Sleep and physical activity from
before conception to the end of pregnancy in healthy women: A longitudinal actigraphy study, Sleep medicine, 2021, Elsevier

Science’®* with permission. © Elsevier Science and Technology Journals.

Papers lI-lll

The protocols employed for the two subsequent studies shared similarities (Papers 11—
III). However, their scope was limited to the timeframe encompassing the first
trimester until 13 weeks and six days after LMP (Fig. 23).

Four study visits were conducted in both studies. During the initial pre-pregnancy
visit, eligible participants were assessed for height, weight, and body composition.
Sleep and physical activity durations were recorded on the following days using
actigraphy. At the second visit, the gestational age was confirmed, and measurements
of the CRL and secondary YS size were obtained through transvaginal ultrasound.
Ultrasound measurements were repeated at the third visit (10 + 1 weeks). The fourth
visit (13 = 1 weeks) reassessed the activity and sleep durations, along with another

sonographic measurement of the CRL.



80

The second paper investigated the effects of sleep duration on YS size and CRL,
incorporating measurements from 7 = 1 weeks into the analysis. In contrast, the third
paper focused on physical activity and explored the impact of different intensity
levels (light and moderate-to-vigorous) on YS size. However, CRL measurements
were exclusively used to confirm gestational age and were not included in the

analysis of the third study.

Healthy women planning to Before pregnancy  Conception Gestational age (+1 week) Birth
become pregnant (N=436) (N=190) (N=190)
Week 7 Week 10 Week 13
| —
Exclusnons I I ¢Y
Body composltlon CRL CRL CRL
Withdrawals (N=57) (N=190) (N=186) | |(N=187)| | (N=186)
Included but not yet Actigraphy Yolksac| |Yolksac| |Actigraphy
pregnant (N=84) (N=175) (N=180) (N=178) (N=178)
Miscarriage (N=39)
*Other (N=4) * Twin pregnancy, two abortions > 18 weeks (fetal anomaly), irregular menstrual cycle
** Pregnancy with incomplete entry data (N=54);
Missing data (N=62) pregnant < 13 weeks at time of data extraction (N=8)

Fig. 23 Timing of measurements and recordings in Papers II-III. Note that CRL measurements were only included in the
analysis in Paper II, whereas the effect of physical activity on yolk sac size was more extensively analyzed in terms of physical
activity intensity levels. Modified material from: Vietheer A et al., Effect of Maternal Sleep on Embryonic Development,
Scientific Reports, 2022, Springer Nature’® © The authors

Inter- and intra-observer variability of the yolk sac measurement
Embryonic YSs were assessed at either week 7 or week 10, and video sequences
(ultrasound loops) were generated and stored in the machine's local archive.

All seven ultrasound operators were instructed to select the best YS image from the
sequence and measure YS size using transvaginal ultrasound. After a minimum of

one day, the procedure was repeated.
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3.3 Body composition, activity, and sleep measurements

3.3.1 Body composition measurement

After standardized body height measurement of the participants with a wall-mounted
stadiometer®?, body weight, body fat percentage (BFP), and lean body mass (LBM)
were measured digitally using a hand-to-foot multi-frequency bioelectrical impedance
analyzer (BIA); Modell BC-418, Tanita, Tokyo, Japan (the present BIA-device
reported the LBM as fat-free mass).

Individuals were measured in their undergarments, standing barefoot on toe and heel
conductive pads, and holding hand electrodes with their arms suspended a short
distance from the hip. The eight-electrode instrument is a segmental BIA, measuring
body regions specifically, which presupposed information on the participant's height,
age, and body type (set as standard) before weight was measured automatically, and a
low amperage current was sent throughout the body. By examining electrical
conductance, the BIA assesses the quantity of water in various tissues, with water-
rich tissues like skeletal muscle conducting electricity better than fatty tissue or bone.
The specific volume is then inferred from the electrical signal's resistance as it passes
through different areas of the body'**. Measurements were performed with
standardization of the time of day as recommended by the manufacturer®?’ because

fluid shifts throughout the day can affect BIA measurements®?s.

3.3.2 Actigraphy

Actigraphy involves recording the sensor-detected acceleration forces necessary to
generate movements. Some monitors incorporate the notion of context by integrating
information from multiple sensors. This integration provides increased sensitivity for
detecting postural changes, subtle variations in energy expenditure associated with
complex lifestyle tasks, and increased energy expenditure related to carrying loads,
walking up inclines, or engaging in non-ambulatory activities. Today, these devices
are also used to record sleep duration’?’, especially when continuous measurements
over extended periods in nonlaboratory environments are desired. Beyond sleep

duration, several other sleep parameters have been defined and can be calculated
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depending on the monitor and companion software. One example is sleep efficiency
(SE), which represents the proportion of the total sleeping time (TST) relative to the
time spent in bed. The latter is often operationalized as the time spent resting or lying

down.

The current study was conducted using the SenseWear® mini Armband (model: MF-
SW, BodyMedia, Inc., Pittsburgh, PA), a pattern recognition device designed for
advanced activity monitoring in research and clinical settings. This monitor
overcomes many limitations associated with single-axis accelerometers by integrating
information from a triaxial accelerometer with other physiological sensors, such as
heat flux, temperature, and galvanic skin response sensors, to provide more accurate
estimates of energy expenditure. By combining these sensors with demographic
parameters, the armband can also achieve accurate resting metabolic rate (RMR)
estimates over long periods®*’. In this study, the monitor was configured individually
for each participant and worn on the upper posterior aspect of the nondominant arm

throughout the entire recording period (Fig. 24).

A total recording time of 4 days or more
was attempted®’!, detaching the monitor at
least once daily (as per the manufacturer's
instructions). This usually occurs during
daily body cleansing because the monitor
is not waterproof. Finally, the monitor was
returned to our laboratory for data
extraction using the manufacturer's
software package (SenseWear®pro analysis
software, version 8.0 algorithm v.5.2, ©
2001-2013 Body Media, Inc.). Each

individual recording period, including raw

data, was exported into Excel workbooks

(Microsoft Office, Excel version 2016) and

Fig. 24 Placement of the SenseWear® Actigraph

then merged into a single file for further
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analysis using other statistical programs, such as SPSS (version 24, Armonk, NY,
USA), R (Foundation for Statistical Computing, version 4.1, Vienna, Austria), and
RStudio (Integrated Development for R, Boston, MA, USA). The start and endpoint
of the analysis for a single day were set at midnight (i.e., 24 h, from 24:00 to 0:00 the
following day), and the average sleep duration was calculated for the entire recording
period. Sampling days with a data loss exceeding 6% were excluded from the

calculations.

3.3.3 Activity measurements

The total daily energy expenditure for each minute of data was calculated using
proprietary complex pattern-recognition algorithms. These algorithms are composed
of two components: "activity classification" and "energy expenditure estimation"
(SenseWear® Pro analysis software, version 8.0, algorithm v.5.2, © 2001-2013 Body
Media, Inc.). An estimated basal resting metabolic rate was added to the measured
energy expenditure (MEE) to determine the total energy expenditure (TEE). The
measured energy expenditure estimates were then converted to METs, calculated as
the ratio of the work metabolic rate (kcal-h™'-kg™) to a resting metabolic rate
(kcal-h™'-kg™")*2. Subsequently, physical activity-associated energy expenditure, or
active energy expenditure (AEE), was computed for any physical activity above three
METs. Similarly, the total physical activity duration can be categorized by intensity
into light, moderate, vigorous, and very vigorous physical activities. The threshold
settings for the different activity levels are predefined in the software but can be
changed if required. Additionally, the percentage of time spent on various intensities
of physical activity was computed. In the three current papers, the original predefined
setting was applied in accordance with the Sedentary Behaviour Research Network
(SBRN) consensus and American College of Sports Medicine (ACSM)

333334 In other words, activity was classified as light when the level of

guidelines
metabolic equivalents (MET's) was >1.5, moderate at >3.0, and vigorous at >6.0.
According to the literature and international recommendations for physical activity,
moderate and vigorous activities were computed as one compound variable,

summarizing all activities >3.0 METs?3%3%,
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3.3.4 Sleep measurements

Although the performance of the SenseWear® actigraph as a sleep measurement
device during gestation has not been compared to other methods or devices, this
actigraph has been recommended for sleep measurements by the manufacturer
BodyMedia®?’. It has also been validated for measuring sleep in various non-clinical
and clinical settings, such as sleep measurements in obstructive sleep apnea and
measurements under different ambient temperature conditions. These validations
resulted in an acceptable agreement compared with polysomnography (PSG) and
other actigraphy devices?”-33¥. Additionally, several studies have used other
actigraphs for objective sleep measurements during pregnancy?®°, and more recently,

there has been an agreement study comparing the results of actigraphy with PSG**.

3.4 Imaging

After the detection of fetal echoes at 14 gestational weeks (MA) in 1958 340, static
ultrasound scanners have become widely used in obstetrics and gynecology.

Although it is possible to detect the gestational sac as early as four weeks and one day
through transvaginal high-resolution ultrasound (7.5 MHz)!'%, the gestational sac is

341 Ultrasound

typically detected today between four and a half and five weeks
implicates almost no risk to the fetus, is reliable, and is widely available as a standard

diagnostic tool in obstetrics and gynecology+>=34.

3.4.1 Embryonic and fetal measurements with ultrasound

In the present study the crown-rump-length and Y'S size were examined by seven
obstetricians and one certified midwife using a transvaginal ultrasound transducer, 6—
12 MHz, Voluson Expert ES; (GE Medical Systems, Kretz Ultrasound, Zipf, Austria).
The results were plotted using SPSS (version 24, Armonk, NY, USA) and R
(Foundation for Statistical Computing, version 4.1, Vienna, Austria). The transducer
output power was set to be low, with a maximum thermal index (TI) below 1.0 343,

and the viability of the embryo was ensured’*.
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Yolk sac

The YS size was determined by taking the average of two perpendicular diameters,
using an outer-to-outer wall caliper placement, and measured thrice (for a total of six
diameters)'3!. The YS growth rate was calculated as the difference in YS size
between the measurements at weeks 7 and 10 and divided by the number of days

between the two measurements (Fig. 25).

Fig. 25 Caliper placement during the yolk sac measurement

Intra- and inter-observer variability of the yolk sac measurements

In 2023, we expanded our study to calculate the intra- and inter-observer variability
of YS size measurements using prospectively collected data from the CONIMPREG
cohort. Ultrasound loops, including images of the embryonic YS, were generated for
19 pregnancies and stored in the local archive of the machine. These loops were
created at either week 7 or week 10. Subsequently, all seven ultrasound operators
were instructed to select the best YS image from this sequence. YS size was then
determined according to the previously described method. Finally, the measurement

was repeated at least one day later to assess intra-observer variability.

Embryo or fetus

The CRL was determined by averaging three measurements, specifically the distance
in millimeters between the calipers placed at the outer side of the crown and the rump

of the embryo (Fig. 26).



86

Because it aligns with our local clinical practice and because the original formula by

349

Robinson and Fleming is still ranked among the best four’*’, we used this formula to

determine or confirm the gestational age. The intra- and inter-observer variability for
CRL measurements using high-resolution transvaginal ultrasound has been reported

earlier, with low variability and good agreement between the two observers®+.

Fig. 26 Caliper placement for the Crown-Rump Length (CRL)

3.5 Statistics

General

Statistical analyses were performed using the R software (version 4.1, Vienna,
Austria), RStudio software (Boston, MA, USA), and IBM SPSS (version 24,
Armonk, NY, USA). Descriptive statistics were used to describe the cohort
characteristics. The medians with interquartile ranges and means with standard
deviations, including the 95% confidence interval, were calculated for continuous
measurements. The minimum and maximum values were also reported for continuous
variables, whereas frequencies and proportions were used for categorical variables.
The Akaike information criterion was used to evaluate the model fit and to compare
different regression models. Differences in model performance were tested using an
analysis of variance. Linearity assumptions and the normal distribution of residuals

were assessed, and calculations were conducted with and without outliers (>2SD).
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The variance inflation factor was calculated to identify potential multicollinearity

issues. A significance threshold of p < 0.05 was applied to all statistical analyses.

Paper |

Before the main analyses, a power analysis was conducted using a paired design with
n=113 participants, accounting for similar variability as reported in previous
studies?®0-26433 With a statistical power of 0.8, we were able to detect a mean
difference of 15 minutes in the total daily sleep duration between the two trimesters.
Random intercept models were used to analyze serial measurements of average daily
sleep duration (TST) and maternal physical activity duration (PAD). The three
pregnancy trimesters were treated as time categories and included as fixed effects in
the models using measurements prior to pregnancy as the reference. Regression
models were adjusted for age, parity, height, lean body mass, and fat percentage. The
inclusion of a random slope by pregnancy trimester was also examined to determine
its effect on the model. Subanalyses were performed using paired and unpaired

Student's t-tests or nonparametric tests.

Papers lI-lll

Ordinary least square linear regression (OLS) was used to analyze the association
between YS size and maternal sleep duration (Paper II), as well as the duration of all
physical activity levels (Paper III) before pregnancy and at the end of the first
trimester (week 13). Regression models were fitted with and without stratification by
fetal sex. In Paper 11, stratification into sleep duration quartiles was conducted.
Additionally, the interaction terms (fetal sex : maternal sleep) and (fetal sex : physical
activity) were added to the respective OLS models. These were used to assess the
effect of fetal sex on the relationship between sleep and Y'S size (Paper I1) as well as
the relationship between activity and Y'S size (Paper I1I). Results from OLS
regressions were compared with those from quantile regressions, iterated reweighted
least squares regressions, and heteroskedastic methods. When the analysis involved
serial measurements, such as two YS measurements and two or three CRL

measurements, random intercept models were used.
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In the subanalysis of the main findings, the YS diameter was replaced with the YS Z-
score calculated using multilevel growth models. The original OLS models for sleep
(Paper II) and physical activity (Paper III) effects were also controlled for the GA.
Maternal age, parity, and body composition parameters (height, weight, body mass
index, lean body mass, and body fat percentage) were individually added to the
primary model to assess their impact on the association.

In Paper 11, stratification by the time of inclusion was performed, and the regression
model was adjusted accordingly. Furthermore, regression analyses were conducted
both with and without participants who experienced complications, such as
hypertensive complications, gestational diabetes, preterm birth, and low five-minute
Apgar scores. Intra- and inter-observer variability assessments, along with the
calculation of the associated standard error of measurement (SEM-intra-observer and
SEM-inter-observer), as well as the minimum detectable difference, were performed
using a two-way analysis of variance (ANOVA) method, as outlined by Popovi¢ and
Thomas®°. The necessary variances were either derived directly or indirectly from
the variances expressed as multiple squares for various factors in the model,
including the observer, subject, interaction between the observer and subject, and

residual variation.
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4. Main results

Paper |

During the assigned period, 123 of 249 eligible participants conceived with a
successful pregnancy and were included in the present study (Paper I; p. 92, Fig.2).
At the time of inclusion, participants were aged between 20 and 35 years (mean 28.9
years SD 3.3). Their height ranged from 149 to 185 cm (mean 167.9 cm SD 6.5), and
their weight varied between 47.1 and 89.8 kg (mean 64.7 kg SD 8.4). Their lean body
mass was between 36.0 and 54.9 kg (mean 45.5 kg SD 3.7), and their body fat
percentage ranged from 15.9% to 41.9% (mean 29.1% SD 5.5). Most of these women
expected either their first (48.8%) or second (41.5%) child. Based on a non-validated
questionnaire, the majority (43.9%) exercised twice a week at the start of the study.
Meanwhile, 26.8% reported exercising three or more times per week, and an equal
proportion considered walking effortlessly as their sole exercise. Only a small

percentage (2.3%) of participants reported no prior training habits.

Sleep and physical activity duration

During actigraphy, 94.1% of days were successfully recorded. The mean duration per
recording was 3.6 days (95%CI [3.56-3.69]). Variations in daily sleep and physical
activity durations were substantial (Fig. 27).

Before conception the + 2 SD sleep-range was 307-523 min and + 2 SD physical
activity ranged between 119.7 and 607.7 min. While sleep variation was even higher
from the end of the first trimester, compared to pregestational levels, physical activity

variation declined and remained lower throughout pregnancy.
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Fig. 27 (A) Variation in daily sleep duration and (B) physical activity duration in serial measurements of 123 women

from before conception to the end of pregnancy. Material from: Vietheer A et al., Sleep and physical activity from before

conception to the end of pregnancy in healthy women: A longitudinal actigraphy study, Sleep Medicine 2021, Elsevier

Science’®* with permission. © Elsevier Science and Technology Journals.

Sleep

The unadjusted daily sleep duration increased by 10.3% (42.7 min) from before
conception to the end of the 1st trimester, reaching a peak. Throughout the remainder
of the pregnancy (2nd and 3rd trimesters), the duration remained consistently high.
After adjusting for maternal age, parity, and body composition factors, the same
pattern was observed (Fig. 28).

Sleep efficiency tended to decrease slightly. The unadjusted and unadjusted means
for all four measurements (preconception, 1st, 2nd, and 3rd trimester) of daily sleep
duration as well as sleep efficiency, including their SD and 95% ClI, are reported in
Table 3. In the multivariate regression model, total daily sleep duration was
significantly associated with age, parity, lean body mass, and pregestational body fat

percentage (Paper I; Appendix B).
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Table 3 Unadjusted mean + standard deviation (SD) of total daily sleep time, sleep efficiency, total daily physical activity, light
physical activity, and vigorous-moderate physical activity duration in minutes (i.e., before conception and in each trimester).
Adjusted mean (adj. mean) and adjusted 95% confidence interval (adj. 95%CTI) were calculated for the main outcomes (total
sleep time and total daily physical activity duration). Adjustments in the regression model were made based on cohort medians
for age, parity, and body composition parameters (i.e., for a 29-year-old nulliparous woman with a height of 167 cm, lean body

mass of 45 kg, and body fat 30%).

Time point n Mean + SD Range adj. mean adj. 95%CI

Daily total sleep time, min

Before conception 117 4153+54.0 | (269.8-542.0) 429.1 (414.5-443.7)
1st trimester 117 458.0£68.8 | (280.7-709.3) 471.6 (457.0-486.2)
2nd trimester 115 450.9+68.2 | (253.2-714.7) 463.4 (448.7-478.1)
3rd trimester 113 446.1+70.4 | (184.7-636.8) 459.8 (444.9-474.6)

Daily sleep efficiency, %

Before conception 117 82.71+6.34 | (64.87-94.30) 88.69 (61.22-116.15)
1st trimester 117 81.17+6.51 | (61.49-95.23) 87.29 (59.83-114.75)
2nd trimester 115 82.44+7.07 | (52.62-96.41) 88.44 (61.0-115.89)
3rd trimester 113 79.73+£8.31 | (50.23-95.61) 85.55 (58.09-113.01)

Daily total physical activity duration, min

Before conception 117 363.7+122.0 | (119.0-829.5) 331.7 (307.6-355.8)
1st trimester 117 262.1+108.7 (7.3-568.5) 231.6 (207.4-255.7)
2nd trimester 115 250.6 +114.2 (17.8-772.0) 218.9 (194.6-243.2)
3rd trimester 113 214.8+954 | (38.2-509.0) 179.1 (154.7-203.6)

Daily light activity duration, min

Before conception 117 267.2 £90.6 (94.3-530.8)
1st trimester 117 207.7+87.0 (7.2-436.0)
2nd trimester 115 197.5 £ 86.6 (18.2-448.0)
3rd trimester 113 172.7+81.0 (33.2-439.0)

Daily vigorous or moderate activity duration, min

Before conception 117 98.6 + 58.4 (17.2-356.2)
Ist trimester 117 56.4+37.5 (0.0-218.8)
2nd trimester 115 543+£479 (0.0-324.0)

3rd trimester 113 43.5+£29.2 (0.0-123.8)
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Fig. 28 Changes in mean total sleep time (TST) and total physical activity duration (PAD, min/24 h) in the first, second,
and third trimesters of pregnancy over pregestational levels (set to zero in this graph). Data are mean and standard
deviation values for the increases in sleep duration (TST) and decreases in total physical activity duration (PAD) relative to
pregestational levels, adjusted for maternal age before conception, parity, height, lean body mass, and body fat percentage.

Material from: Vietheer A et al., Sleep and physical activity from before conception to the end of pregnancy in healthy women:

4

A longitudinal actigraphy study, Sleep Medicine 2021, Elsevier Science®®* with permission. © Elsevier Science and

Technology Journals.
Physical activity

The unadjusted mean PAD before conception was 363.7 min, decreasing sharply to
262.1 min in the first trimester and gradually thereafter (Table 3).

Adjustment for maternal age, parity, and body composition parameters did not alter
this pattern, resulting in a similar reduction in daily physical activity duration
compared to pre-conception measurements in the 1st (30.2%), 2nd (34.0%), and 3rd
trimester (46.0%) (Fig. 28).

Vigorous and moderate activities decreased more than light activity (Table 3).
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Similar to daily sleep duration, physical activity was associated with age, parity, and
pregestational body fat percentage. However, the relationship with lean body mass
was not significant (Paper I; Appendix C).

Subanalyses examining the effect of seasonal or weekday variations on sleep and
physical activity measurements revealed that despite seasonal variations in physical

activity before pregnancy, there was no confounding (Paper I; Appendices E and F).

Paper ll

Body composition and actigraphy sleep measurements were performed in 436
women. Of these, 190 women with a regular menstrual cycle (median, 28 days;
range, 24-35 days; IQR, 1 day) had successful pregnancies, resulting in live births

(Fig. 23). Descriptive statistics of the maternal characteristics are provided in Table a.

Table 4 Descriptive statistics of the participants are presented as mean, standard deviation (SD), range (Min, Max), and

interquartile range (IQR).

n=190 (no missing) Frequency | Mean | SD Min | Max IQR

Age (years) 29.0 3.1 20.0 35.0 (27-31)
Height (cm) 167.7 6.2 | 149.0 | 185.0 | (164-172)
Weight (kg) 64.7 83| 47.1 89.8 | (58.9-71.2)
BMI 23.0 2.6 17.8 | 299 | (21-24.8)
Lean body mass (kg) 45.7 3.8 36.0 55.6 | (43.0-48)
Body fat (%) 28.8 5.5 159 419 | (25-32.9)
Cycle length (days) 28.5 1.7 24 35 (28-29)
Parity
-0 89 (46.8%)
-1 79 (41.6%)
->2 22 (11.6%)
Training efforts*
- None 3 (1.6%)

- Effortless
walking

- <3 times-week™! 90 (47.4%)
- >3 times-week™! 51 (26.8%)

46 (24.2%)

The majority conceived within the two first menstrual cycles, and the median time

from the first sleep recording before pregnancy to the estimated day of conception
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(i.e., 14 days after LMP) was 36 days (IQR, 10-75). The median pregnancy length
was 281 days (IQR, 12 days) by LMP or 278.5 days (IQR, 11.8 days) based on
embryonic CRL*!. Maternal or fetal complications during pregnancy, such as
gestational hypertension (3.2%), gestational diabetes (3.7%), preterm birth (3.2 %),
and five-minutes Apgar score less than seven (1.1%), were rare (Paper II; p.4,

Table 2).

Using actigraphy, over 92% of all recorded days met our reliability standards,
resulting in no participant being excluded from the analysis. With significant
individual variation, sleep duration was 38 min shorter before pregnancy than at the
end of the first trimester (95%CI [28.6-47.2], P <0.01) (Paper II; p. 5, Table 3).
However, the total length of actigraphy and the frequency of recorded weekend days
did not differ between measurements.

From ultrasound assessments (at weeks 7 and 10), 358 YS measurements were
obtained. The 7, 10, and 13-week assessments provided 559 CRL measurements.
Both sets of measurements exhibited typical growth patterns (Fig. 29). An overview,
with average values specific for fetal sex and gestational age, SD, and 95% CI for

each measurement point, is shown in Table 5.
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Fig. 29 (A) First (n =180) and second (n = 175) yolk sac measurements, and (B) the three serial Crown-Rump Length
(CRL) measurements (n =171, 173, and 164), presented with the predicted mean (mixed model with random intercept)
and 95% prediction band. The gestational age was determined based on the last menstrual period. Material adapted

from: Vietheer A et al., Effect of maternal sleep on embryonic development, Scientific Reports 2022, Nature’® with

permission. © Elsevier Science and Technology Journals.
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Table 5 Summary statistics of the ultrasound data of 190 low-risk pregnancies presented with subgroups (male and female),
number of measurements (), mean, standard deviation (SD), 95% confidence interval of the mean (95% CI), and p-value for

the between-group tests. Gestational age was based on last menstrual period.

Term Sex| n |Mean| SD 95% CI *p-value
1st measurement, gestational age (weeks) All | 180 76| 07| (7.5-7.7)
g 8| 75| 05| (7.4-1.6) 0.08
Q 91 771 09| (7.5-7.8)
Yolk sac diameter (mm) All | 180| 4.7 0.6 | (4.7-4.8)
) 89| 47| 06| (4.64.98) 0.39
Q 91 48| 06| (4749
Crown-rump-length (mm) All | 186| 114 3.8 | (10.8-11.9)

g 93| 109| 3.6 (10.2-11.6) 0.09
Q 93| 119 40| (11-12.7)

2nd measurement, gestational age (weeks) |All | 178 | 10.6| 0.8 | (10.5-10.7)
ag 87| 10.6| 0.7 | (10.5-10.8) 0.65
Q 91| 10.7| 09| (10.5-10.9)

Yolk sac diameter (mm) All | 178 59 09| (5.8-6.0)
) 87| 59| 08| (57-6.1) 0.99
Q 91 5.9 1.0| (5.7-6.1)
Crown-rump-length (mm) All | 187 | 378 6.9 | (36.8-38.8)

c 93| 37.6| 63| (36.3-38.9) 0.71
Q 941 38.0| 7.5| (36.5-39.5)
1st — to — 2nd measurement, All 170 | 0.38 | 0.33 | (0.33-0.43)

yolk sac growth rate (mm-week’!-h!) | o 81| 0.37| 0.29 | (0.30-0.43) 0.67
Q 89| 0.39| 0.36| (0.32-0.46)
3rd measurement, gestational age (weeks) All | 185| 13.6| 0.8]| (13.5-13.7)
g 93| 13.6| 0.9 (13.4-13.7) 0.41
Q 92| 13.7| 0.8 (13.5-13.8)
Crown-rump-length (mm) All 186 | 76.4 8.1 | (75.2-77.6)
c 92| 772| 82| (75.5-78.9) 0.18
Q 94| 75.6| 8.1 | (74.0-71.3)

* Unpaired #-test was conducted for the yolk sac and crown-rump-length (CRL) data, and Mann-Whitney U test

(Wilcoxon rank-sum test) for the gestational age data.
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Maternal sleep and yolk sac size

At the initial measurement (week 7), the YS size decreased by 0.12 mm for every
additional hour of preconception sleep (95% CI [0.22-0.03], p=0.01). With the
average sleep duration, this reduction equated to 11.3%. After sex stratification, this
association was not observed in female embryos. However, in male embryos, this
reduction nearly doubled to 20.7% (0.22; 95% CI [0.35-0.09], p<0.01).

No association was found between the preconception sleep duration and the second
Y'S measurement at 10 weeks (Fig. 30 A).

Notably, the pattern above—i.e., sleep-YS association dependent on gestational age
and embryonic sex—was still traceable in the association of YS size with sleep
duration at 13 weeks (Fig. 30 B) and remained consistent across the Y'S percentiles.
(Linear regression results are provided in Paper II; p.6, Table 5, and results from

quantile regression in Paper II; Supplementary Fig. S3)

Influence of other maternal characteristics and variations of gestational age
Overall, preconception maternal body size (weight and height) and body composition
parameters (specifically, body fat percentage and lean body mass) were not
associated with YS size at 7 and 10 weeks of gestation, as shown in Table 6. In
subanalyses that accounted for these factors in regression models assessing the
association between maternal sleep and Y size, the results remained substantially

unchanged (Paper II; Supplementary Tables S4 and S5).
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according to embryonic sex. Material adapted from: Vietheer A et al., Effect of maternal sleep on embryonic development,

Scientific Reports (2022)*%, Springer Nature. © The authors.
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Table 6 Estimated yolk sac size in mm by prepregnant metrics of maternal size and body composition: Ungrouped (all) or stratified
by fetal sex (male, female), modeled using ordinary least square regression—degrees of freedom (DF); unstandardized regression

coefficient (Effect); adjusted R squared (adj.R2); 95% confidence interval (95% CI); AIC (Akaike information criterion), p-value.

Term ‘ Sex ‘ DF ‘ Effect ‘ SD ‘ 95% CI ‘ adj.R2 ‘ AIC ‘ p-value

Height on yolk sac size (mm-1cm™)

1st measurement All 178 0.007| 0.007| (-0.007-0.021) 0.000 | 319.53 0.32
°) 87 0.017| 0.009 | (-0.001-0.034) 0.027 | 152.13 0.07
Q 89 -0.004| 0.011] (-0.026-0.017) -0.009 | 169.73 0.69
2nd measurement 176 0.000| 0.011| (-0.022-0.023) -0.006 | 479.11 0.98
g 85 -0.005| 0.014| (-0.034-0.023) -0.010 | 222.63 0.72
@ 89 0.007| 0.018 | (-0.029-0.042) -0.010 | 260.17 0.71

Weight on yolk sac size (mm-1kg™)

1st measurement All 178 0.001| 0.005| (-0.009-0.011) -0.005 | 320.49 0.84
) 87 0.009 | 0.007 | (-0.006-0.023) 0.006 | 154.06 0.23
Q 89 -0.006 | 0.007| (-0.020-0.009) -0.004 | 169.24 0.43
2nd measurement All 176 -0.003 | 0.008| (-0.020-0.013) -0.005 | 478.94 0.69
ag 85 0.012| 0.012| (-0.011-0.035) 0.001 | 221.68 0.31
Q 89 -0.016| 0.012] (-0.040-0.008) 0.008 | 258.54 0.19

Body fat percent (BFP) on yolk sac size (mm-1%")

1st measurement All 178 -0.007 | 0.008| (-0.022-0.009) -0.001 | 319.74 0.38
a 87 -0.003 | 0.011] (-0.025-0.019) -0.011 | 155.50 0.79
Q 89 -0.011| 0.011| (-0.033-0.011) -0.001 | 168.94 0.34
2nd measurement All 176 -0.010| 0.013]| (-0.035-0.015) -0.002 | 478.54 0.45
ag 85 0.022| 0.017 | (-0.012-0.055) 0.008 | 221.06 0.20
Q 89 -0.038 | 0.018 | (-0.075-0.002) 0.035 | 256.04 0.04

Lean body mass on yolk sac size (mm-1kg™)

1st measurement All 178 0.013| 0.011| (-0.009-0.036) 0.002 | 319.16 0.25
a 87 0.031| 0.015| (0.001-0.062) 0.035 | 151.39 0.04
Q 89 -0.005| 0.017 | (-0.039-0.029) -0.010 | 169.82 0.79
2nd measurement All 176 0.002| 0.019 (-0.035-0.039) -0.006 | 479.10 0.92
a 85 0.009| 0.025| (-0.041-0.059) -0.010 | 222.63 0.72

Q 89 -0.005| 0.028 | (-0.060-0.051) -0.011 | 260.29 0.87
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Influence on yolk sac growth-rate
We did not find a significant influence of daily maternal sleep duration on the
average YS growth rate (mm/week-h™') between the two YS measurements at weeks

7 and 10 (Paper II; Supplementary Table S3).

Maternal sleep and embryonic size

In week 7, embryonic CRL decreased with increased prepregnant sleep duration,
particularly in males. The effect size was 33% larger (-0.92 mm-h-1-d-1; 95% CI
[-1.77 to -0.08]) after sex stratification, a pattern that was similar to the sleep effects
on the YS. By week 13, however, sleep duration lacked significant ties to the CRL,
even after sex-stratification. Adjustments for maternal age, parity, and body

composition did not significantly alter these findings (Paper II; p.6, Table 6).

Paper lll

The study population, YS measurements, and actigraphy recording times were
consistent with those reported in Paper II.

The repeatability and reproducibility of YS size measurements obtained through
transvaginal ultrasound were determined using an additional set of 266
measurements. These were conducted by the seven ultrasound operators from the
CONIMPREG study, with each operator contributing to 38 measurements (19x2)
(Table 7).

Table 7 Repeatability and reproducibility of yolk sac measurements (transvaginal ultrasound).

Observer Value (%) Standard error Minimum

variability of measurements detectable
(mm) difference (mm)

Intra-observer 0.08 0.029 0.08

variability

Inter-observer 0.09 0.030

variability
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Physical activity

Daily physical activity duration was 5h and 55 min before conception (95% CI

[5h 37 min—6h 13 min]) and 1h 36min shorter at the end of the first trimester

(95% CI [1h 19 min—1h 55 min)) (Paper 11I; Table 2 and Supplementary Fig. S1).
This pattern was similar for different activity intensities (light and moderate-vigorous

activity) (Paper 111, Table 2).

Effect of daily physical activity duration on yolk sac size

When considering both YS measurements (#=355) without adjusting for gestational
age (GA) and fetal sex, both prepregnant maternal physical activity and 13 weeks'
gestation maternal physical activity (at the end of the first trimester) did not
significantly influence the YS size—preconception maternal activity: 95% CI
[-0.006-0.079 mm-h™']; 13 weeks' maternal physical activity: 95% CI [-0.049—

0.05 mm-h']. In the following analysis, stratifying YS size by gestational age (i.c., by
the measurements at 7 and 10 weeks' gestation), the influence on YS size did not
reach the level of statistical significance either (Table 8; term "all").

However, the stratified analysis, accounting for both gestational age and sex, revealed
that in males, the average amount of daily preconception activity was associated with
a 10% larger Y'S at 7 weeks (0.08 mm-h-1; 95% CI [0.02—0.13]), and a smaller Y'S at
10 weeks. Conversely, in female embryos, the YS increased at 10 weeks
(0.16mm-h!; 95% CI [0.06-0.26]), and was 24% larger at average maternal physical
activity duration compared to males (Table 8, term "Male.PAD" and Paper III;
Supplementary Fig.4)

The activity duration recorded at 13 weeks was similarly linked to the YS size
measured at weeks 7 and 10 (Fig. 31).

In the subanalysis, we adjusted the analysis for maternal age, parity, and body
composition, as well as gestational age and gestational age-adjusted YS Z-scores.
Additionally, we stratified by time of inclusion due to the long study period and
repeated the analysis after excluding the few women with pregnancy complications
(for each complication < 4%). None of these measures altered the conclusions (Paper

11I; Supplementary Tables S2-S8).
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Table 8 Estimated yolk sac diameter at gestational week 7 (upper half) and week 10 (lower half) by daily prepregnant
maternal physical activity duration and physical activity duration at the end of the first trimester (week 13): Ungrouped (all),

grouped according to fetal sex (male, female), or by the interaction term male embryo and prepregnant maternal physical
activity duration (Male:PAD). Modeled using ordinary least square regression—degrees of freedom (DF); unstandardized
regression coefticient (Effect); adjusted R-squared (adj.R2); 95% confidence interval (95% CI); AIC (Akaike information

criterion, p-value).

Term ‘ DF ‘ Effect 95% CI ‘ adj.r2 ‘ AIC ‘ p-value
Yolk sac at week 7 by prepregnant daily physical activity duration
All 165 | 0.04 mm-h' | (-0.00-0.08) 0.014 295.2 0.07
Male 82| 0.08mm-'h!| (0.02-0.13) 0.077 137.2 <0.01
Female 81 0.00 mm-h! | (-0.06-0.07) -0.012 158.7 0.93
Male:PAD 163 | 0.07mm-h! | (-0.01-0.16) 0.024 295.4 0.09
Yolk sac at week 7 by the end of 1st trimesters’ daily physical activity duration
All 167 | 0.02mm-h! | (-0.03-0.07) -0.002 301.9 0.47
Male 83| 0.04mmh!| (-0.04-0.11) -0.000 146.0 0.34
Female 82| 0.0l mmh'| (-0.07-0.08) -0.011 159.8 0.88

Yolk sac at week 10 by prepregnant daily physical activity duration

All 164 0.03 mm-h! | (-0.04-0.09) -0.002 446.1 0.42
Male 81 | -0.09 mm-h'! | (-0.18 to -0.00) 0.038 209.8 0.04
Female 81 0.16 mm-h! (0.06-0.26) 0.094 2279 <0.01

Male:PAD 162 | -0.24 mm-h! | (-0.38 t0 -0.12) 0.064 436.7 <0.01

Yolk sac at week 10 by the end of Ist trimesters’ daily physical activity duration
All 166 | -0.01 mm-h! | (-0.10-0.07) -0.005 451.1 0.72
Male 82 | -0.09 mm-h! | (-0.21-0.02) 0.020 214.8 0.10
Female 82| 0.05mm-h! | (-0.07-0.17) -0.003 238.1 0.41
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Fig. 31 Effect of total daily activity duration (TPAD) on yolk sac size at 7 and 10 weeks in male (A-D) and female embryos
(E-H). Activity recordings before pregnancy are shown in the left half (A), (B), (E), and (F), and at week 13 in the right half

(C), (D), (G), and (H). Presented with regression lines and its 95% confidence intervals and grouped according to embryonic

sex: male (blue) and female (red). Material adapted from Vietheer et al., Scientific Reports (2023), Springer Nature. © The

authors.
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Effect of maternal physical activity on yolk sac growth (mm-week!-h™)
The average growth rate of YSs between the two measurements (at 7 and 10 weeks)

demonstrated large individual variations (Fig. 32).

Yolk sac size (mm)
o

8 10 12 14
Gestational age (weeks)

Fig. 32 Line plot demonstrating variation in yolk sac growth between the two measurements. Gestational age (GA) is based
on menstrual age. (No line but sole points when only one measurement was available; Participant-id 370 is not part of that plot
as menstrual age of the second measurement was an outlier beyond 14 gestational weeks.) Material adapted from Vietheer et al.,

Scientific Reports (2023), Springer Nature. © The authors.

In both male and female embryos, the recorded maternal physical activity before
pregnancy was associated with variation in YS growth (mm-week!-h!) but differed
between the sexes. In contrast to male embryos, where YS growth was slower at

longer activity durations, females showed faster growth between 7 and 10 weeks

(p<0.001) (Table 9 and Fig. 33).
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Table 9 Estimated Yolk sac growth rate (mm-week-h’) by total daily physical activity duration (TPAD) before
pregnancy and at the end of the first trimester (week 13): Ungrouped (all), grouped according to fetal sex (male, female), or
by the interaction term male sex and TPAD (Male:TPAD). Modeled using ordinary least square regression—degrees of
freedom (DF); unstandardized regression coefficient (Effect); adjusted R squared (adj.R2); 95% confidence interval (95% CI);

Akaike information criterion (AIC), p-value.

Model ’ DF ‘ Effect 95% CI adj.R2 ‘ AIC ‘ p-value
Yolk sac growth rate by physical activity duration before pregnancy

All 156 -0.00 mm-week!-h! (-0.03-0.02) -0.006 103.3 0.77

Male 75 -0.05 mm-week!'-h! (-0.08 to -0.02) 0.126 264 | <0.01

Female 79 0.05 mm-week!-h! (0.01-0.09) 0.064 62.4 0.01

Male:TPAD 154 -0.1 mm-week!-h"! (-0.15 to -0.05) 0.084 90.5 | <0.01

Yolk sac growth rate by physical activity duration at the end of first trimester

All 158 -0.01 mm-week!-h’! (-0.04-0.02) -0.004 96.2 0.53
Male 76 -0.03 mm-week!-h’! (-0.07-0.01) 0.021 34.6 0.11
Female 80 0.01 mm-week!-h’! (-0.03-0.05) -0.010 63.3 0.66
Male:TPAD 156 -0.04 mm-week!h’! (-0.10-0.02) -0.003 98.1 0.15

B=-0.1, 95% ClI (-0,15; -0,05)
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Fig. 33 Effect of preconception maternal physical activity on the growth rate of the yolk sac between weeks 7 and 10:

regression lines with 95% confident bands according to embryonic sex.
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Effect of maternal physical activity intensity on yolk sac size

Analysis of the association between subcategories of physical activity (light vs.

moderate-vigorous) and Y size showed effects similar to those observed for total

physical activity duration (Fig. 34).

A Embryonic sex and activity intensity-level:

recorded before pregnancy
Yolk sac (male) ~ Total activity
Yolk sac (male) ~ Moderate/vigorous activity
Yolk sac (male) ~ Light activity
Yolk sac (female) ~ Total activity
Yolk sac (female) ~ Moderate/vigorous activity
Yolk sac (female) ~ Light activity
Yolk sac (all) ~ Total activity
Yolk sac (all) ~ Moderate/vigorous activity

Yolk sac (all) ~ Light activity

Yolk sac at 7 weeks Yolk sac at 10 weeks
— . —
—t— e

B Embryonic sex and activity intensity-level:

recorded end of 1st trimester
Yolk sac (male) ~ Total activity
Yolk sac (male) ~ Moderate/vigorous activity
Yolk sac (male) ~ Light activity
Yolk sac (female) ~ Total activity
Yolk sac (female) ~ Moderate/vigorous activity
Yolk sac (female) ~ Light activity
Yolk sac (all) ~ Total activity
Yolk sac (all) ~ Moderate/vigorous activity

Yolk sac (all) ~ Light activity

L
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Fig. 34 Forest plot showing the effect of physical activity intensity on yolk sac size according to embryonic sex and the

time of actigraphy recording: (A) before pregnancy and (B) at the end of the Ist trimester. The coefficients are presented

with 95% confidence intervals. Material adapted from Vietheer et al., Scientific Reports (2023), Springer Nature. © The

authors.
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5. Discussion

This study revealed significant variations in maternal sleep and physical activity
durations from preconception to the end of the first trimester (Paper I) and examined
their associations with embryonic development in a cohort of healthy women (Papers
II-I1II). Specifically, the data suggest that both sleep duration and physical activity,
particularly prior to conception, interact in a factor-specific manner and are
dependent on the sex of the embryo. These interactions have measurable effects on
developmental sequences at weeks 7 and 10 of menstrual age. Maternal body
composition did not appear to have a significant effect at these time points. Because
the data were derived from a healthy cohort, the observed age- and sex-dependent
changes were considered to be physiological. Possible biological mechanisms will be

discussed subsequently, along with the specific findings in Papers I-II1.

5.1 Discussion of the main results papers (I-lII)

Paper |

The initial paper served as the foundational basis for the two subsequent studies, as it
was essential to quantify both the duration and quality or intensity of sleep and
physical activity to assess their effects on pregnancy. The assessment started before
pregnancy, which is particularly important when studying early developmental
structures such as the human Y'S and embryo.

Consequently, the large variation in sleep and activity duration among participants
(Fig. 27), along with the significant differences observed in our longitudinal
measurements from preconception to the end of the first trimester, appeared
promising with regard to the measurable effects on early development.

287,292,335,355\ere consistent

Sleep patterns 236:262.264.352-354 gn{ activity duration patterns
with previously reported actigraphy measurements during pregnancy, thereby

corroborating the validity of our measurements.
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However, the large number of participants and unique design of the present study,
which started as early as preconception, enabled us to report machine-recorded
longitudinal changes in both sleep and physical activity from before pregnancy and
through each trimester (Fig. 28). Comparing the present results with data from sleep
studies using other methods, such as questionnaires®*® or polysomnography?260-35,
generally showed similar patterns, although the absolute numbers could differ. Here,
it is important to be aware of study population, cultural, and working life differences,
as well as methodological differences, such as the mode of sleep recording and sleep
determination—sleep duration in absolute numbers measured by actigraphy is for
example not the exactly the same as sleep duration determined by polysomnography
or questionnaires, though correlation is high?33-237:329.339357.358 However, sleep quality,
different sleep stages, or the more subjective but not less important measure of sleep
satisfaction?® are not detected by actigraphy. It is important to be aware of this when
discussing the association between sleep and embryonic development and looking for
plausible explanations.

Another reason for discrepancies regarding other measurement methods is the daily
recording time. Polysomnography studies are often not performed in a home
environment and are based on nocturnal recordings, thereby lacking daytime sleep

registration such as napping. Although napping plays an important role through

261,352,359,360 361-365

pregnancy and is associated with pregnancy outcome , it does not
necessarily affect sleep duration at night in pregnancy®>*. As such, it contributes to a
higher measurement of the daily sleep duration. Data from questionnaires or sleep
diaries that are not limited to night or laboratory recordings and correlate well in
terms of nap registration with actigraphy®*® might still be affected by potential recall
bias?’, which contributes to discrepancies in results compared to other
methods3?3%7:3%8 _also in pregnancy?*.

However, why is the total sleep duration particularly increased during the first
trimester? Sleep efficiency was reduced in the 1st and 3rd trimester, a possible sign of
lower sleep quality, supporting the results of an earlier questionnaire study?°. Sleep
quality deteriorates, particularly in the 3rd trimester due to the increased prevalence

of sleep disturbances*®. These disturbances arise from pregnancy-related maternal
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changes such as a growing uterus, musculoskeletal shifts leading to back pain,
heightened voiding frequency, and respiratory alterations. Nonetheless, significant
physiological changes—hormonal, metabolic, and cardiovascular—also occur during
the first trimester of normal pregnancy. We speculate that extended Total Sleep Time
(TST) and daytime napping are part of physiological adaptation to these factors.
Regarding maternal physical activity, we recorded in the present study not only the
total daily physical activity duration, but also determined the different intensity
levels. The previously reported shift from structured exercise to lighter activities
during pregnancy?**?°! is confirmed by the present results (Table 3).

Similar to the decreased sleep quality during pregnancy, it has been suggested that
increasing weight, cardiac load, abdominal expansion, edema, joint pain, and altered
sleep patterns impair the quality of life during pregnancy?®’ and contribute to the
altered physical activity described herein.

As the employed statistical model accounted for probable confounders (Fig. 35), it
provided insights into the cumulative effects of pregnancy-related changes in each
trimester on daily sleep and physical activity duration. These effects were found to
vary significantly with maternal factors, such as parity, age, and pregestational body
composition (Paper I; Supplementary Appendices B and D). Therefore, these factors
were also considered potential confounders during the analysis of the relationship

between sleep, physical activity, and early embryonic development (Papers II-11).
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Fig. 35 Directed acyclic graph (DAG) illustrating the basis for adjustments in our regression model, including the key
variables: pregnancy trimester (predictor), sleep or physical activity duration (outcome), as well as age, parity, body fat

percentage, lean body mass, and height (controlled covariates).

Paper i

The present study demonstrated a sex- and time-dependent relationship between pre-
conception sleep duration and human YS size as well as embryonic crown-rump
length (Fig. 30 and Paper II; p. 6, Tables 5 and 6).

Specifically, the shorter maternal sleep duration before pregnancy was associated
with a larger YS and CRL in male embryos at seven weeks of gestation. The effect on
the YS of 7-weeks (MA) embryos could be traced later in pregnancy—i.e., although
the sleep duration assessed at 13 weeks was 38 min longer, it still had a distributional
pattern that was significantly linked to Y'S size at 7 weeks.

Regarding the effect of environmental factors on Y size, there is some evidence
from animal studies supporting that environmental factors can affect the size of the
YS (e.g., temperature®®®, nutrition3**37°, and noise®’!). However, YS development

and implantation mechanisms differ among species!®*°372 making it difficult to
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extrapolate these findings to humans. Is it yet biologically plausible that sleep can
influence Y size?
The following section describes two biological models that could potentially explain

these findings: "Y'S compensation" and "ovulation-implantation bias".

Yolk sac compensation

The first model aligns with the hypothesis put forward by Karlsen et al. (2018)'3'. In
response to an exocoelomic cavity with diminished nutrient content, the YS volume
increases, which results in a compensating larger endodermal and mesothelial surface
that can provide sufficient access to nutrients, contributing to a favorable outcome
and early fetal growth, as evident in the pregnancy outcomes of this low-risk cohort
(Paper II; p. 4, Table 2 and p. 6, Table 6).

The secondary Y is directly connected to the embryonic gut and has a rich vascular
plexus, supporting the theory that the YS plays a nutritional role during early
pregnancy'’. Its absorptive role has been demonstrated, confirming that the
exocoelomic cavity and secondary YS form a transfer interface between the extra-
embryonic and embryonic compartments of the human gestational sac’. Indeed, it
has been proposed that alternative hemochorial nourishment of the embryo through
the human placenta cannot be considered effective prior to the end of the first
trimester because the intervillous space is filled with clear fluid only®”. In addition,

8990 and remain unconnectedst-s8,

spiral arteries are still blocked by trophoblast cells
This is consistent with the results of Hustin et al. (1987 and 1988)3!%, who were
unable to detect significant maternal blood flow within the placenta when they used
ultrasound Doppler before 12-weeks' gestation which has been confirmed in other
studies’”*¥74, Measurements of oxygen tension within the human placenta and
extraembryonic cavities®>#37 in vivo support this claim. It is not before 10 to 12
weeks of gestation (MA), when the oxygen tension in the placenta rises from 20
mmHg to 50 mmHg, which is, in turn, associated with changes in oxygenation at the
cellular level (i.e., increased activity of antioxidant enzymes in placental tissues)'.
Although it was initially considered that the intervillous fluid originated from plasma

filtering through the trophoblastic plugs, subsequent evidence showed that secretions

from the uterine glands fill the intervillous space up to at least the 10th week of
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gestation. This implies that these glands might play a role in producing the fluid'>. As
such, uterine glands could represent a primary source of nutritional support for the
embryo throughout the period of organ formation, which aligns with the pathway of
the majority of eutherian mammalian species's. Nutrition from histotroph that relies
on anaerobic glycolysis can satisfy the metabolic needs throughout this
developmental stage®’® and reduce the potential for DNA damage or interference with
signaling pathways caused by reactive oxygen species produced in aerobic
metabolism?”’. This is supported by studies in sheep, which demonstrated that the
growth of uterine glands plays a critical role in the likelihood of embryo survival and
implantation, as well as in initiating and sustaining pregnancy®!. Thus, the
histotrophic pathway may provide an environment that benefits the correct cell
differentiation during early development378-38,

The hypothesis of YS compensation is corroborated by studies in rodents, which
suggest that YS's histotrophic function, mediated by diet, provides a mechanism for
embryos to respond to poor nutrition, thereby protecting fetal growth and competitive
fitness!8L.

However, to serve as a plausible model for the current findings, it is also necessary to
consider how variations in sleep could affect the intrauterine environment and
potentially diminish nutrient availability in the exocoelomic cavity; for instance,
reduced maternal sleep duration may disturb nutrient secretion by the uterine glands.
Additionally, biological mechanisms that may lead to changes in the YS volume are

required.

Influence of sleep pattern on the intrauterine-environment

Evidence suggests that sleep patterns can influence female neuroendocrinology,
intrauterine environment, and reproductive outcomes®!. For example, observational
studies have reported a higher frequency of miscarriages among women working
night shifts*$23%3, Recently, a large Danish register study that included 22 744
pregnant women?* found a 32% increase in the frequency of miscarriages among
women who worked two or more night shifts per week. This link to shift work
suggests an association with circadian rhythms and their regulation of melatonin

production®*-23!, The roles of melatonin [N-acetyl-5-methoxytryptamin] in
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reproduction have gained increasing attention!?*243-384_ This small neurohormone,
secreted by the pineal gland, is amphiphilic and permeates every cell, compartment,
and body fluid*®. It plays a pivotal role in coordinating circadian and seasonal
rhythms, particularly the sleep-wake cycle**®, and is considered a molecule that dates
back to the origin of life*®’. In humans and many mammals, the suprachiasmatic
nucleus (SCN) within the hypothalamus is the primary mediator of the circadian
clock383% Tt regulates circadian physiology and behavioral rhythms, including sleep
patterns, body temperature, appetite, and neuroendocrine and autonomic functions,
and orchestrates the secretion of melatonin into the bloodstream by the pineal
gland**°. However, melatonin is also non-cyclically produced in the mitochondria of
all cell types®”!. Recent findings have suggested that melatonin plays a role in
blastocyst development and implantation!?’. Histological analysis of the endometrium
in melatonin-treated mice showed an enlarged endometrial area and increased density
of uterine glands®®*. Melatonin also appears to facilitate the interaction between
adhesion proteins on endometrial cells and blastocysts through melatonin receptors
(MT1 and MT2) present in both cell types'?!. It directly regulates several molecules
involved in uterine receptivity during implantation, including growth factors,
cytokines, lipid mediators, and transcription factors, which are also affected by

392

steroid hormones”=. At the molecular level, melatonin is postulated to regulate the

function of p53, a downstream element of MT1 and MT2 activation'?!, which is
crucial as a transcription factor and tumor suppressor, and is associated with cellular

apoptosis, cell cycle arrest, senescence, and DNA repair3?3-3%, Notably, p53 also

397

plays a significant role in reproduction, exerting sex-specific effects>’ and regulating

leukemia inhibiting factor (LIF) expression, a cytokine essential for

implantation®%3%°,
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Fig. 36 Physiological secretion of melatonin facilitates implantation. Melatonin membrane receptors (MT1 and MT2) are
present in endometrial cells and blastocysts. Melatonin signaling creates a positive feedback loop between p53, p38, and p21,
activating leukemia inhibiting factor (/if) transcription and inhibiting mucin 1 (mucl) secretion, resulting in a better interaction
between adhesion proteins at the membrane level in endometrial cells and blastocysts. In addition, HB-EGF expression is
upregulated. Reused with permission under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 4.0

International (CC BY-NC-ND 4.0). © Carlomagno et al.'*, MDPI 2018, Basel, Switzerland.

Furthermore, sleep and circadian rhythms are involved in the regulation of sex
steroids®®!, and in vivo studies in mice have shown that melatonin treatment can
increase estradiol levels, favoring implantation while simultaneously shortening the
uterine receptivity period*®.

Melatonin treatment has also improved the uterine microenvironment by promoting
the expression of antioxidant enzymes such as superoxide dismutase, glutathione, and
catalase*’!. This is significant, given that ROS can cause loss of membrane integrity
and alterations in functional structures*”?. Accordingly, multiple clinical studies have
indicated that adequate melatonin concentrations in women can enhance reproductive
processes and decrease negative events'?. In a mouse model, Asgari et al.**® showed
that melatonin treatment at the 2-cell stage resulted in a higher percentage of morula
formation, improved blastocyst development rates, and increased hatching frequency.
The treatment significantly elevated the total cell count, encompassing both the
trophectoderm and the inner cell mass. Moreover, evidence suggests that melatonin is

involved in growth metabolism, enhancing both the quality and quantity of
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developing embryos, with treated embryos showing higher implantation rates than
control embryos*®,

However, other mechanisms involving the links between insomnia, HPA-axis
activation, plasma cortisol levels***, and the association of deep sleep with human
growth hormone secretion*?>4% also have the potential to influence fertility and the
intrauterine environment**®, and may play a role in the availability of nutrients and

implantation.

Biological mechanisms that may account to changes in yolk sac volume
Regarding the potential mechanisms accounting for size changes of the YS, several
processes may be involved. These include early epigenetic regulation of cell
metaplasia, cell differentiation, hypertrophy, or hydropic degeneration within the YS
membrane. An imbalance, characterized by low antioxidant levels, may lead to
overproduction of ROS, a primary factor in oxidative stress responsible for
embryonic damage*’” through the induction of apoptosis*®®.

Alternatively, these changes may also stem from variations in mesenchymal volume
or in the number, volume, and flow of the vitelline vessels. Epigenetic programming

243-251,409 and

during the earliest stages of gestation has been associated with sleep
embryonic cellular development, including the production of immune progenitor cells
within the YS*%, Such links might represent early mechanisms that could condition
offspring health.

Additionally, mechanical changes due to smooth muscle cell contractions in the YS
membrane and extraembryonic motor activity may also play a role*!?. For example,
circadian rhythms have been shown to influence uterine contractility in humans and
other primates*''#!2, Melatonin, intricately connected to the circadian rhythm, has
been observed to have inhibitory effects on uterine contractility by modulating the
expression of smooth muscle myometrial melatonin receptors MT1 and MT24!2,

244 may be present in the

These receptors, also identified in human trophoblast cells
human YS. Furthermore, the dynamics of osmotic pressure between the chorion and

the YS cavities could be a contributing factor.
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Despite these possibilities, the exact processes leading to increased Y'S size remain
speculative, as the data presented in this study could not identify the precise

mechanisms.

Time specific influence on yolk sac size

The present findings also demonstrate a temporal and early influence on Y'S size,
observable specifically at the 7-weeks' gestation, but not at 10-weeks' gestation. This
is in line with the histotrophic nutrition of the embryo from the YS in early
pregnancy®’ and a gradual shift to hemotrophic nutrition provided by the placenta at

the end of the first trimester*>*7

when the nutritional significance of the YS is
reduced. In growth models, it has also been shown that there is a breakpoint at a CRL
of 20 mm, referring to day 46, where the growth velocity increases. It has been
suggested that this might be caused by the change from histotrophic to hemotrophic
nutrition and the initial connection to maternal circulation*'3. In addition to acting as a
source of nutrients, histotroph also contains a number of cytokines, such as TNF-o*!4,
uteroglobin*!®, epidermal growth factor, colony stimulating factor, and vascular
endothelial growth factor, which are powerful regulators of trophoblast proliferation
and migration in vitro*'%#7—as such, these factors may accelerate or increase the
remodeling of uteroplacental arteries'> and contribute to the diminished role of the
YS at an earlier stage. In contrast, in a nutrient-rich environment, the YS could have
accomplished its functional means at an earlier stage and thus proceed faster through
development, resulting in earlier involution with decreasing size. However, the lack
of placental circulation before weeks 10 to 12 could also mean that YS variation
would rather be seen at the second measurement and not as early as six—eight weeks
of gestation because the larger embryo needs more nourishment.

The observed association between compensatory enlargement of the Y'S and
embryonic CRL at week 7 (Paper II; p. 6, Table 6) might also seem to challenge the
compensatory model. If the YS compensation were entirely effective, the expectation
would be that the CRL would not be affected. However, this inconsistency may be

attributed to a delayed compensatory response from the YS.
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Owulation-implantation bias

Another model that may explain our findings involves systematic errors attributable
to variations in ovulation or implantation timing.

Errors due to ovulation timing can occur if the sleep duration affects the length of the
follicular phase. Among women with regular menstrual cycles, the follicular phase
can vary by several days (Mode = 13 + 4 days in 75% of the cases)*. If sleep patterns
influence this phase, embryonic age, which corresponds to conception (within 24h of
ovulation)*”38, would also be affected. This can lead to a systematic deviation from
MA, which assumes a standardized conception on the 14th day of the cycle. Since
both the CRL and secondary YS increase in size with embryonic age, sonographic
measurements during gestation could be skewed relative to MA. This is supported by
the inverse correlation observed between the interval from ovulation to implantation
and the first-trimester measurements of fetal CRL*'®. Consequently, the embryonic
CRL and YS diameters may appear systematically larger if ovulation occurs earlier
than day 14, or conversely, smaller if ovulation occurs after the standard estimated
day 14 (Fig. 37).

Numerous studies have elucidated the mechanisms by which alterations in sleep can
influence the menstrual cycle!?*#1°#2! and may induce early or delayed ovulation.

404,419,421

Influences on the hypothalamic-pituitary-adrenal (HPA) axis , alterations in

the secretion of luteinizing hormone (LH)**243, estradiol**!, growth hormone (GH)*®,

and other hormones38!-420-422

are implicated, as well as variations in the levels of
natural molecules such as myo-inositol and antioxidants***. For instance, melatonin
has been shown to suppress human ovulation when combined with progesterone*?.
Additionally, melatonin levels are positively correlated with follicular growth,
indicating a significant role of melatonin in the ovulation process**.

In the current study, a systematic skew in embryonic age can indeed account for the
observed correlation between sleep patterns and both YS size and CRL, but it does
not explain the lack of an association between sleep duration and the second YS

measurement. However, at later gestational ages, increased size variability due to

individual embryonic and YS growth may obscure this relationship. Additionally,
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variations in Y'S size may be accentuated by degenerative processes, which

eventually lead to dissolution by the end of the first trimester*3:148,
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Fig. 37 Ovulation- and implantation-bias. (A) Possible pathways from sleep alterations to female reproduction and timing
of ovulation and implantation during the menstrual cycle. (B) Illustration of ovulation-implantation-bias using two examples
(Ex.1 and Ex.2)—Left side, Ex.1: Sleep alterations lead to an earlier ovulation (conception) than assumed by the LMP method

(red arrow) and left side, Ex.2: Sleep alterations lead to a delayed ovulation (conception) compared to that assumed by the

LMP method. Right side, corresponding to Ex.l: Conception was earlier than that estimated using the LMP method.
Consequently, the embryo is older, and the CRL and yolk sac size are larger than expected by the LMP method at successive

sonographic measurements. Right side, corresponding to Ex.2: Conception is later than estimated by the LMP method, and

the embryo is younger with a shorter CRL and smaller yolk sac size than expected by the LMP method at successive

sonographic measurements.

Similarly, systematic skew can be attributed to the mechanisms that involve the time

of implantation. As discussed above, sleep patterns can also affect the intrauterine



119

environment (refer to "Influence of sleep pattern on the intrauterine environment")

and may thereby modify the timing of implantation.

The two suggested mechanisms, YS compensation and ovulation-implantation bias,
are based on nutrient availability and differences in ovulation and implantation
timings. However, other mechanisms could explain variations in Y'S size, such as
vascular changes or YS membrane degeneration due to metabolites. This is discussed

in conjunction with the findings presented in Paper IIL.

Paper il

While Paper II primarily assessed the effects of maternal sleep duration on embryonic
development, this study demonstrated that maternal physical activity prior to
pregnancy is associated with YS size (Table 8 and Fig. 31). The YS exhibited a
graded response under varying durations of maternal physical activity, evident across
all activity levels, including light and moderate-vigorous activities (Fig. 34).
Consistent with the previous study (Paper II), the effect was dependent on the timing
of the measurement and the sex of the embryo. However, the direction and timing of
the influence, specifically whether it was observed in the first or second YS
measurement, differed (Fig. 31). In male embryos, increased physical activity was
associated with a larger YS at the first measurement (7 weeks), while in female
embryos, a comparable response was not observed until the second measurement (10
weeks). At this stage, male and female embryos exhibited the opposite response
(Table 8, Term Male:PAD), leading to a sex-specific and inverse effect on the growth
rate of the Y'S between 7 and 10 weeks of gestation (Table 9 and Fig. 33).

Physical activity as a natural stress factor and yolk sac size
Physical activity in expectant mothers improves gestational metabolism?7%27!,
placental development?’!27627 and obstetric outcomes?’!-?7>. These responses
manifest relatively late during pregnancy compared with the developmental phase of
the Y'S. Moreover, the present yolk sac responses differed from those associated with

maternal sleep patterns reported in (Paper II). Despite these differences in timing and

response compared to preconception maternal sleep duration, the underlying
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mechanism affecting Y'S size may be analogous. Physical activity could act as a
natural stressor, prompting a physiological adaptive response in the YS—an increase
in size and, consequently, surface area to facilitate gas exchange and nutrient uptake
before the placenta has fully developed!'.

In non-pregnant individuals, exercise is known to reduce visceral blood flow to meet
the metabolic demands of working muscles*?’. Physical activity has also been
suggested to induce shear stress and intermittent fluctuations in substrate and oxygen
delivery, resulting in hypoxic strain that generates a repetitive stimulus that triggers a
fetomaternal response with increased placental vascularization?>428, These activity-
related substrates and oxygen fluctuations may also influence histotrophic nutrition in
early pregnancy stages through the vasculature and uterine glands.

However, physical activity can lead to more than just circulatory and metabolic
changes. It has also been associated with variable steroid levels in women*?. These
are recognized to affect the menstrual cycle and the timing of ovulation, as well as the
composition of the endometrium and its glands, and could play an essential role both

in the model of ovulation-implantation bias and the model of YS compensation.

Degenerative changes of the yolk sac due to intrauterine-environment
Y size has also been associated with significant degenerative changes in its wall. As
the maximum sonographic size coincides with these degenerative morphological
changes, it has been suggested that the notable increase in YS diameter observed
between nine and ten weeks of gestation is secondary to these changes'®.

147,160,430

Furthermore, pathological conditions such as miscarriage and chromosomal

anomalies'®®, have been linked to abnormal Y'S size. Specifically, a YS diameter
above or below two standard deviations according to menstrual age is a specific

predictor of miscarriage'¥-'943_ In a small study'®*

, changes in the diameter of the
secondary YS preceding miscarriage by a few days were related to abnormal heart
activity, suggesting that hypoperfusion could result in progressive loss of structure
and necrosis or edema, ultimately leading to miscarriage and cessation of heart
activity. This is consistent with a study reporting a larger YS diameter relative to

)146

crown-rump length (CRL)'*® after miscarriage.
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In addition, animal experiments have shown that various metabolites can damage Y'S

structures in utero!’+*3!

. Hyperglycemic conditions during organogenesis, for
instance, have been associated with YS damage and subsequent embryonic
malformations'”#, which are more prevalent in infants born to diabetic mothers*2.
Based on studies in rats with experimental hyperglycemia, mechanisms of
macroscopic and microscopic YS membrane injury and patterns of aberrant cellular
communication have been suggested as explanations for the observed anomalies*>>.
Such membrane injuries, along with various defective signaling mechanisms**433,
have also been proposed as the origin of findings in a study involving pregnant
women with insulin-dependent type I diabetes'. In this study, the secondary Y'S,
measured by 2D- and 3D-ultrasound between five and 10 weeks of gestation, reached
its maximum diameter between one and two weeks earlier than that in the control
group and was associated with an approximately two-week earlier involution.
Diabetes has also been linked to specific changes in YS vessels within the YS wall,
termed diabetic Y'S vasculopathy!”. These alterations are thought to contribute to
transport malfunctions and are suggested to be another mechanism underlying
diabetes-associated malformations'’®. Oxidative stress is considered a significant
factor in these mechanisms.

Increased oxidative stress has been implicated in diabetes-induced teratogenicity of
post-implantation embryos, because hyperglycemia includes deficiencies in
myoinositol and arachidonic acid, leading to disturbed prostaglandin
metabolism**243¢, This hypothesis is corroborated by a study where increased
arachidonic acid (but not prostaglandin E2) levels were found in the YS structures of
pregnant women with diabetes, as opposed to normal levels in the control group'”.
There is also evidence that insufficient prostaglandin levels adversely affect
membrane development and functionality*’. As prostaglandin insufficiency allows
for the excessive entry of glucose into cells, the formation of free oxygen radicals is
triggered and can harm the embryo*’.

However, studies have also shown a reduction in the activity of antioxidant enzymes
such as SOD and CAT in rat embryos and their YS structures under diabetic

conditions, along with an increased rate of birth defects, growth inhibition, and
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diminished protein levels*3*

. As such, the surplus of free radicals could be due to both
their overproduction and deficiency in their enzymatic neutralization'!>.

When interpreting the present results, it is critical to recognize that they were derived
from normal pregnancies under physiological conditions. Therefore, caution is
warranted when comparing them with the results of pathological pregnancies.
Nevertheless, variations in sleep and physical activity could still contribute to
changes in ROS levels, albeit probably to a lesser extent. These changes may
influence translational or post-translational processes such as the expression of
receptors, enzymes, or transport complexes. Consequently, this could not only affect
the availability of nutrients in the coelomic cavity but also alter the composition and

structure of the YS membrane, eventually causing cell death*® and leading to

changes in the size and structure of the YS.
Papers lI-lll

Maternal influences on yolk sac size are both factor- and GA-specific
Before examining the association between sleep and activity parameters and
measures of embryonic development, we sought to corroborate the findings of an
earlier study conducted by our group. In a similar cohort, Karlsen et al. (2018)
reported an association between maternal body composition parameters and YS size
at approximately eight weeks of gestation, particularly in female embryos!®!. They
also observed that the YS-to-CRL ratio affected ultrasound measurements of fetal
growth parameters, with effects persisting up to 24 weeks of gestation, especially in
the Z-scores of abdominal circumferences and estimated fetal weight. Notably, these
effects were not observed in the current study (Table 6).

Nevertheless, considering these results together with the effects of sleep described in
Paper II and of physical activity in Paper 111, a distinct pattern emerges:
pregestational maternal cues appear to influence the size of the human YS and the
embryonic CRL in a manner specific to each factor, and this influence also seems to
depend on the gestational timing. Indeed, these observations should not be
unexpected, given that the 1st trimester is a period of rapid embryonic development

during which there are many developmental steps. Additionally, the intrauterine



123

environment undergoes significant changes and the source of embryonic nutrition
shifts from early histotroph nutrition, which relies on the endometrium and uterine
glands, to placental hemotroph nutrition at the end of the 1st trimester®>”’. Finally,
although the physiological effects of maternal factors, such as body composition,
sleep, and physical activity, are interconnected within a broader physiological

context, they may still exert distinct influences on development with varying effects.

Sex-specific effects of maternal cues

The current study not only demonstrated a factor-specific and gestational age (GA)-
dependent impact on yolk sac size but also revealed sex-specific associations between
sleep and yolk sac size, as well as physical activity and yolk sac size. These
associations were only marginally significant when fetal sex and GA were not
considered (Table 8 and Paper II; p. 6, Tables 5 and 6). Moreover, the study by

Karlsen et al.'!

indicated that the effect of maternal body composition parameters on
yolk sac size was confined to female fetuses. Figure 38 represents both the time- and
sex-specific effects on YS for each specific maternal factor (i.e., sleep, physical
activity, and body composition) and gives an insight in the dynamic regulation of
development (Fig. 38).

In 1995, Weinberg et al.** reported that women with a short follicular phase before
conception were more likely to give birth to males, which could explain why the
observed effects in the present study were influenced by both GA and fetal sex. This
also corroborates the theory of ovulation-implantation bias introduced, along with the
findings of Paper II.

However, the influence of sex on mammalian phenotype and disease susceptibility is

t301

not a novel concept’®!. There has been a growing focus on how genetic sex influences

gene expression patterns and embryonic interactions with the maternal

environment®**?, Through transcriptional sexual dimorphism?33-3%4

or gene
imprinting*°2, maternal and environmental factors can affect preimplantation

embryos, even before gonadal differentiation. This could explain the observed sex-
specific maternal and environmental effects based on sex-specific plasticity, which

depends on embryonic age**!. Essentially, developmental time windows for influence
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may vary between sexes, similar to the divergent developmental trajectories observed

in postnatal life between girls and boys.
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Fig. 38 Effect of preconception maternal factors on yolk sac size: i.e., the effect of maternal sleep duration (Paper II), total
maternal physical activity duration (Paper I1I), and maternal body size (weight and height)'®'. The figure illustrates the sex-
and time-dependent effects during the 1st trimester. The time windows in which these effects could be observed were short.

Material adapted from Vietheer et al., Scientific Reports (2023), Springer Nature. © The authors.

Strengths and weaknesses

Strengths of the study

Design

This study is unique because of its prospective longitudinal design, which started
prior to conception and continued throughout pregnancy until birth. This granted
access to maternal data from a large number of healthy women who conceived
naturally as well as data on embryos, fetuses, and newborns. However, collecting
such data from healthy women poses significant challenges and is time-consuming,
because this cohort usually does not seek clinical services when planning to conceive.
Conversely, data from assisted reproduction involve fertility problems and the

confounding influence of hormonal treatments. These factors can lead to
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consequences such as increased growth beyond a CRL of 20 mm in IVF

pregnancies*!3.

Methods

Actigraphy, involving machine measurements, is superior in the measurement of
sleep duration and circadian rhythms, providing continuous data over extended
periods in an ecologically valid environment (i.e., at home or work)*¥2. It also
uniquely records both sleep duration and daily physical activity levels, including
intensity, using a single device.

A summary of both advantages and disadvantages of the different methods for
measuring maternal body composition is shown in Table 2. In the current study, the
focus was exclusively on the effects of pre-conception body composition, as it offers
benefits such as reducing the risk of inaccurately distinguishing between maternal
and fetal compartments.

To ascertain the accuracy of YS measurements through transvaginal ultrasound, the
study calculated both intra- and inter-observer variability, confirming that the
measurements were precise and unbiased by the observer. Additionally, the
likelihood of confounding observer effects is minimal, as maternal physical activity is
not inherently connected to the ultrasound procedure, and ultrasound operators were

blinded to embryonic sex at the time of observation.

Statistics

The combined use of actigraphy, BIA, and a stadiometer not only allowed for the
assessment of their associations with measures of embryonic development but also
enabled controlling for preconception body composition parameters in the statistical
analysis. These parameters are known to affect pregnancy?” and its
outcomes?!>216221 Considering a previous study where prepregnant body
composition was correlated with measures of embryonic and fetal development,
particularly the yolk sac'®!, subanalyses controlling for these parameters (papers 11—
IIT) was deemed essential. Focusing on preconception measurements is advantageous,

as they are less prone to systematic errors compared to those taken during pregnancy,
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which can fluctuate due to various factors such as hormonal changes, activity
limitations, edema, sleep disturbances, and nausea.

To assess repeated maternal sleep and activity measurements before and during
pregnancy (Paper I), growth curve calculation of the CRL and YS, and determination
of the YS Z-score (Papers 1I-111), mixed-model regression analysis was employed.
These models are beneficial because they account for autocorrelation in serial
measurements through the inclusion of random effects for participant-specific
variations, while the fixed effects assess factors that are consistently influential across
the study population*®, thereby enhancing the generalizability of the findings.
Furthermore, mixed-models are advantageous in the case of missing data as they use
all available information, resulting in more precise estimates and enhancing the

study's robustness**.

Results

The current findings suggest that the actigraphy monitor effectively captures specific
characteristics of sleep and physical activity by integrating data from a triaxial
accelerometer with other physiological sensors. Notably, the absence of an inverse
relationship between the effects of physical activity and sleep duration on yolk sac
size at week 10 suggests that actigraphy data provides a more comprehensive
measure than merely counting movements (Fig. 38). Furthermore, the variations in
yolk sac size corresponded to different classes (intensities) of physical activity,
similar to the pattern observed for the total daily activity duration (Fig. 34). This
alignment reinforces the notion that similar diametric effects on yolk sac size, as for
example at week 7, are not merely byproducts of inverse sleep and activity movement
recording over a 24-hour period.

The validity of the actigraphy measurements in the current study was further
strengthened by their consistency with previous findings?36:262:264.287,292,335,352-355
Additionally, the measurement results in Paper I are in line with those in Papers I1-I1I
despite the increased sample size, demonstrating the study's internal validity.

Another factor supporting the validity of our data is the Y'S size and CRL
measurements that correspond with established growth

144,148,149,159,351

patterns (Fig. 29). Reported sex-dependent maternal effects on yolk sac
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size have also been corroborated'>!. In Paper III, the influence of embryonic sex was
substantiated by demonstrating the opposite effect of maternal physical activity on
the yolk sac size of male and female embryos at 10 weeks of gestation (interaction

analysis, Table 8) as well as the sex-specific growth rates of the YS (Fig. 33).

Finally, this study utilized several alternative statistical models for the analysis in
Papers II-111, such as quantile regression models, which consistently produced the
same results. Adjusting these models for observer effects (Paper I1I), effects of
maternal age, parity, weight, height, BMI, lean body mass, body fat percentage, and
GA (Paper II-I1I), as well as time of inclusion or inclusion of a few participants with
pregnancy complications (Paper III) did not change our conclusions. This suggests
that the results were neither biased by these factors, nor affected by skewed data,

systematic distribution differences, or extreme values.
Weaknesses and limitations

Studypopulation

The study's extensive data collection required significant commitment from the
participants to adhere to the protocol and complete the study. Furthermore, the
inclusion criteria were strict. This could lead to selection bias, resulting in a cohort of
exceptionally healthy women particularly interested in health possessing the capacity
and determination to complete the study. On the other hand, some participants might
have joined the study because of fertility issues that were not covered by the
exclusion criteria. Nonetheless, the collected data, including variations in maternal
characteristics, actigraphy, and yolk sac measurements, appeared normal and aligned

with previous findings.

Study design

For Papers II-111, maternal sleep and physical activity were recorded only twice, first
before pregnancy and then not again before 13+1 weeks of gestation. This recording
schedule implied that sleep or activity patterns observed before pregnancy may not

have persisted into early pregnancy. Additionally, the YS was measured only twice
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during the first trimester (at 7 and 10 weeks). Consequently, it is uncertain whether
the variations in Y'S observations originated from pre- or peri-conceptional sleep and
activity patterns. These may also be attributable to concurrent processes influenced
by prevailing sleep and physical activity patterns at 7 and 10 weeks. Utilizing sleep
and activity diaries or a continuous actigraphy measurement, along with more
frequent YS measurements, could have provided more definitive conclusions and
deeper insights. Nonetheless, the average actigraphy recordings were close to the
time of conception (Paper I1I; Table 2), and the impact of various levels of physical
activity on the YS was still observable at 13 weeks' gestation (Paper III). The latter
observation suggested that the distribution of physical activity patterns was consistent
across the population throughout the first trimester.

Finally, sex-steroid levels, mental stress, and maternal nutrition are potential
confounders. Stress causes a hormonal response that is comparable to that of exercise,
and nutrition is closely related to energy metabolism. However, our study population
composed of healthy women with no history of chronic diseases or risk factors, and
the likelihood of experiencing chronic psychological stress in this group was
expected to be minimal. Additionally, the potential for confounding factors related to
maternal nutrition seemed low, as maternal body composition, which is closely
associated with energy metabolism and nutrition, did not significantly affect our
findings (Paper 11; Supplementary Information 1, Table S4 and Paper III;
Supplementary Tables S4-S7).

Sleep measurements

It is important to be aware of the limitations of actigraphy for sleep measurements.
Although additional parameters, such as sleep onset latency (SOL), wakefulness after
sleep onset (WASO), and sleep efficiency (i.e., the proportion of time spent asleep
after going to bed)??>3%7, can provide insight into the quality of sleep, these
measurements do not capture all dimensions. For example, they do not represent
sleep satisfaction (feeling well rested upon waking up). Furthermore, our analysis did
not include circadian thythm, and the sleep architecture (i.e., the cycles of different

sleep stages throughout the night) was not determined by the actigraphy monitor
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used—both factors are significantly correlated with variations in the HPA
axis?81:404.405,

Another aspect to consider is that weekday variations can significantly impact sleep
and activity duration, particularly for shorter recording periods (less than seven
days)*’. However, in subanalysis of our actigraphy recordings, those with a higher
proportion of weekends did not differ from those with a lower proportion (Paper I;
Appendix F). Furthermore, neither the total number of days recorded nor the
frequency of weekend days recorded differed between the pre-pregnancy and st

trimester measurements (Papers TI-111).

Activity measurements

Although triaxial accelerometers produce valid energy expenditure measurements
compared to standard methods (indirect calorimetry and doubly labeled water
measurements), they may not always yield accurate measurements of energy
expenditure for individual physical activities, especially at low and high intensities?®.
Enhancing these measurements could involve combining methods, for example, with
activity diaries, as has been suggested for measuring moderate-to-vigorous physical

activity during pregnancy?®?, which could strengthen the results.

Yolk sac measurements

It is critical to be aware of that the measurement of the outer-to-outer Y'S size in the
present study is a compound outcome since we have summarized two different YS
compartments as one. The intracavitary diameter might not necessarily correspond to
the wall thickness of the membrane, and vice versa. In other words, we were not able
to distinguish these sizes in our study because the measurement method and technical

ultrasound protocol did not account for these measurements.

Interpretation

Based on the current data, we cannot definitively claim that a larger YS diameter
indicates a benefit to the embryo, nor can we ascertain that the sleep and activity
durations measured using actigraphy in this study confer such advantages. However,

both extended sleep duration and regular physical activity within the observed range
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are associated with health benefits. Given that the study participants were low-risk
pregnant women with primarily normal pregnancies, it is likely that the observed YS
variations reflect a physiological mechanism. Thus, it is plausible to infer that these
YS changes related to activity and sleep are due to a regulatory mechanism that is
advantageous to the embryo's early development, similar to the "YS compensation"
model. Conversely, ovulation-implantation bias, which seems to exert a neutral
impact on the potential health benefits for the embryo, is not unlikely compared to
other mechanisms that include cell and membrane damage. These latter mechanisms
seem less probable, as they would imply more extreme effects induced by the
observed sleep and activity patterns, indicative of an unphysiological intrauterine

environment.
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6. Conclusion

The potential lifelong consequences of early developmental processes are being
increasingly acknowledged, with evidence supporting the pivotal role of the yolk sac
in delivering essential organismal functions*-°. This study uncovered significant
changes in sleep and activity from preconception levels, along with their individual
variation, independent of maternal factors, such as age, parity, and body composition
(Paper I). Furthermore, a direct and measurable impact of maternal sleep and physical
activity on the size and growth dynamics of the human Y'S has been demonstrated
(Papers II-III). Occurring during a critical embryonic development phase between six
and 11 weeks of gestation, these observations suggest an interaction between
gestational age and embryonic sex. The effects of both sleep and physical activity
may stem from initial variations in the intrauterine environment, leading to an
adaptive physiological response of the YS.

Considering the period of significant organ development and shifts in organ function
allocation, along with epigenetic programming mechanisms, these findings could
have profound implications for the developing child. This study highlights sex- and
time-specific windows of embryonic developmental sensitivity and reinforces the
importance of maternal health factors, including the often-underrated aspect of

maternal sleep, from preconception onward.
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7. Future perspective

The current study highlights the importance of considering fetal sex and gestational
age in research on maternal and environmental influences. The integration of fetal sex
determination and gestational age stratification into research protocols and statistical
analyses is recommended.

Furthermore, this study poses questions for future research. It has yet to be
conclusively determined whether the observed variations in yolk sac size are a result
of maternal sleep and physical activity effects on the length of the luteal phase, which
influences the timing of ovulation or implantation. Additionally, whether these early
embryonic changes persist into later fetal development and impact epigenetic
regulation remains to be elucidated. The CONIMPREG project collected extensive
data to enable these assessments. The participants provided daily urine samples to
facilitate precise determination of ovulation and implantation. Moreover, a broad
array of biological samples was collected from women before and during pregnancy
and from their partners. The fetus was monitored using serial ultrasound and Doppler
measurements during gestation. After birth, a range of biological samples from
newborns, including blood, saliva, hair, and nails as well as umbilical cord and
placental tissues, were archived in a biobank. This repository supports comprehensive
investigations into the enduring effects, including maternal or paternal epigenetic
footprints, that propagate into later stages of fetal development and into the neonatal

phase.
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Example for the SenseWear actigraphy registration

[ enabled by
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The information contained within this report is not to be used for diagnostic purposes.
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Background: Sleep and physical activity changes are common in pregnancy, but longitudinal data starting
before conception are scarce. Our aim was to determine the changes of the daily total sleep time (TST)
and physical activity duration (PAD) from before conception to end of pregnancies in respect of pre-
gestational maternal factors.
Methods: This longitudinal observational study formed part of the CONIMPREG research project and
recruited healthy women planning to become pregnant. Sleep and physical activity were recorded
Keywords: around-the-clock for >4 days via actigraphy before conception and during each trimester of pregnancy.
Actigraphy Data were adjusted according to pregestational maternal body composition, parity and age.
Sleep Results: Among 123 women with eligible data, the unadjusted mean (95% confidence interval) TST
increased from 415.3 min (405.5—425.2 min) before conception to 458.0 min (445.4—470.6 min) in the
1%t trimester, remaining high through the 2" and 3" trimesters. Variation was substantial before
conception (+2SD range: 307—523 min). The unadjusted mean PAD before conception was 363.7 min
(+2SD range: 120—608 min), decreasing sharply to 262.1 min in the first trimester and more gradually
thereafter. Vigorous and moderate activity decreased more than light activity. TST and PAD were
significantly associated with age, parity, and pregestational body fat percentage; lean body mass was
negatively correlated with TST. Results were generally unaffected by seasonal variations.
Conclusion: Marked variations were found in pregestational TST and PAD. Healthy women slept >30 min
longer during pregnancy, while PAD decreased by > 90 min in early pregnancy and continued to
decrease thereafter.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Physical activity
Pregnancy
Pregestation

Body composition

1. Introduction

Sleep and physical activity are essential and interrelated modes
of life [1—6]. There have been few longitudinal studies of healthy
pregnant women with combined sleep and activity measurements
from before conception [7]. Pregestational assessments are impor-
tant since major physiological changes in pregnancy are already
present during the first trimester [8].

* Corresponding author. Department of Obstetrics and Gynecology, Haukeland
University Hospital, Bergen, Norway.
E-mail address: alexander.vietheer@uib.no (A. Vietheer).

https://doi.org/10.1016/j.sleep.2021.04.028

Changes in sleep patterns are a well-known phenomenon of
normal pregnancy, and are often characterized by frequent awak-
enings and insomnia [9,10]. This lack of sleep might be partially
compensated by daytime napping, indicating the importance of
performing 24-h recording of sleep [11]. While poor sleep has been
associated with an increase in pregnancy complications [12—18],
physical activity can prevent certain complications. This situation
has resulted in several recommendations on physical activity in
pregnancy being published [19—23].

The maternal body composition changes during pregnancy
[24]. As early as the first trimester, overweight (body mass index
[BMI] 25—29.9 kg/m?) is associated with more frequent snoring,
insomnia, excessive daytime sleepiness, and short TST, even in
otherwise healthy women [25]. During the second trimester there

1389-9457/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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are higher risks of obstructive sleep apnea (OSA) syndrome and
poor sleep quality [26]. The higher maternal fat mass associated
with gestational weight gain [27—29] may also be related to sleep
and physical activity in pregnancy. Furthermore, the family situa-
tion, number of children, and maternal profession have been shown
to influence the circadian rhythm, sleep, and physical activity in
healthy pregnancies [30,31]. Although some sleep studies in preg-
nancy accounted for BMI [18], more-specific and longitudinal an-
alyses of body composition parameters and their influence are not
available. In addition, sleep and physical activity have yet to be
quantified simultaneously starting from before conception.

The aim of the present study was to determine the changes
of simultaneously recorded 24-h sleep and activity duration in
healthy women from before conception to late gestation. We hy-
pothesized that there are pregnancy associated changes in sleep
and activity, independent of maternal body composition, parity,
and age. Further, we assumed that women with a higher percentage
of body fat would generally sleep more and be less active over a 24-
h period, and conversely, that those with a higher lean body mass
would sleep less and be more physically active.

2. Materials and methods

This longitudinal observational study of sleep and physical ac-
tivity is embedded in the ongoing CONIMPREG (conception-im-
plantation interval and later development) research program. This
is a composite research program collecting the data of healthy
women from before conception, through pregnancy, and until the
child reaches the age of 5 years.

Participants in the present study were recruited during the
period 2014—2018 with the aid of social media (targeted Facebook®
advertisements) and posters. Healthy nonsmoking women aged
20—35 years and with a BMI of 18—30 kg/m? were eligible provided
they had an uncomplicated obstetric history and no chronic diseases
or fertility problems. Women with appropriate substitution therapy
for hypothyroidism were eligible. The participants did not use
contraceptives at study entry, including the preceding month. Any
participant who did not conceive after a maximum of six sampling
cycles was excluded from the study. Written informed consent was
obtained from all participants. The study was approved by the
Regional Committee for Medical and Health Research Ethics in
Norway [REK ref. 2013/856a].

At the first study visit (ie, before conception), height was
measured manually using a wall-mounted stadiometer in a stan-
dardized way [32]. Weight was measured digitally using hand-to-foot
multifrequency bioelectrical impedance analysis (model BC-418,
Tanita, Tokyo, Japan). The percentage of body fat was estimated us-
ing the instrument's computer software, and the lean body mass was
calculated by subtracting the body fat mass from the total body
weight. Measurements were performed as recommended by the
manufacturer [33] and immediately followed by physical activity and
sleep recording.

Based on the last menstrual period, women were scheduled for a
first-trimester ultrasound, and gestational age was adjusted ac-
cording to crown-rump length [34]. Sleep and activity measure-
ments were conducted using the SenseWear® Mini Armband
actigraph (model MF-SW, BodyMedia, Pittsburgh, PA, USA) during
the following periods (gestational age in weeks + days):
12 + 0-14 + 0,23 + 0—25 + 0, and 35 + 0—37 + 0O (referred to here
as first, second, and third trimesters, respectively; Fig. 1). The par-
ticipants were instructed to wear the armband continuously on the
upper posterior aspect of the nondominant arm for 4 days or more
[35] and the recording of each day started at midnight. The
SenseWear® actigraph is a wireless, noninvasive sleep and activ-
ity monitor that provides estimates of energy expenditure by
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recording daily life and lifestyle activities. It incorporates triaxial
accelerometry, heat flux, galvanic skin response, skin temperature,
and near-body temperature as well as demographic characteristics
(sex, age, height, and weight) into propriety algorithms [36]. Sleep
and wakefulness are discriminated based on motion and skin
temperature. The model used in this study has a sampling rate of
32/sec in order to predict sleep versus wakefulness and physical
activity with energy expenditure in 1-min epochs. In accordance
with the SBRN (sedentary behavior research network) consensus
[37] and ACSM (American college of sports medicine) guidelines,
the activity was classified as light when the level of metabolic
equivalents (MET's) was >1.5, moderate at >3.0, and vigorous at
>6.0 [38]. SenseWear® actigraphy has shown good agreement
when compared with other standard techniques such as double-
labeled water or indirect calorimetry in humans of different ages
[39—41]. The validity of this version of the actigraph (as well as
older versions) for assessing activity during pregnancy and post-
partum has been demonstrated [42—44]. SenseWear® actigraphy
has also been validated for the measurement of sleep in other
clinical and nonclinical, experimental settings with good agree-
ment for estimating the total sleep time (TST) compared with
polysomnography and other actigraphy sleep recordings [45—50].
The software calculated sleep efficiency (SE) as TST proportion (%)
of the total duration lying down.

2.1. Statistics

The number of participants was limited by the allocated study
period (2014—2018). Raw data were processed and summarized
using the SenseWear® Pro analysis software (SenseWear® Profes-
sional, version 8.0.0.2903, Body Media) and exported into Excel
workbooks (Microsoft Office, Excel version 2016, Redmond, WA,
USA). Statistical analysis was performed using IBM SPSS® (version
24, Armonk, NY, USA), R (Foundation for Statistical Computing,
version 3.6.1, Vienna, Austria), and (R-studio: Integrated develop-
ment for R, Boston, MA, USA) software. Sampling days were
excluded from the statistical analyses when the data loss exceeded
6% of a single day. This cutoff was chosen pragmatically as a
compromise between recording quality aiming for precise 24-h
sleep and activity measurements, and recording quantity with
respect to the number of recorded days used for mean calculations.

Mean, standard deviation (SD), and range values were calcu-
lated for each continuous variable, and frequencies and proportions
were calculated for categorical variables to describe the cohort. In
addition, 95% confidence intervals (CIs) were calculated for the
mean values of sleep and activity duration.

Random intercept models were used to analyze the repeated
measurements of TST and physical activity duration (PAD). The
pregnancy trimesters were defined as time categories and included
as fixed effects in our models. The regression models were adjusted
for age, parity, height, lean body mass, and fat percentage. We also
tested whether the addition of a random slope by pregnancy
trimester significantly improved the models.

As a measure of fit, the Akaike information criterion was
calculated and compared against standard regression models using
the method of least squares. Differences in the estimated model
performance were tested using analysis of variance. Linearity as-
sumptions and normal distribution of the residuals were ascer-
tained, and calculations were carried out with and without outliers
(>2SD). The variance inflation factor was calculated to identify
possible problems with multicollinearity. Subanalyses were con-
ducted using paired and unpaired Student's t-test or nonparametric
tests. For all statistical analyses the criterion for statistical signifi-
cance was set at p < 0.05.
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Fig. 1. Timing of sleep and physical activity measurements. The first assessment, performed before conception, was carried out at a median of 26 days before the last menstrual
period.
3. Results (Table 2). The individual variation in PAD was large, with +2SD

Of 249 eligible participants, 123 conceived with a successful
pregnancy and were included in the present study (Fig. 2). De-
mographic information on the study cohort is provided in Table 1.
All participants provided sufficient data for analysis at all mea-
surement time points; however, due to some data loss during
recording, 99 of the 1579 recorded days (5.9%) were excluded,
resulting in a mean duration per recording of 3.6 days (95% CI
3.56—3.69 days). The median initial assessment was 7 weeks + 5
days prior to conception and followed up at gestational age 13 + 2,
24 + 3, and 36 + 1 (median number of weeks -+ days), respectively.
The corresponding interquartile ranges (IQR) were 10 weeks +5
days, 5 days, 8 days, and 8 days.

3.1. Total sleep time

There was a notable normal variation in TST both before
conception and during pregnancy (Appendix A), with a +2SD span
of 307—523 min before conception and 320—596 min at first
trimester. The unadjusted mean daily TST increased from 415.3 min
before conception (Table 2) to 458.0 min in early pregnancy, and
remained increased for the remainder of the pregnancy. The same
pattern was found after adjustments for maternal age, parity, and
body composition factors, with an increase in TST of about 15 min
over unadjusted levels at each time point (Table 2).

Compared with measurements made before conception, the
adjusted mean TST (Fig. 3) was significantly longer (>30 min) in all
three trimesters (p < 0.001). Appendix B presents a comprehensive
overview of the entire regression model with estimated effects of
age, parity, and pregestational body composition parameters
(height, lean body mass, and fat percentage).

3.2. Sleep efficiency

The adjusted mean 24-h sleep efficiency was before pregnancy
88.7% and significantly lower in the first and third trimesters (ie, by
1.4% and 3.1%, respectively). Apart from a negative correlation of
0.44% per 1-kg increment of lean body mass, demographic pa-
rameters and body composition variation did not affect sleep effi-
ciency (Table 2 and Appendix C).

3.3. Physical activity duration

The unadjusted mean daily PAD, which was 363.7 min before
conception, decreased to 262.1 min at the first trimester and
continued to decrease during the remainder of the pregnancy
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ranging between 119.7 and 607.7 min before conception and be-
tween 44.7 and 479.5 min in the first trimester (Appendix A).

Adjustment for maternal age, parity, and body composition
parameters did not alter this pattern (Table 2). The adjusted esti-
mated reduction in PAD between the first and third trimester and
between the second and third trimesters was 52.4 min (95% CI
73.6—31.3 min, p < 0.001) and 39.8 min (95% CI 61.1-18.5 min,
p < 0.001), respectively (Fig. 3).

Comparison of the different unadjusted physical activity levels
revealed that vigorous or moderate exercise constituted 27% of
the total physical activity before conception, with the remainder
being light activities (73%) (Table 2). In the first trimester (at
gestational weeks 12—14) there was a shift toward lighter activ-
ities, with reductions in the proportions of vigorous or moderate,
and light activity of 42% and 23%, respectively. The unadjusted
overall duration of activity was reduced by 28%. At the end of
pregnancy, the PAD had reduced by 41% compared with pre-
gestational levels, but that of vigorous or moderate activity had
reduced by 56%.

3.4. The influence of maternal pregestational characteristics

Both maternal age and parity were negatively associated with
TST. For every 1-year increase in maternal age there was a reduction
in daily TST of 3.1 min (95% CI 5.8—0.3 min, p = 0.03). Compared
with nulliparous participants, those with parity >2 experienced a
reduction in TST of 41.6 min (95% CI 70.9—12.4 min, p = 0.01). A
positive association was found between pregestational body fat
percentage and TST, with an increase of 1.9 min with each 1%
increment in maternal body fat (95% CI 0.2—3.6 min, p = 0.03),
while a negative association was found for pregestational lean body
mass, with a reduction in TST of 3.7 min for every 1-kg increment in
maternal lean body mass (95% CI 6.8—0.6 min, p = 0.02).

A negative association was also found between maternal age
and PAD, with a reduction of 5.7 min for every 1-year increment in
maternal age (95% CI 10.2—1.1 min, p = 0.02). In contrast to the
negative association with TST, parity had a positive impact on PAD;
significant effects were already seen from the first child, with an
increase in PAD of 44.9 min (40.4—75.4 min, p < 0.001) for parity 1
and an increase of 75.0 min (95% CI 26.7—123.4 min, p < 0.001) for
those with parity >2.

Pregestational body fat percentage was negatively associated
with PAD, with a reduction of 4.8 min for every 1% increment in
body fat (95% CI 7.6—2.0 min, p < 0.001). There was no relationship
between lean body mass and PAD. An overview of the estimates can
be found in Appendices B and C.
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Fig. 2. Participant selection process.

3.5. Seasonal and weekday variations

Comparison of data obtained during the winter and summer
seasons revealed no difference in TST at any measurement time
point. Conversely, pregestational PAD was longer during the sum-
mer; however, there was no seasonal effect on PAD during
pregnancy. Individual participant entry to the study was equally
distributed over the year. The reduction in mean PAD was inde-
pendent of season and statistically significant for both the winter
and summer seasons (Appendix E).

The data were not confounded by weekday variation. Despite a
slightly higher frequency of weekend recordings during the first
trimester, recordings with a higher proportion of weekend days
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Table 1
Demographic and anthropometric characteristics at study entry.
Characteristic N Mean+SD* Range
Age, years 123 289 £33 20.0-35.0
Height, cm 123 167.9 + 6.5 149.0-185.0
Weight, kg 123 64.7 + 8.4 47.1-89.8
BMI", kg/m? 123 229+26 18.1-29.9
Lean body mass, kg 123 455 +3.7 36.0-54.9
Body fat, % 123 29.1+54 15.9-41.9
Parity 123
Para 0 60 (48.8%)
Para 1 51 (41.5%)
Para >2 12 (9.8%)
Training habits® 123
None 3(2.3%)
Effortless walking 33 (26.8%)
<3 times/week 54 (43.9%)
>3 times/week 33 (26.8%)

o

SD, standard deviation.
BMI, body mass index.

© Established using a non-validated questionnaire that each participant
completed at study entry.

-

did not differ from those recordings with a lower proportion of
weekdays (Appendix F).

4. Discussion

This study found that in healthy women, TST was >30 min
longer in early pregnancy compared with before conception, and it
remained approximately at the same level for the remainder of the
pregnancy. Conversely, PAD was reduced by > 90 min in early
pregnancy compared with before conception, and continued to
decrease for the remainder of the pregnancy, with vigorous or
moderate activity being impacted more than light activity. Varia-
tions in these patterns were significantly linked to parity, age, and
pregestational body composition. Given that the study included
healthy women with low-risk pregnancies, we believe that these
patterns of changes in sleep are likely to be physiological adapta-
tions to pregnancy.

Increases in TST and reductions in physical activity in pregnancy
have been reported before, but they have only rarely been stud-
ied longitudinally from before conception [6,9,18,51-58], and
seldom in combined sleep and activity assessments (ie, simulta-
neous recording of sleep and physical activity over 24-h periods)
[59,60]. One study conducted using that combination and starting
before pregnancy did not have sufficient statistical power to show
significant changes in early pregnancy [7], while other studies were
based on questionnaires, which are limited by their reliance on
recall ability [61—67]. The present study had the advantage of
higher statistical power and utilizing a technology that allowed
continuous, around-the-clock recording of both sleep and physical
activity.

4.1. Sleep

A previous study using nocturnal polysomnography recording
in 33 pregnant women in their homes found that TST had increased
by 34 min in the first trimester compared with prepregnancy
[59]. Although polysomnography is considered the standard for
nocturnal sleep assessment, it is not possible to record daytime
sleep (ie, napping). A Swedish study that used 24-h heart-rate
recording to assess PAD and TST in 12 women found no increase
in TST compared with levels recorded before conception [7].
However, analyses of questionnaire data from 23 women in the
same study demonstrated a significantly (5 min) longer TST at
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Unadjusted mean total sleep time (TST), total physical activity duration (PAD), sleep efficiency (SE), and durations of vigorous or moderate and light physical activity (min/day)
before conception and through the pregnancy (ie, at 12—14, 23—25, and 35—37 gestational weeks). The adjusted mean was calculated for the main outcomes (TST and total
PAD) in a linear regression model with a random intercept at the participant level. Adjustments were made based on cohort medians for age, parity, and body composition
parameters (ie, for a 29-year-old nulliparous woman with height 167 cm, lean body mass 45 kg, and body fat 30%).

Time point N* Mean+SD" Range Adj.“ mean Adj. 95% C1¢
Daily total sleep time, min

Before conception 117 415.3 + 54.0 269.8—-542.0 429.1 414.5—-443.7
1% trimester 117 458.0 + 68.8 280.7-709.3 471.6 457.0—-486.2
2" trimester 115 450.9 + 68.2 253.2-714.7 463.4 448.7—-478.1
3 trimester 113 446.1 + 704 184.7—-636.8 459.8 444.9-474.6
Daily sleep efficiency, %

Before conception 117 82.71 £ 6.34 64.87-94.30 88.69 61.22—116.15
1% trimester 117 81.17 £ 6.51 61.49-95.23 87.29 59.83—-114.75
2™ trimester 115 82.44 + 7.07 52.62-96.41 88.44 61.0-115.89
3 trimester 113 79.73 + 831 50.23-95.61 85.55 58.09-113.01
Daily total physical activity duration, min

Before conception 117 363.7 £ 122.0 119.0-829.5 3317 307.6—-355.8
1% trimester 117 262.1 + 108.7 7.3-568.5 231.6 207.4-255.7
2" trimester 115 250.6 + 114.2 17.8-772.0 2189 194.6—243.2
3 trimester 113 2148 + 954 38.2-509.0 179.1 154.7-203.6
Daily light activity duration, min

Before conception 117 98.6 + 58.4 17.2-356.2

1% trimester 117 56.4 + 37.5 0.0-218.8

2" trimester 115 54.3 + 47.9 0.0-324.0

3" trimester 113 435 +292 0.0-123.8

Daily vigorous or moderate activity duration, min

Before conception 117 267.2 £ 90.6 94.3-530.8

1% trimester 117 207.7 £ 87.0 7.2—-436.0

2" trimester 115 197.5 + 86.6 18.2—448.0

3 trimester 113 172.7 + 81.0 33.2-439.0

2 Missing data were due to periods of shortness of available actigraphs, technical problems, or incompatible family plans of the participants.

b s, standard deviation.
€ Adj., adjusted.
4 (I, confidence interval.

gestational week 14 than before conception. Although the studies
differ in their methods and results, they corroborate the pattern of
sleep development in early pregnancy reported herein—a notable
increase in TST compared with the immediate pregestational
period.

Contrary to previous research, the present actigraphy study had
the power to adjust for maternal factors; this adjustment did not
significantly alter the change in TST from before conception (un-
adjusted 42.7 min, adjusted 42.5 min; Table 2). Accounting for the
specific effects of age, lean body mass, fat percentage, and parity,
we believe these results represent changes that are more specif-
ically related to pregnancy (Fig. 3 and Appendix B).

During the second and third trimesters, neither the unadjusted
nor adjusted TST changed significantly from that recorded in the
first trimester, and thus remained higher than before pregnancy.
The unadjusted mean TSTs of the second and third trimesters in the
present study of 451 and 446 min, respectively, are longer than
those reported by Tsai and colleagues in another actigraphy study:
433 min (95% CI 426—439 min) and 424 min (95% CI 417—431 min),
respectively [54]. This difference may be attributable to de-
mographic, cultural, and social differences in the study participants
[68].

The negative association between TST in pregnancy and parity
in the current study corroborates previous data [59]. The effect of
parity persisted even after controlling for maternal age, which
strengthens its significance. This is in line with another study
showing that multiparous women had 10 min shorter TST than
their nulliparous counterparts [58]. However, the difference was
larger in the present study, 41.6 min. A larger number of partici-
pants and different parity subgrouping in the present study might
explain some of the variations between the studies.

Fewer opportunities for daytime naps in parous women could
be a reason for the difference in TST between women with and
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without children at the start of this study. It has been reported that
the number of parous pregnant women having at least four naps
per day is one-third of that in nulliparous women [58]. Daytime
naps are common and already present in the first trimester of
pregnancy, contributing to the daily TST [11,69,70]. While not
necessarily influencing the duration of nighttime sleep, it has been
suggested that napping compensates for the possible reduction in
sleep quality during pregnancy [53]. Its importance for health
during pregnancy is supported by reports on associations between
napping and pregnancy outcome [71-75]. We found a reduced
sleep efficiency in the first and third trimester, a possible sign of
lower sleep quality, supporting an earlier questionnaire study [55].
We speculate that both the extended TST and daytime napping are
part of the physiological adaptation to a normal pregnancy.

In our study, 10% more body fat before pregnancy was associated
with an increase in TST of 19 min in pregnancy, while a 10-kg higher
pregestational lean body mass was associated with a reduction in
TST of 37 min. Intuitively, this pattern seems to fit with the notion
that a physically active woman sleeps less and acquires relatively
more lean mass and less fat. It is noteworthy that sleep deprivation
in the general nonpregnant population is linked to an unfavorable
body composition (ie, more fat and a lower lean body mass)
[76—78]. This is not necessarily a contradiction since no direct
comparisons can be drawn with the healthy women in the present
study. However, another actigraphy study of early healthy preg-
nancies found no association between TST and BMI [18]. Little is
known about the more-specific associations between lean body
mass, body fat percentage, and sleep in healthy pregnancies.
Whether or not sleep is a physiological adaption to pregnancy, it
seems that women with a higher pregestational lean body mass
combined with a lower body fat percentage might better tolerate
the pregnancy-related changes, with a lower urge to rest or
sleep during the day. Animal experiments have demonstrated
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Fig. 3. Changes in mean total sleep time (TST) and total physical activity duration (PAD, min/24 h) in the first, second, and third trimesters of pregnancy over pregestational levels
(set to zero in this graph). Data are mean and standard-deviation values for the increases (+) in TST and decreases (—) in PAD relative to pregestational levels, adjusted for pre-

gestational maternal age, parity, height, lean body mass, and body fat percentage.

that gonadal steroids exert a circadian influence on sleep [79].
Conversely, the effects of sleep deprivation have structural and
functional consequences for the neurodevelopment of the offspring
and its viability [80]. It was shown recently that sleep deprivation
in human pregnancies is associated with a higher BMI and higher
diastolic blood pressure in the offspring [81], findings that should
prompt further research.

4.2. Physical activity
This study assessed all levels of physical activity, including light

activities such as housework and shopping. The health effects of
vigorous or moderate activities are well known and included in
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activity guidelines for pregnancy [23,82]; however, there is also
evidence supporting the health benefits of light activity [83]. In a
study of adults with type 2 diabetes, light activities were more
beneficial than structured exercise for glucose control and insulin
sensitivity [83]. The previously reported shift from structured
exercise to lighter activities during pregnancy [31,61] is confirmed
by our results. This justifies the special interest in changes in
PAD in our study. While previous SenseWear® actigraphy studies
assessed the times spent at different activity levels in pregnancy
[56,57,84,85], they neither included assessment of changes from
before conception nor considered separate recordings from each
trimester. One report on activity at gestational week 15 [57] cor-
responds well with ours at week 12—14 (Table 2). A couple of
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prospective studies using other actigraphy models have shown a
similar trend of decreasing physical activity in low-risk pregnancies
[86] and obese women [87]. However, pregestational observations
remain lacking.

It has been suggested that increasing weight, cardiac load,
abdominal expansion, edema, joint pain, and altered sleep pattern
impair the quality of life during pregnancy [88] and contribute to
the altered physical activity described herein. The 24-h TST is
affected by parity and age, but physical activity is negatively
correlated with age and positively correlated with parity, suggest-
ing independent effects (Appendix B). It is known that women with
children and who are older, are more likely attending to housework
and caregiving with less time to exercise [89]. In another Norwe-
gian study, Berntsen et al. found a negative correlation between
parity and vigorous or moderate activity in early pregnancy for an
ethnically Western subgroup of women [56]. In a subanalysis of our
data restricted to vigorous or moderate exercise, the influence of
parity was no longer evident suggesting that the association be-
tween parity and PAD was dependent upon the level of activity and
based mainly on light activities, consistent with previous ques-
tionnaire data [67,90].

In contrast to other studies, the present study also controlled
for pregestational height, lean body mass, and body fat per-
centage (Appendix C). Body fat percentage was lower for a higher
PAD, which we believe to be plausible [91,92]. We had hypothe-
sized that lean body mass is positively related to physical activity,
as shown for nonpregnant populations [93,94]; however, we
found that this was not the case for either PAD or vigorous or
moderate activity. This could be due to the high contribution of
light (habitual) activity and may not be associated with body
composition [95].

4.3. Strengths and weaknesses

The study's strengths were the large number of subjects and its
prospective longitudinal quantification of sleep and physical ac-
tivity that commenced before pregnancy. This design makes it
possible to measure the effects of the onset of pregnancy on sleep
and physical activity and eliminates the potentially confounding
impact of recall bias that commonly hampers studies that start in
early pregnancy or use questionnaires. Another strength is the
current regression model calculating the average of the individual
difference in sleep and physical activity from before conception
through the entire pregnancy (Table 2 and Fig. 3). The model took
the individual variation into account and provided reliable esti-
mates in spite of missing data [96]. TST and PAD were never
included in the same regression model since their measurement
was based on recordings from the same device and on movement
count during the same 24-h period. In this setting, TST and PAD are
highly inversely correlated. In addition to age and parity, the
models were adjusted for pregestational body composition (height,
lean body mass, and body fat percentage) since the body compo-
sition in a nonpregnant population is known to be related to
physical activity [97] and sleep [76]. Others have shown that sleep
disturbances associated with preexisting body composition can be
aggravated in pregnancy [98], supporting adjustment of data for
those parameters, even in healthy pregnancies. Our analysis
demonstrated that those adjustments have a high impact and
should be considered when the amount of daily sleep and activity is
assessed.

One strength of actigraphy is the ability to measure sleep
and activity both simultaneously and continuously in a natural
environment for several days. The reliability and validity of actig-
raphy have been studied extensively using sleep diaries and poly-
somnography, which are standard methods for sleep assessment
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[99]. In healthy populations, actigraphy is considered a valid and
reliable alternative for recording sleep [46,50].

A weakness of actigraphy compared with polysomnography, is
its algorithm which uses motion and temperature to discriminate
between sleep and awakeness [100]. This makes the sleep esti-
mates less specific or not appropriate for assessments of other sleep
qualities such as efficiency, satisfaction, or alertness [48,99,101].
Our software did not compute sleep onset latency (SOL) and wake
after sleep onset (WASO). Further, our protocol did not include a
sleep diary that would allow assessment of precise bedtime, wake-
up, and voluntary daytime napping. Correspondingly, we do not
report these classic measures. The reported sleep efficiency should
be interpreted with some caution since our values are not based on
exclusively nocturnal recordings, but a continuous 24-h registra-
tion over several days, as for all our measurements.

In addition to body movements, skin temperature recordings
are incorporated into the SenseWear® actigraphy algorithm to
distinguish between the states of sleep and awake, and the
SenseWear® actigraph is not validated for sleep recording in
pregnancy. The physiological temperature changes that accompany
pregnancy may thus result in a systematic bias; however, this
limitation is mitigated in the present study by the same technique
being used consistently for all repeated measurements. The acti-
graph used in the present study has also been tested for sleep-time
measurements under different ambient temperature conditions
[50], yielding no significant difference from polysomnography
under comparable conditions [50]. Further, it was found to be
comparable with polysomnography for measuring TST in the
setting of sleep disturbance in patients with OSA and non-OSA
healthy controls [48,49]. The correlation with polysomnography
in OSA and controls was high, at 0.92 and 0.91, respectively [49].
An earlier version of our actigraph was also validated for physical
activity measurements in pregnancy compared with indirect calo-
rimetry [43].

Weekday and seasonal variations are known confounders for
the type of study described here [102,103]. Seasonal differences are
especially important in regions where daylight hours are substan-
tially lower during winter, such as in the present study. We found
the start of pregnancy to be evenly distributed during the seasons,
and with the exception of a higher level of prepregnancy physical
activity during summer, there was no significant effect of season on
sleep or physical activity (Appendix E). Furthermore, the varying
numbers of weekend day recordings included in the statistical
analyses did not significantly affect either the TST or PAD data
(Appendix F).

We acknowledge that not considering sick leave, daily working
hours, or working times as confounding factors may be a limitation
of this study. However, the longitudinal changes in a large and
healthy cohort were assessed, with recordings made over several
days including weekends. None of the women were sick before
conception, and sick leave or reduced weekly working hours may
rather be attributable to normal pregnancy-related changes, since
none of the women whose data were analyzed were admitted to a
hospital due to serious pathology.

4.4. Summary

With the aid of around-the-clock actigraphy recording, this
longitudinal study demonstrated that healthy women sleep for
nearly 7 h per day, but with substantial variation (+2SD range
>3.5 h) in the weeks before becoming pregnant. In early pregnancy,
total sleep time increased by > 30 min and remained so for the
remainder of the pregnancy. Conversely, total physical activity
duration decreased by < 90 min in early pregnancy, followed by
a continued decrease throughout the remainder of the pregnancy.
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The decrease was more pronounced for vigorous or moderate ex-
ercise than for light activity. Age, parity, body fat percentage, and
lean body mass influenced the results in these healthy women
during their naturally conceived pregnancies. We consider these
patterns of changes in sleep and physical activity to be normal
adaptations to pregnancy.
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end of pregnancy in healthy women: A longitudinal actigraphy study”
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The authors regret to point out that two sub-headings in Table 2 (i.e., Table 2 (continued)

‘Daily vigorous or moderate activity duration, min’ and ‘Daily light
activity duration, min’) have been swapped. The heading in row 17
should be in the position of the heading in row 22, and conversely, the

Mean + Range Adj.” Adj. 95% CI°

sD* mean

Time point N

Daily total physical activity duration, min

heading in row 22 should be in the position of the one in row 17 (please Before 17 363.7% 119.0-829.5 3317 307.6-355.8
. conception 122.0
find the revised Table 2 below). Isttrimester 117 2621+  7.3-5685 2316  207.4-255.7
The authors would like to apologise for any inconvenience caused. 108.7
Revised Table 2: 2nd trimester 115 250.6 + 17.8-772.0 2189 194.6-243.2
114.2
Table 2 3rd trimester 113 214.8 + 38.2-509.0  179.1 154.7-203.6
95.4
" n 5 " - Daily light activity duration, min
Time point N Mg‘an + Range Adj. Adj. 95% CI Be fo:e 8 ?17 267.2 4 04.3-530.8
SD mean .
conception 90.6
Daily total sleep time, min 1st trimester 117 207.7 + 7.2-436.0
Before 117 4153 + 269.8-542.0  429.1 414.5-443.7 87.0
conception 54.0 2nd trimester 115 197.5 + 18.2-448.0
1st trimester 117 458.0 + 280.7-709.3 471.6 457.0-486.2 86.6
68.8 3rd trimester 113 172.7 + 33.2-439.0
2nd trimester 115 450.9 + 253.2-714.7  463.4 448.7-478.1 81.0
68.2 Daily vigorous or moderate activity duration, min
3rd trimester 113 446.1 + 184.7-636.8  459.8 444.9-474.6 Before 117 98.6 = 17.2-356.2
70.4 conception 58.4
Daily sleep efficiency, % 1st trimester 117  56.4 + 0.0-218.8
Before 117 82.71 64.87-94.30  88.69 61.22-116.15 37.5
conception 6.34 2nd trimester 115 54.3 + 0.0-324.0
1st trimester 117 81.17 + 61.49-95.23  87.29 59.83-114.75 47.9
6.51 3rd trimester 113 435+ 0.0-123.8
2nd trimester 115 82.44 + 52.62-96.41 88.44 61.0-115.89 29.2
7.07 —
3rd trimester 113 79.73 % 50.23-95.61  85.55 58.09-113.01 ® 8D, standard deviation.

8.31 " Adj., adjusted.

. ¢ CI, confidence interval.
(continued on next column)
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Appendix A Total sleep time (TST) (Figure A.1) and total physical activity duration (PAD)
(Figure A.2) in individual subjects from before conception to the end of pregnancy in 123
healthy women. Each point represents the individual mean of the actigraphy recordings.
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Appendix B TST changes from before conception to the end of pregnancy, and the influence
of maternal pregestational covariates. The mean estimate for the before-conception category
(reference) was calculated for a 29-year-old nulliparous woman with height 167 cm, lean
body mass 45 kg, and body fat 30%. There was a significant variation in TST across the
participants. Minus signs reflect a reduction in TST.

Table B.1

Changes in TST compared with before conception, min

Estimate Adj. 95% CI*
(mean) P
Before conception 429.1 (414.5-443.7)
(reference)
1%t trimester 42.5 (29.8-55.2) <0.001
2" trimester 34.3 (21.5-47.1) <0.001
3™ trimester 30.7 (17.8-43.5) <0.001
Maternal pregestational factors
Age (per 1-year increment) -3.1 (-5.8t0-0.3) 0.02
Para 1 (relative to para 0) -14.8 (-33.3t0 3.6) <0.001
Para 2+ (relative to para 0) -41.6 (-70.9to -12.4) <0.001
Height (per 1-cm increment) 1.0 (0.7 to 2.7) 0.32
Lean body mass (per 1-kg increment) -3.7 (—6.8 to —0.6) 0.55
Fat percentage (per 1% increment) 1.9 (0.2to0 3.6) <0.001

* Adj. 95% Cl, adjusted 95% confidence interval



Appendix C

Table C.1 Sleep efficiency (SE) changes from before conception to the end of pregnancy, and
the influence of maternal pregestational covariates. The mean estimate for the before-
conception category (reference) was calculated for a 29-year-old nulliparous woman with
height 167 cm, lean body mass 45 kg, and body fat 30%. There was a significant variation in
SE across the participants. Minus signs reflect a reduction in SE.

Changes in SEF compared with before conception, %

Estimate Adj. 95% CI*
(mean) P
Before conception 88.69 (61.22-116.15)
(reference)
15 trimester -1.396 (—2.702 to —0.090) <0.001
2" trimester —-0.240 (-1.554 to 1.073) 0.7
3™ trimester -3.134 (—4.453 to —1.816) <0.001
Maternal pregestational factors
Age (per 1-year increment) 0.065 (-0.257 t0 0.388) 0.7
Para 1 (relative to para 0) 0.452 (—1.699 to 2.604) 0.7
Para 2+ (relative to para 0) -1.035 (—4.446 to —2.376) 0.6
Height (per 1-cm increment) —0.093 (—0.100 to 0.286) 0.3
Lean body mass (per 1-kg increment) —0.442 (—0.803 to —0.081) <0.018
Fat percentage (per 1% increment) -0.116 (-0.311 t0 0.078) 0.2

* Adj. 95% Cl, adjusted 95% confidence interval



Appendix D Total PAD changes from before conception and the influence of maternal
pregestational covariates. The mean estimate for the before-conception category (reference)
was calculated for a 29-year-old nulliparous woman with height 167 cm, lean body mass
45 kg, and body fat 30%. There was significant variation of the total PAD across the
participants. Minus signs reflect a reduction in PAD.

Table D.1

Changes in PAD from before conception, min

Estimate i
(mean) Adj. 95% CI* p
Before conception 331.7 307.6-355.8
(reference)
1 trimester -100.1 -121.0t0-79.2 <0.001
2" trimester -112.8 -133.8t0-91.8 <0.001
3 trimester -152.6 -173.7 to -131.5 <0.001
Maternal pregestational factors
Age (per 1-year increment) -5.7 -10.2to-1.1 0.02
Para 1 (relative to para 0) 44.9 14.4-75.4 <0.001
Para 22 (relative to para 0) 75.0 26.7-123.4 <0.001
Height (per 1-cm increment) 1.4 -1.4t04.1 0.32
Lean body mass (per 1-kg increment) -1.6 —6.71t03.6 0.55
Fat percentage (per 1% increment) -4.8 -7.6t0-2.0 <0.001

* Adj. 95% Cl, adjusted 95% confidence interval



Appendix E Season did not significantly influence 24-hour TST for the measurements carried
out before or during pregnancy (E.1), but there was a significant seasonal influence on the
PAD (E.2). PAD was significantly longer during summer before pregnancy, but did not differ
significantly between summer and winter during pregnancy. The month when pregnancy
started was reasonably evenly distributed through the year. Data are mean and 95% Cl values.
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Appendix F Influence of including weekend days in the 24-hour actigraphy recordings. There
was a slightly higher proportion of weekend days in 1%t trimester recordings than before
conception. The Kruskal-Wallis test did not reveal any significant differences in the TST and
PAD between the groups with the highest and lowest proportions of weekend days. These
findings suggest that including weekend days did not confound the results.

Table F.1
Proportion of Mean rank Mean rank
actigraphy recordings N
(TST 1% trimester) (PAD 1% trimester)
done on workdays

0-33% 9 53.61 58.44
34-50% 65 59.42 56.99
51-83% 19 54.03 52.11
84-100% 22 59.07 65.89

Total 115
Kruskal-Wallis H 0.564 1.886

p 0.905 0.569
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OPEN Effect of maternal sleep
on embryonic development

Alexander Vietheer?™, Torvid Kiserud™?, @ystein Ariansen Haaland?, Rolv Terje Lie3* &
Jorg Kessler®?

The concept of developmental origin of health and disease has ignited a search for mechanisms

and health factors influencing normal intrauterine development. Sleep is a basic health factor with
substantial individual variation, but its implication for early prenatal development remains unclear.
During the embryonic period, the yolk sac is involved in embryonic nutrition, growth, hematopoiesis,
and likely in fetal programming. Maternal body measures seem to influence its size in human female
embryos. In this prospective, longitudinal observational study of 190 healthy women recruited
before natural conception, we assessed the effect of prepregnant sleep duration (actigraphy) on the
fetal crown-rump-length (CRL) and yolk sac size (ultrasound). All women gave birth to a live child.
The prepregnancy daily sleep duration had an effect on the male yolk sac and CRL at the earliest
measurement only (7 weeks). l.e., the yolk sac diameter decreased with increasing sleep duration
(0.22 mm-h-*d?, 95%CI [0.35-0.09], P < 0.01), and CRL decreased (0.92 mm-h-*d%, 95%CI [1.77-0.08],
P =0.03). Since there was no association at the second measurement (10 weeks), and in the group of
female fetuses at any measure point, we suggest a sex- and time-dependent embryonic adaptation to
sleep generated differences in the intrauterine environment in normal pregnancies.

It is widely accepted that sleep is essential for our health and physiologic homeostasis. This is certainly the case
for pregnancy;, as sleep disturbances are associated with pregnancy complications’, such as preeclampsia, gesta-
tional diabetes, preterm birth, and prolonged birth duration*. Ethical reasons restrict in vivo experiments, so
studies of sleep effects on human embryonic physiology and development are scarce!”. This is a dilemma, since
physiology and its normal variation lay the foundation for the understanding of pathology and disease. Why is,
for example, more than one nightshift per week associated with a 30% higher risk of early pregnancy loss?® What
are the pathophysiologic mechanisms? And, how much of regular sleep is needed in pregnancy?

In vitro experiments in assisted reproduction and animal studies demonstrate a possible circadian rhythm
link to embryonic development and epigenetic programming via melatonin, cortisol, and sex steroids’~'”. Further,
deep sleep influences the growth hormone secretion in humans'®, which in turn has notable effects on fertility
and the intra-uterine environment. Likewise, sleep disturbances (such as insomnia) are linked to HPA-axis
activation®” and rise in cortisol levels?! —a stress response with capability to impair fertility during critical periods,
ovulation, implantation, and placental growth and development®. Nevertheless, animal studies, in vitro stud-
ies, and studies on infertile cohorts seeking health services cannot necessarily reflect the normal physiology of
healthy women; this is where we can employ ultrasound as a non-invasive method.

In pregnancy, the human yolk sac is one of the first structures that can be assessed by ultrasound®. It has
a complex surface structure that ensures embryonal nutrition and growth before the placenta is sufficiently
developed?*, and its size is associated with fetal anomalies and unfavorable pregnancy outcomes?*~%. Previous
animal studies have demonstrated yolk sac size variation related to environmental factors, e.g., noise, tempera-
ture, and nutrition®”***°. Further, women’s body composition, i.e., lower weight and height have been linked to
larger yolk sac®, while human sleep with its large-scale physiologic variation has not been a focus of research?>%.

Thus, we hypothesized that maternal sleep has an effect on embryonic development in humans, and aimed at
assessing the effect of maternal sleep recordings on measurements of yolk sac size and crown-rump-length (CRL).

IDepartment of Obstetrics and Gynecology, Haukeland University Hospital, Jonas Lies vei 72, 5053 Bergen,
Norway. ?Department of Clinical Science, Neonatal Research Group Western Norway, Maternal Fetal, University
of Bergen, Bergen, Norway. >Department of Global Public Health and Primary Care, University of Bergen,
Bergen, Norway. “Centre for Fertility and Health, Norwegian Institute of Public Health, Oslo, Norway. “‘email:
alexander.vietheer@uib.no; a.vietheer@mailbox.org
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Method

The present study is a prospective, longitudinal observational study of the relation of actigraphy measured sleep
in healthy women with ultrasound assessed early fetal development. It is embedded in the ongoing CONIMPREG
research program which collects data of healthy women from before conception, through pregnancy, and until
the child reaches the age of 5 years.

Study cohort

The participants were recruited during the period 2014-2020 by means of social media (targeted Facebook®
advertisements) and posters. Healthy non-smoking women aged 20-35 years with a BMI of 18-30 kg/m? were
eligible provided they had an uncomplicated obstetric history and no chronic diseases or fertility problems. The
participants did not use contraceptives at study entry, including the preceding month. The participants who did
not conceive during any of the 6 monitored cycles allotted to them, discontinued the participation (Fig. 1). The
study was approved by the Regional Committee for Medical Research Ethics South East Norway (REK South East,
ref. 2013/856a). Written informed consent was obtained from all participants and all research was performed in
accordance with relevant guidelines and regulations.

a
From 2014, inclusion of
healthy women planning
to become pregnant
(N=436)
Withdrawals (N=57)
Included but not yet
Exclusions pregnant (N=84)
Miscarriage (N=39)
‘Other (N=4)
“Missing data (N=62)
v
Became pregnant and
had a live birth before
2021 (N=190)
b
Before pregnancy Conception Gestational age (+1 week) Birth
(] [ )
@ .@ e Week 7 Week 10 Week 13
? N E—) [l [ ) oo )
Body composition CRL CRL CRL
(N=190) (N=186) (N=187) (N=186)
Actigraphy Yolk sac Yolk sac Actigraphy
(N=175) (N=180) (N=178) (N=178)

Figure 1. (a) Flowchart of the study population with the participant exclusions—*other: 1 twin pregnancy,
2 abortions > 18 weeks (fetal anomaly), and 1 irregular menstrual cycle; **missing data: Pregnancies with
incomplete entry data (N=54) and pregnant < 13 weeks at time of data extraction (N=38). (b) Timing of
measurements and recordings.
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Data collection

The current study includes data from four consecutive study visits (Fig. 1). At the first visit (i.e., at inclusion
and before the participants attempted to conceive), prepregnant height was measured manually using a wall-
mounted stadiometer** and weight was measured digitally using hand-to-foot bioelectrical impedance analysis
(model BC-418, Tanita, Tokyo, Japan). The body fat percentage was estimated using the instrument’s computer
software, and the lean body mass was calculated by subtracting the body fat mass from the total body weight.
Measurements were performed as recommended by the manufacturer®® and immediately followed by actigra-
phy recording. Following inclusion, the woman monitored her menstrual cycles by recording events, such as
bleeding, sexual intercourse, and pregnancy tests. Once she had a positive pregnancy test, she reported to the
study office and was scheduled for the second visit at gestational age (GA) 7 +1 weeks calculated from her last
menstrual period (LMP). At that second visit, the gestational age was confirmed using transvaginal ultrasound
scanning. The embryonic CRL and secondary yolk sac were assessed*. Later in pregnancy, at the third visit,
10+ 1 weeks, the ultrasound measurements were repeated and at the fourth visit, 13+ 1 weeks (end of the 1st
trimester), maternal body composition and sleep duration were re-assessed along with the sonographic meas-
urement of the CRL (Fig. 1).

Actigraphy

Sleep duration was recorded with the SenseWear Mini Armband, model MF-SW, BodyMedia, Pittsburgh, PA,
USA. The monitor was worn on the upper posterior aspect of the nondominant arm for 4 days* and the record-
ing started at midnight. The SenseWear actigraph is a wireless, noninvasive monitor with a sampling rate of 32/
sec and incorporates triaxial accelerometry, heat flux, galvanic skin response, skin temperature, and near-body
temperature, and takes into account information on sex, age, height, and weight*®. Sleep and wakefulness are
discriminated based on motion and skin temperature in 1-min epochs. Sleep raw data were processed and sum-
marized using the manufacturer’s analysis software (SenseWear Professional, version 8.0.0.2903, Body Media) and
exported into Excel (Microsoft Office, Excel version 2016, Redmond, WA, USA). This actigraph has been com-
pared with other models and standard measurement methods in clinical and experimental settings*-*. Recently,
our group used this monitor to measure sleep in pregnancy with results in good agreement with other actigraphy
studies®. The sleep efficiency (SE) was calculated by the software as sleep proportion of the time lying down.

Embryonic and fetal assessment

The fetal crown-rump-length and yolk sac size were examined by seven obstetricians and one certified midwife
using a transvaginal ultrasound transducer, 6-12 MHz, Voluson Expert E8; (GE Medical Systems, Kretz Ultra-
sound, Zipf, Austria). The yolk sac diameter was determined as the average of two perpendicular diameters
repeated thrice®’. Yolk sac growth rate was calculated as the difference in yolk sac diameter divided by the number
of days between the two measurements.

Statistics

Statistical analysis was performed using SPSS (version 24, Armonk, NY, USA), R (Foundation for Statistical
Computing, version 4.1, Vienna, Austria), and R-studio (Integrated development for R, Boston, MA, USA)
software. Sampling days were excluded from the statistical analyses when the data loss exceeded 6% of a single
day. Mean, standard deviation (SD) with minimum and maximum value were calculated for each continuous
variable, and frequencies and proportions were calculated for categorical variables. When the distribution was
asymmetric the median and interquartile range were reported. In addition, the 95% confidence intervals (Cls)
of the mean were calculated for sleep parameters, the number of recorded days, the frequency of weekend days,
and the CRL and yolk sac size with their GA at the measurements.

Linearity assumptions and normal distribution of the residuals were ascertained, and ordinary least square
linear and quantile regression models were used to analyze the yolk sac size association with the sleep duration
before pregnancy and the sleep duration at the end of the first trimester (week 13). Results were compared with
results from robust regression methods (iterated reweighted least squares by Huber weights and bi-square weight-
ing) and heteroskedastic methods (sandwich variance estimators). Calculations were carried out with and without
model outliers (Cooks distance >4 times). Mixed models were used for the repeated measurements analysis.
The regression models were calculated with and without fetal sex stratification and stratification from lower to
higher quartiles of the sleep duration. In sub analysis, we controlled for GA, maternal age, parity, physical activity
level before conception, and maternal body composition parameters (i.e., height, weight, body mass index, lean
body mass, and body fat percent). Those factors were added one by one to the primary model (yolk sac or CRL
size by total sleep duration) and were included if they were altering the effect-size of the association notably. As
measures of fit, the adjusted R-squared and Akaike information criterion were calculated. Differences between
the regression models were tested using analysis of variance methods. The different strata were also compared
with paired and unpaired Student’s t-test or nonparametric tests.

Ethical declaration and informed consent

The study was approved by: Regional Comittee for Medical Research Ethics South East Norway (REK South East,
ref. 2013/856a). E-mail: rek-sorost@medisin.uio.no. Written informed consent was obtained from all participants
and all research was performed in accordance with relevant guidelines and regulations.
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Results

Of 436 eligible participants, 190 (43.6%) conceived with a successful pregnancy and provided sufficient data to
be included in the present study (Fig. 1). Their demographic information and obstetric outcomes are provided
in Tables 1 and 2.

During actigraphy, 92.1% of all days before conception and 93.7% at the end of the first trimester were suc-
cessfully recorded. The yolk sac was measured totally 358 times, and the CRL 559 times (Fig. 2). The summary
statistics of the actigraphy recording, yolk sac diameter, and CRL are shown in Tables 3 and 4.

The median time from the first sleep recording to estimated day of conception (i.e., 14 days after LMP) was
36 days (IQR 10-75). The majority conceived within the two first menstrual cycles. The total sleep duration
before conception was 38 min shorter than at the end of the first trimester (95%CI [28.6-47.2], P<0.01), the
total length of actigraphy and the frequency of recorded weekend days did not differ before and after conception.

Prepregnant sleep duration, but not the other sleep parameters before pregnancy had an effect on the yolk
sac size (Supplementary Table S1). Generally, the effect on the yolk sac and CRL was weaker when the relation
to measurement time was not taken into account (Supplementary Tables S1 and S2). The following analyses
were stratified, all grouped according to time of the measurement at week 7, week 10, and week 13 for the CRL
(Table 5 and 6).

Relation between daily sleep duration and yolk sac size
At the first ultrasound measurement (week 7), but not at the second (week 10), we found a sex-dependent nega-
tive effect of the prepregnant sleep duration on the yolk sac of male embryos (Fig. 3 and Table 5), i.e., longer
sleep before pregnancy was associated with smaller yolk sac sizes.

It was noted that the sleep duration recorded later, at the end of the first trimester (week 13), was similarly
linked to the yolk sac size at 7 weeks, but here, the effect was weaker (Fig. 3 and Table 5).

N=190 Frequency | Nmiss | Mean |SD | Min | Max
Age (years) None 29.0 |[3.1 20.0 35.0
Height (cm) None 167.7 | 6.2 149.0 | 185.0
Weight (kg) None | 647 |83 |471 |89.8
BMI None 230 |26 17.8 29.9
Lean body mass (kg) None 457 |38 36.0 |556
Body fat (%) None 28.8 |5.5 15.9 41.9
Cycle length (days) None 285 |17 |24 35
Parity None

0 89 (46.8%)

1 79 (41.6%)

=2 22 (11.6%)

Training efforts None

None 3(1.6%)

Effortless walk 46 (24.2%)

<3 times-week! 90 (47.4%)

>3 times-week ! 51 (26.8%)

Table 1. Descriptive statistics of the participants—missing values (Nmiss); mean; standard deviation (SD);
range (Min, Max). Training efforts established using a non-validated questionnaire that each participant
completed at study entry.

N=190 Frequency Nmiss Mean SD Min Max
Hypertension| PE 6(3.2%) None

Gestational diabetes 7 (3.7%) None

Pregnancy length (days) None 276.7 10.7 214 297
Preterm birth 6(3.2%) None

Birthweight (g) None 3566 491 1230 4910
Neonatal Sex (female) 94 (49.5%) None

Apgar<7 (5 min) 2(1.1%) 1

Table 2. Selected descriptive statistics of pregnancy, common gestational diseases (i.e., hypertension,
preeclampsia (PE), diabetes), and newborns—missing values (Nmiss); mean; standard deviation (SD); range
(Min, Max).
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Figure 2. (a) First and second yolk sac measurements (total N=358), and (b) the three serial crown-rump-

length (CRL) measurements (total N=559), presented with predicted mean (mixed model with random
intercept) and 95% prediction band. Gestational age was based on last menstrual period.

Term N Mean SD 95%CI

Sleep before pregnancy: Days before conception 178 51.7 53.1 (43.8-59.5)
Sleep before pregnancy: Number of recorded days 177 37 0.7 (3.6-3.8)
Sleep before pregnancy: Daily sleep time (min) 175 423.1 54.1 (415.0-431.2)
Sleep efficiency before pregnancy (%) 175 83.0 6.3 (82.0-83.9)
Week 13: GA at 2nd sleep recording (weeks) 181 132 0.8 (13.1-13.3)
Week 13: Sleep measurement (recorded days) 178 37 0.6 (3.6-3.8)
Week 13: Daily sleep time (min) 178 460.5 66.6 (450.6-470.3)
Week 13: Sleep efficiency (%) 178 81.6 7.0 (80.6-82.7)
Week 13-prepregnancy: Sleep difference (min) 172 37.9 61.7 (28.6-47.2)

Table 3. Summary statistics of the actigraphy data from 190 low-risk pregnancies before pregnancy and at

13 gestational weeks—number of measurements (N); mean; standard deviation (SD); 95% confidence interval
(95%CI). The sleep difference was calculated from the two sleep measurements; time to conception was
calculated as number of days from actigraphy recording at inclusion to day 14 of the menstrual cycle when the
woman conceived.

There was a considerable variation in the yolk sac growth rate between the two measurement time points
(Supplementary Fig. S1), but no association between the average growth rate and sleep duration (Supplementary
Table S3).

Grouping of the sleep duration in quartiles, however, suggested that the yolk sac size was larger for the lowest
sleep quartile than for the highest (Fig. 4); for these quartiles—lowest and highest—the sleep-yolk sac associa-
tion also tended to be stronger.

Further, the relation between sleep duration before pregnancy and the embryonic yolk sac at week 7 was con-
sistent across the yolk sac deciles (Supplementary Figs. S2 and S3), and still present after adjustment for maternal
characteristics and GA (Supplementary Tables S4 and S5). In sub-analyses, these adjustments were made for
all models (i.e., yolk sac at 7 and 10 weeks), with preconception sleep duration and sleep duration at the end of
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Term N Mean | SD 95% CI
‘Week 7: 1st measurement; GA (weeks) 186 7.5 0.9 (7.4-7.7)
Week 7: 1st crown-rump-length (mm) 186 | 11.4 3.8 (10.8-11.9)
Week 7: Ist yolk sac diameter (mm) 180 4.7 0.6 (4.7-4.8)
‘Week 10: 2nd measurement; GA (weeks) 187 |10.6 0.9 (10.5-10.7)
Week 10: 2nd crown-rump-length (mm) 187 |37.8 6.9 (36.8-38.8)
Week 10: 2nd yolk sac diameter (mm) 178 5.9 0.9 (5.8-6.1)
Week 7-10: Yolk sac growth rate(mm-week™) 170 0.038 | 0.033 | (0.033-0.043)
‘Week 13: 3rd measurement; GA (weeks) 185 | 13.6 1.0 (13.4-13.7)
Week 13: 3rd crown-rump-length (mm) 186 |76.4 8.1 (75.2-77.6)

Table 4. Summary statistics of the ultrasound data with number of measurements (N), mean, standard
deviation (SD), and 95% confidence interval (95%CI) from 190 low-risk pregnancies—gestational age by LMP
(GA) at the measurement; yolk sac size; crown-rump-length (CRL).

Group \ N \ Effect 95% CI \ Adj.r2 \ AIC \ P
Yolk sac at week 7 by sleep duration before pregnancy

All 165 | -0.12mmh~'.d™! | (-0.22t0-0.03) |0.03 291.4 | 0.01
Male 84 —-0.22mmh™-d”" | (-0.34t0-0.09) |0.11 133.6 | <0.01
Female 81 -0.04 mmh~'-d"! | (-0.19-0.10) -0.01 157.4 | 0.53
Yolk sac at week 7 by sleep duration at the end of first trimester

All 168 | -0.06 mm-h~'-d™! | (-0.14-0.02) 0.012 300.3 |0.15
Male 84 —-0.13 mm:h™".d™" | (-0.25t0 -0.01) | 0.056 142.1 | 0.03
Female 83 -0.01 mm-h~'.d™" | (-0.12-0.09) 0.001 159.9 |0.79
Yolk sac at week 10 by sleep duration before pregnancy

All 164 | —-0.07 mm-h~'-d™" | (-0.22-0.09) 0.004 444.3 | 0.40
Male 82 -0.07 mmh~'-d™! | (-0.29-0.14) 0.005 213.6 |0.51
Female 81 —0.06 mm-h™".d™" | (-0.29-0.14) 0.004 2349 |0.59
Yolk sac at week 10 by sleep duration at the end of first trimester

All 167 | -0.04 mm-h~"-d™" | (-0.17-0.08) 0.003 450.7 | 0.48
Male 83 -0.10 mm-h~'-d™" | (-0.28-0.09) 0.013 215.8 |0.29
Female |83 -0.01 mmh~".d! | (-0.18-0.17) 0.000 238.8 |0.79

Table 5. Prediction of the yolk sac diameter (all, males, and females) at 7 weeks and 10 weeks of gestation
by total daily sleep duration before pregnancy and at 13 weeks of gestation. Calculated using ordinary least
square regression models—unstandardized regression coefficient (Effect); adjusted R squared (Adj.R2); 95%
confidence interval (95%CI); AIC (Akaike information criterion). Significant are in bold.

Group N Effect 95% CI Adj.r2 AIC P
CRL at week 7 by sleep duration before pregnancy

All 171 -0.69 mm-h~".d! (-1.32 to -0.05) 0.02 950.9 0.03
Male 87 -0.92 mmh"'.d! (~1.77 to —0.08) 0.04 472.5 0.03
Female 83 -0.53 mm-h~".d"! (~1.48-0.42) 0.002 478.9 0.27
CRL at week 10 by sleep duration before pregnancy

All 173 -0.44 mm-h~"'.d! (-1.57-0.70) -0.002 1163.8 0.45
Male 88 -0.30 mm-h™".d™! (-1.82-1.21) —0.009 579.8 0.69
Female 84 -0.58 mm-h~'.d"! (-2.31-1.15) -0.006 586.6 0.51
CRL at week 13 by sleep duration before pregnancy

All 164 0.02 mmh'd! (-1.33-1.36) -0.005 1205.1 0.98
Male 82 0.39 mm-h"'.d! (-1.60-2.38) —-0.010 611.4 0.70
Female 81 -0.23 mmh~'.d™! (-2.09-1.63) -0.01 598.3 0.81

Table 6. Prediction of the fetal crown-rump-length (CRL)measured at gestational week 7, 10, and 13 (all,
males, and females) by total daily sleep duration before pregnancy and at gestational week 13. Calculated using
ordinary least square regression models—unstandardized regression coefficient (Effect); adjusted R squared
(Adj.R2); 95% confidence interval (95%CI); AIC (Akaike information criterion). Significant are in bold.
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Figure 3. Effect of daily total sleeping time before pregnancy (a), and effect of the daily total sleeping time

at 13 weeks (b) on the first (upper row) and second yolk sac measurement (lower row) in naturally conceived
healthy pregnancies presented with regression line and its 95% confidence interval. The first column represents
the total dataset and the second and third the analysis according to embryonic sex.
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Figure 4. Raw-data-descriptive-inferential-statistics plot of the yolk sac size at week 7 (N =166) grouped
according to prepregnant sleep duration quartiles: Low sleep duration range (4 h 30 min-6 h 28 min); middle
sleep duration range (6 h 29 min-7 h 40 min); high sleep duration range (7 h 42 min-9 h 19 min)—" Kruskal-
Wallis test (p=0.03; ® Post-hoc-test (Dunn test), p=0.038.

the 1st trimester (13 weeks) as predictor, all stratified and unstratified by fetal sex. In none of the models these
adjustments changed our conclusions.

Maternal sleep duration and embryo size through the first trimester
Similar to the association between yolk sac diameter and sleep duration, the embryonic CRL was shorter when
the prepregnant sleep duration increased. Stratification by the time of measurement and fetal sex revealed a
comparable pattern, i.e., the effect was confined to male embryos at week 7, not later (week 10 or week 13)
(Table 6). The sleep duration at the end of the 1st trimester (week 13) was not associated with any of the CRL
measurements (males or females) at week 7, week 10, or week 13. Adjustments for maternal age, parity and body
composition did not change these results significantly.

Finally, the interval from actigraphy sleep measurement before pregnancy to LMP/estimated conception was
neither influencing the CRL-sleep-association nor the yolk sac-sleep-association (i.e., the number of menstrual
cycles to achieve pregnancy was irrelevant for these relations).

Discussion

This study demonstrates a sex- and time-dependent relation between prepregnant sleep duration and human
embryonic development. The association between a shorter maternal sleep duration before pregnancy and a
larger yolk sac and CRL was confined to male embryos at 7 weeks of gestation.

However, this effect on 7-weeks” embryos could be traced later in pregnancy. Le., although sleep duration
assessed at 13 weeks was 38 min longer, it still had a distributional pattern that significantly linked it to the yolk
sac size at 7 weeks.

A strength of the study is the prospective longitudinal design to address our study questions. Secondly, our
participants were healthy women who conceived naturally without any influence of hormonal treatment com-
monly used in assisted reproduction. However, our study did not discriminate daytime and nocturnal sleep dura-
tion. The total daily sleep duration included daytime naps and does not necessarily reflect the sleep quality and
quantity at night. In addition, we cannot be certain that the sleep patterns recorded before pregnancy, although
close to conception (Table 2), were continued into early pregnancy. An additional use of sleep diaries would
have strengthened the study and provided a deeper insight. On the other hand, the fact that the sleep duration
pattern at 13 weeks was similarly related to yolk sac and embryo at 7 weeks as was prepregnant sleep duration,
suggests that the sleep pattern was similarly distributed through the entire period.

Stress, physical and psychological, are known confounders with quite similar hormonal responses, but the
present study was not designed to disentangle such factors from sleep effects. The study population, however,
consisted of healthy women with no history of chronic diseases or risk factors, and the chance for being under
chronic physical and psychological stress should therefore be low.

There is some evidence from animal studies supporting an effect of environmental factors on the yolk sac (e.g.
temperature, nutrition, and noise)?*3*4>4, but extrapolation to human conditions may not be warranted as yolk
sac development and implantation mechanisms differ between species?**’#%. However, a human study found that
the yolk sac diameter was influenced by maternal body size®!. They reported a smaller yolk sac at 8-12 weeks
when maternal prepregnant height or weight was high. The relation was sex-dependent, i.e., shown only in female
fetuses. Conversely, adjustment for maternal body composition parameters, including height and weight, did not
change our estimates of the relation between daily sleep duration and yolk sac size (Supplementary Tables S4 and

Scientific Reports |

(2022) 12:17099 | https://doi.org/10.1038/5s41598-022-21516-6 nature portfolio



www.nature.com/scientificreports/

S5). We suggest to consider this rather as a concept than contradiction. The first trimester is a developmental
rush hour. From conception and implantation to the end of week 13, myriads of developmental steps are taking
place with different time windows opening and closing at high frequency. In the current study the sleep effect
on the yolk sac was present at week 7, but not 3 weeks later supporting this notion.

Our findings can be explained by at least two different biological models. First, the increase of the yolk sac
size could compensate for a less favorable intrauterine environment due to a shorter sleep duration. This concept
has been suggested before (in connection with maternal body size) and implies that the human yolk sac can
compensate for reduced access to maternal nutrients by means of a larger surface®.. It is in line with the time-
dependent and early effect on the yolk sac at 7 weeks: early nutrition depends foremost on the yolk sac; later,
there is a gradual transition to a hemotrophic placental supply***. The similar association of the embryonic CRL
at week 7 (Table 6) may appear inconsistent with such a model of yolk sac compensation, but could be explained
by a delay of the compensatory effect.

A second model would be that there is a systematic shift of the embryonic or fetal age related to the meas-
ured sleep duration. Le., both time of ovulation with the fertile window (day 8-15)* and time of implantation
vary (i.e., day 6-12 after ovulation)*. The influence of sleep on the HPA-axis, estradiol, melatonin, and other
hormones?**! can cause menstrual cycle changes!18202151-% and earlier ovulation. In addition, the interval from
ovulation to implantation is inversely correlated with the first trimester measurement of the fetal CRL*. Thus,
an association between the prepregnant sleep duration with early ovulation or shorter ovulation-implantation
interval would result in a systematically larger yolk sac diameter and fetal CRL at any estimated GA by the LMP-
method. This theory provides an explanation why both the yolk sac size and the CRL are sleep-related in early
gestation. Later when size variation increases, due to individual embryonic and yolk sac growth or because the
yolk sac dissolves?>*S, these sleep-related findings may not be traceable.

The present study also demonstrated a fetal sex-dependent sleep-yolk sac association that was present only
for male embryos. Weinberg et al. reported already in 1995 that women with a short follicular phase before
conception tended to give birth to males®. It is tempting to propose that a similar mechanism could explain the
present results. Nevertheless, sexual dimorphism alone could explain sex-specific environmental effects including
a sex-specific plasticity that depends on embryonic age®. That means, time windows for developmental influ-
ence may differ between the sexes as seen in the present and a previous study on yolk sac size*!. Male embryos at
7 weeks in the present study were sensitive to maternal sleep, while female embryos after 8 weeks in the previous
study were sensitive to maternal body height and weight, which could be analogue to the different timelines for
development of girls and boys during postnatal life.

The present findings are not derived from extreme or pathologic cases but represent the healthy majority of
pregnancies and point out that human development exhibit a measurable sensitivity to environmental factors
already during the embryonic period. Note that the current yolk sac changes were associated with the sleep
duration before pregnancy. Epigenetic programming has been linked both to sleep’'” and immune progenitor
cells produced in the yolk sac®. This opens the possibility of influencing and conditioning individual health
development of the offspring right from the periconceptional period.

The present results made us also realize how rapid the pace of development is during the 1st trimester with
sex and GA specific time windows that were susceptible to maternal and environmental effects (i.e., sleep and
body composition). Future studies need to consider a correspondingly rapid frequency of observational windows
to discern effects.

In addition, the two suggested explanatory models require further investigation; (a) the yolk sac compen-
sation of a less favorable intrauterine environment due to a shorter prepregnant sleep duration and/or (b) an
earlier ovulation or implantation due to a shorter prepregnant sleep duration. A precise determination of time
of ovulation and implantation would be a good starting point™.

Conclusion

Normal variation in prepregnant sleep does have an effect on embryonic development in healthy women; a
shorter sleep duration corresponds to a larger yolk sac and CRL. Two features stand out; there is a sex-differ-
ence with an effect that appears to be exclusively among males, and the effect seems to operate during a short
time window—around 7 weeks of pregnancy—underscoring the rapid pace of development that dominates the
embryonic period.

Data availability
All data generated or analysed during this study are included in this published article (and its supplementary
information files).
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Correction to: Scientific Reports https://doi.org/10.1038/s41598-022-21516-6, published online 12 October 2022
The original version of this Article contained a typo in the Abstract.

“Le., the yolk sac diameter decreased with increasing sleep duration (0.22 mm-h~'d™!, 95%CI [0.35-
0.09], P<0.01), and CRL increased (0.92 mm-h~'d"!, 95%CI [1.77-0.08], P=0.03)”

now reads:

“Le., the yolk sac diameter decreased with increasing sleep duration (0.22 mm-h™'d"!, 95%CI [0.35-0.09], P <
0.01), and CRL decreased (0.92 mm-h~'d"}, 95%CI [1.77-0.08], P = 0.03)”

The original Article has been corrected.
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Table S1 Prediction of the unstratified serial yolk sac measurements at gestational week 7 and 10 (in
one group) by various sleep parameters: i.e., duration, difference between prepregnant and 1%t trimester
sleep duration (A-sleep), and sleep efficiency. Estimates calculated with mixed model linear regression
accounting for gestational age—unstandardized regression coefficient (Effect); adjusted R squared
(Adj.R2); 95% confidence interval (95%Cl); AIC (Akaike information criterion). Two participants were
excluded from the analysis due to uncertain information on LMP dates.

Term N  Effect 95% CI Adj.r2 AiC P
Yolk sac diameter by sleep

duration before pregnancy 172 -0.09 (-0.18--0.00) 0.71 711.1 0.04
(mm-h"-d")

Yolk sac diameter by sleep

duration at end of 1st 174 -0.05 (-0.12-0.02) 0.71 718.6 0.14
trimester (mm-h"'-d"")

Yolk sac diameter by A-
sleep (mm-h"'-d")

Yolk sac diameter by sleep
efficiency before 173 -0.00 (-0.01-0.01) 0.71 7156 0.86
pregnancy (mm-%")

Yolk sac diameter by sleep

efficiency at end of 1st 174 0.00 (-0.01-0.01) 0.71 7204 0.57
trimester (mm-%")

169 0.02 (-0.06-0.10) 0.71 698.2 0.64

Table S2 Prediction of the unstratified (all) and sex-stratified serial crown-rump-length measurements
in week 7, 10, and 13 (in one group) by total daily sleep duration before pregnancy and at gestational
week 13. Estimated using mixed model regression accounting for gestational age—unstandardized
regression coefficient (Effect); adjusted R squared (Adj.R2); 95% confidence interval (95%Cl); AIC
(Akaike information criterion).

Group N Effect 95% ClI Adj.r2 AlC p
CRL by sleep duration before conception

All 174 -0.25mm-h"-d" (-1.17-0.66) 0.94 3386.0 0.58

Male 89 -0.56 mm-h'-d' (-1.89-0.79) 0.92 1810.2  0.41

Female 84 010 mm-h'-d" (-1.18-1.39) 0.95 1512.2 0.88
CRL by sleep duration at the end of the 1st trimester

All 176  -0.40 mm-h"-d" (-1.17-0.28) 0.94 34105 0.23

Male 90 -0.20 mm-h"-d" (-1.36-0.95) 0.92 1823.0 0.72

Female 85 -0.57mm-h'-d’' (-1.53-0.38) 0.95 1520.8 0.23




Figure S1 First (week 7) and second (week 10) yolk sac measurements (in total N=358) presented
as longitudinal observations by gestational age (here based on the fetal crown-rump-length). The
individual pregnancies are distinguished by the color gradient.
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Table S3 Prediction of the yolk sac growth rate in mm/week (all, males, and females) between
gestational week 7 and 10 by daily preconception sleep duration (in hours), sleep duration at end of
first trimester, and their individual differences (end of 1st trimester—preconception). Calculated by
ordinary least square regression models—unstandardized regression coefficient (Effect); adjusted R
squared (Adj.R2); 95% confidence interval (95%Cl); AIC (Akaike information criterion).

Group N Effect 95% CI Adj.r2 AIC P
Yolk sac growth rate by sleep duration before conception
All 156  0.002 mm/week-h"-d" (-0.004-0.007) -0.005 -619.5 0.60
Male 76 0.003 mm/week-h”"-d"  (-0.004-0.01) -0.004 -317.6 0.40
Female 79  -0.000 mm/week-h™"-d" (-0.008-0.008) -0.012 -299.4 0.98
Yolk sac growth rate by sleep duration at the end of 1st trimester
All 159  0.000 mm/week-h"-d"  (-0.004-0.005) -0.006 -640.3 0.85
Male 77  -0.001 mm/week-h™'-d" (-0.008-0.005) -0.011 -322.1 0.66
Female 81 0.002 mm/week-h™"-d"  (-0.005-0.008) -0.009 -314.5 0.59
Yolk sac growth rate by A-sleep duration
All 153 0.000 mm/week-h"-d"  (-0.005-0.005) -0.006 -617.6 0.90
Male 75  -0.004 mm/week-h™"-d™" (-0.012-0.003) 0.007 -313.8 0.22
Female 77  0.004 mm/week-h"'-d" (-0.003-0.011) 0.001 -301.8 0.30




Figure S2 Unadjusted quantile regression-lines for the yolk sac size at the first measurement (week
7) by total daily preconception sleeping time in hours (N=165); median (thick black line) and 5th, 20th,
30th, 40th, 60th, 70th, 80th, and 95th percentile (grey); individual observations (open circles); ordinary
least square regression-line (red).
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Table S4 Prediction of the yolk sac diameter (males and females) at gestational week 7 by total daily
sleep duration before pregnancy. Calculated by ordinary least square regression models—unstandardized
regression coefficient (Effect); adjusted R squared (Adj.R2); 95% confidence interval (95%Cl); AIC (Akaike
information criterion). The crude model (grey background) with its estimates and significance level can be
compared with the adjusted models listened below, controlling for maternal health parameters: i.e., age,
parity, physical activity level before conception (PA), height, weight, BMI, lean body mass (LBM), body fat
percent (BFP), and gestational age (GA). The sleep-yolk sac relation remained significant after adjustments
that caused minute changes in the estimated effect.

Model N Effect 95% CI Adj.r2 AIC p

Crude 165 -0.12 mm-h'-d' (-0.22t0-0.03) 0.032 291.4 0.01
Adjusted by age 165 -0.12mm-h'-d' (-0.22t0-0.03) 0.026 293.4 0.01
Adjusted by parity 165 -0.12mm-h”-d" (-0.22t0-0.02) 0.047 296.6 0.02
Adjusted by PA 165 -0.12mm-h"'-d' (-0.22t0-0.03) 0.022 2959 0.01
Adjusted by height 165 -0.12mm-h'-d" (-0.22t0-0.03) 0.030 292.6 0.01
Adjusted by weight 165 -0.13mm-h"-d' (-0.22t0-0.03) 0.026 293.3 0.01
Adjusted by BMI 165 -0.11 mm-h"-d' (-0.21t0-0.00) 0.027 2932 0.01
Adjusted by LBEM 165 -0.12 mm-h'-d' (-0.22t0-0.02) 0.032 2924 0.01
Adjusted by BFP 165 -0.12mm-h"-d' (-0.2210-0.02) 0.017 293.1 0.02
Adusted by GA 164 -0.10 mm-h'-d' (-0.19t0-0.01) 0.091 281.8 0.03

Table S5 Prediction of the yolk sac diameter (males and females) at gestational week 7 by total daily
sleep duration before pregnancy. Calculated by ordinary least square regression models simultaneously
adjusted for age, number of previous children, physical activity level before conception, height, lean body
mass, body fat percent, and gestational age—unstandardized regression coefficient (Effect); adjusted R
squared (Adj.R2); 95% confidence interval (95%Cl); AIC (Akaike information criterion). The effect on male
embryos remains significant.

Group N Effect 95% Cl Adj.r2 AIC p
All 165 -0.08 mm-h'-d' (-0.18-0.01) 0.056 297.7 0.09
Male 83  -019mm-h'd' (-032t0-0.05) 0.16 138.7 <0.01
Female 81 -0.01 mm-h'-d'  (-0.15-0.16) 0.029 163.4 0.95




Table S6 Variable key variables table S7 (dataset)

Id Study inclusion number

Age Age of the participant at inclusion

para Number of previous births

mens.cyc Average length of menstrual cycle at inclusion
hypert.dis Hypertensive disease or preeclampsia during the studied pregnancy
gdm Gestational diabetes mellitus

wt.1 Weight at inclusion

ht Height at inclusion

bmi.1 BMI at inclusion

bfp.1 Body fat percent at inclusion

Ibm.1 Lean body mass at inclusion

physac Level of weekly physical activity at inclusion
child.wt Weight of the child at birth

apgar5 APGAR-score after 5 minutes

apgar10 APGAR-score after 10 minutes

childSex Sex of the child

tot.preg.length.crl.mix

Total pregnancy length calculated from gestational age by earliest available fetal
crown-rump-length

preterm Preterm birth

Imp First day of the last menstrual period

g_date.1 Date of the first assessment in pregnancy (week 7)

crl.1 Fetal crown-rump-length at the first assessment (week 7)

ys.1 Yolk sac diameter at the first assessment (week 7)

Examininer7 Identification number of the examiner at the first assessment (week 7)
g_date.2 Date of the second assessment in pregnancy (week 10)

crl.2 Fetal crown-rump-length at the second assessment (week 10)

ys.2 Yolk sac diameter at the second assessment (week 10)

Examininer10

Identification number of the examiner at the second assessment (week 10)

g_date.3

Date of the third assessment in pregnancy (week 13)

crl.3

Fetal crown-rump-length at the third assessment (week 13)

Examininer13

Identification number of the examiner at the third assessment (week 13)

sw.0.days.before.concept

Number of days from first actigraphy recording to ovulation (day 14 from LMP)

sw_date.1 Date of the first actigraphy recording (inclusion)

sw.ndays.1 Number of complete days (on body time=94% per 24 hours) at the first recording
tst.1 Mean total sleep duration per day in minutes at the first recording

se.1 Sleep efficiency in % at the first recording

sw_date.2 Date of the second actigraphy recording (week 13)

sw.ndays.2 Number of complete days (on body time=94% per 24 hours) at the second recording
tst.2 Mean total sleep duration per day in minutes at the second recording

se.2 Sleep efficiency in % at the second recording

excl Exclusions: excluded 0; if excluded, reason by number 1-5
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Maternal physical activity affects
yolk sac size and growth in early
pregnancy, but girls and boys use
different strategies

Alexander Vietheer*?, Torvid Kiserud*?, Cathrine Ebbing®?, Hemamaalini Rajkumar?,
@ystein Ariansen Haaland?, Rolv Terje Lie*, Roberto Romero*®’ & Jérg Kessler’2

This longitudinal study investigated the impact of actigraphy-measured maternal physical activity on
yolk sac size during early development. The yolk sac, a transient extraembryonic organ, plays a crucial
role in embryonic development and is involved in metabolism, nutrition, growth, and hematopoiesis.
Prospectively collected data from 190 healthy women indicated that their total daily physical
activity, including both light and moderate-vigorous activity, was associated with yolk sac growth
dynamics depending on embryonic sex and gestational age. Higher preconception maternal physical
activity was linked to a larger yolk sac at 7 weeks (95% CI [0.02-0.13 mm]) and a smaller yolk sac at
10 weeks’ gestation (95% ClI [- 0.18 to - 0.00]) in male embryos; in female embryos, the yolk sac size
was increased at 10 weeks’ gestation (95% CI [0.06-0.26]) and was, on average, 24% larger than that
in male embryos (95% CI [0.12-0.38]). Considering the pattern of other maternal effects on yolk sac
size—e.g., body composition and sleep duration—we suggest that physiological yolk sac adaptations
occur in short, sex-specific time windows and can be influenced by various maternal factors.

The ability of an embryo and fetus to adapt to the intrauterine environment, including maternal factors, is
considered to diminish over time!~>. Even before conception, maternal health factors are relevant for optimal
endometrial preparation® and implantation®. In addition, the response to environmental and maternal factors
can vary between the sexes as early as the moment of conception based on their specific genetic and epigenetic
potential6-,

The rapid stages during early gestational development might be accompanied by corresponding rapid shifts
in sensitivity to maternal and environmental cues. More detailed insight into the effect of specific factors and
the sequence of events may reveal mechanisms of interest beyond fundamental knowledge, such as public health
measures and clinical management'.

The secondary yolk sac is a prominent structure during early human embryonic development that is easily
visualized using ultrasound imaging during the first trimester. It is located in the exocoelomic cavity and remains
connected to the developing embryo by the vitelline duct and its vessels (Fig. 1a,b). The yolk sac is involved in
gastrointestinal tract formation, protein synthesis, stem cell production, and hematopoiesis®'% for example, it
is the origin of macrophage subtypes with high plasticity for epigenetic programming"’. Through surface dif-
fusion and transport proteins, the yolk sac membrane also facilitates gas exchange and provides nutrients until
the placenta is sufficiently developed’'>!4.

Recently, our group found that in a healthy pregnancy, the yolk sac at approximately 8 weeks’ gestation is
larger when the maternal height and weight are low, suggesting a compensatory adaptation to maintain embry-
onic growth within an optimal trajectory, and the effect was essentially observed in female embryos®. In a
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*Nutrient-secretion (uterine glands)  **Membranous nutrient re-uptake

Figure 1. (a) 3D ultrasound of a 10-weeks’ embryo with a secondary yolk sac (YS). (b) Graphical illustration of
the embryo-yolk sac connection with the yolk sac localized outside the amniotic cavity in the extraembryonic
coelom. * Uterine glands secrete amino acids, ions, carbohydrates (glucose), lipids, proteins (e.g., cytokines,
enzymes, hormones, growth factors, proteases and their inhibitors, and transporters)°'. ** Yolk sac membrane
with a vascular plexus envelope is involved in transport or resynthesis and exocytosis of nutrients, either directly
into the surrounding blood vessels or the yolk sac cavity'!. (c) Yolk sac size was assessed by two perpendicular
outer-to-outer diameters measured thrice, and the mean was entered into the statistics.

second study, a shorter maternal sleep duration was linked to a larger yolk sac at 7 weeks of gestation, but this
was essentially limited to male embryos!®.

This brings attention to another maternal factor, physical activity, which is related to healthy weight gain,
improved maternal glucose control'”'%, and favorable obstetric outcomes'®-?2. More specifically, maternal physical
activity is associated with a larger placental volume, villous surface area and vascular volume® and modulates
factors related to placental angiogenesis**?*. Physical activity also downregulates genes involved in placental
fatty acid and insulin transport, upregulates genes involved in amino acid transport across the placenta, and
reduces oxidative stress'®2°.

Based on this background, we speculate that physical activity in healthy women before and during early
pregnancy affects the intrauterine environment. Thus, we hypothesize that these effects are reflected in the size
of the yolk sac, which is involved in embryonic growth regulation, and that the effects are sex specific.

Results

The cohort consisted of 436 eligible participants (Fig. 3 and Table 1), of whom 190 (43.6%) became pregnant
and provided sufficient data for inclusion in the present study (all study data with keys are supplied in Sup-
plementary Tables S1 and S2). These 190 women had regular menstrual cycles with a median of 28 days (range
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n=190 Frequency | Missing | Mean |SD |Min |Max |IQR
Age (years) 0 290 |[3.1 20.0 35.0 27-31
Height (cm) 0 167.7 | 6.2 149.0 |185.0 |164-172
Weight (kg) 0 64.7 |83 47.1 89.8 58.9-71.2
BMI 0 230 |26 17.8 29.9 21-24.8
Lean body mass (kg) 0 457 |3.8 36.0 55.6 43.0-48
Body fat (%) 0 28.8 |55 15.9 41.9 25-32.9
Cycle length (days) 0 285 |17 24 35 28-29
Parity 0

0 89 (46.8%)

1 79 (41.6%)

22 22 (11.6%)

Training efforts* 0

None 3(1.6%)

Effortless walking 46 (24.2%)

<3 times week ™! 90 (47.4%)

>3 times week ™! 51 (26.8%)

Table 1. Descriptive statistics of the participants'® are presented as the mean, standard deviation (SD), range
(Min, Max), and interquartile range (IQR). *Training efforts established based on a unvalidated questionnaire
completed at study entry by each participant.

24-35 days, interquartile range (IQR) 1 day) and successful pregnancies resulting in live-born neonates with a
median pregnancy length of 281 days (IQR 12 days) according to the date of the last menstrual period (LMP) or
278.5 days (IQR 11.8 days) based on the embryonic crown-rump length (CRL) in the first trimester?”. Generally,
the rate of pregnancy complications was low, e.g., gestational hypertension (3.2%), gestational diabetes (3.7%),
preterm birth (3.2%), and a 5-min Apgar score less than seven (1.1%). The demographic characteristics of the
study cohort are provided in Table 1.

Daily physical activity duration

In total, 92.1% of all recorded days before conception and 93.7% of the recorded days at the end of the first
trimester fulfilled our eligibility criteria'®, and no participant was excluded from the analysis. The total duration
of actigraphy and the frequency of recorded data for weekend days before conception did not differ from those
recorded after conception. With notable individual variation, the total daily activity duration was 5 h and 55 min
before conception (95% CI [5 h 37 min-6 h 13 min], and the duration was 1 h 36 min shorter at the end of the
first trimester (95% CI [1 h 19 min-1 h 55 min]) (Table 2, Supplementary, Fig. S1). This pattern was similar for
the different activity intensities (light and moderate-vigorous activity) (Table 2).

Term n Mean/Median | SD/IQR | 95% CI

1st actigraphy recording (before pregnancy) | 176

Days before estimated conception* 36 10-75* | (43.8-59.5)
Number of recorded days 3.7 0.7 (3.6-3.8)
Total activity (min day™!) 354.7 120.9 (336.7-372.7)
Light activity (min day™") 259.7 94.1 (245.7-273.7)
Moderate or vigorous activity (min day™') 96.8 55.9 (88.5-105.1)
2nd actigraphy recording (week 13) 178

Gestational age (weeks) 13.2 0.8 (13.1-13.3)
Number of recorded days 3.7 0.6 (3.6-3.8)
Total activity (min day™") 254.5 101.6 (239.5-269.5)
Light activity (min day™) 198.8 83.1 (186.5-211.1)
Moderate or vigorous activity (min day™) 57.5 36.2 (52.1-62.8)

Table 2. Summary statistics of maternal physical activity based on actigraphy data of 190 low-risk pregnant
women before pregnancy and at 13 weeks of gestation, presented with the number of measurements (1), mean
or median, standard deviation (SD) or interquartile range (IQR), and 95% confidence interval of the mean
(95% CI). Daily maternal physical activity duration was classified as total, light, and moderate or vigorous
activity. *Time to conception was calculated as the number of days from the start of the maternal actigraphy
recording at inclusion to day 14 of the cycle that led to conception. **The median or IQR was calculated.
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Yolk sac size

A total of 358 yolk sac measurements were obtained through sonographic assessment at gestational weeks 7
and 10, showing an increase in the mean size from 4.7 mm at week 7 (95% CI [4.7-4.8]) to 5.9 mm at week 10
(95% CI [5.8-6.1]) (Fig. 2a, Table 3); the difference of 1.14 mm was significant (95% CI [0.99-1.29]). However,
individual growth rates displayed considerable variation (Fig. 2b).

a b

6 8 10 12 6 8 10 12
Gestational age (weeks)

Figure 2. First and second yolk sac measurements by gestational age based on the last menstrual period. (a) In
total, 358 measurements included the mean and 95% prediction band. (b) A line between the first and second
yolk sac measurements representing the individual yolk sac growth rate. Line plot demonstrating the variations
in yolk sac growth between the two measurements (no line is shown when only one measurement was available,
and one participant was not included in this plot as the menstrual age at the time of the second measurement
was an outlier beyond 14 gestational weeks).

Term Sex |n Mean |SD | 95% CI p*
Week 7: 1st measurement; GA (weeks) 180 7.6 0.7 (7.5-7.7)
5] 89 | 7.5 |05 | (7.4-7.6)
0.08
Q 91 77 |09 |(7.5-7.8)
Week 7: Ist yolk sac diameter (mm) 180 4.7 0.6 (4.7-4.8)
3 89 | 47 |06 |(4.6-4.8)
0.39
91 4.8 0.6 (4.7-4.9)
Week 10: 2nd measurement; GA (weeks) 178 | 10.6 0.8 (10.5-10.7)
d |87 |106 |07 |(10.5-10.8)
- 0.65
Q 91 10.7 0.9 (10.5-10.9)
Week 10: 2nd yolk sac diameter (mm) 178 5.9 0.9 (5.8-6.0)
s 87 | 59 |08 |(57-6.1)
- 0.99
Q 91 59 1.0 |(57-6.1)
Week 7-10: Yolk sac growth rate (mm week ™) 170 038 [0.33 |(0.33-0.43)
3 81 0.37 ]0.29 |(0.30-0.43)
0.67
? 89 0.39 |0.36 |(0.32-0.46)

Table 3. Summary statistics of the ultrasound data of 190 low-risk pregnant women presented with subgroups
(males and females), the number of measurements (), mean, standard deviation (SD), 95% confidence
interval of the mean (95% CI), and p-value (p) for the between-group tests. Gestational age (GA) was based on
the last menstrual period. *The unpaired t test was performed for the yolk sac data, and the Mann—Whitney U
test (Wilcoxon rank-sum test) was performed for the gestational age data.
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Inter- and intraobserver variability of yolk sac sonographic measurements
The reproducibility study of the yolk sac ultrasound measurements showed intraobserver variability of 0.08%
and interobserver variability of 0.09%, corresponding to an intraobserver standard error of measurement (SEM)
of 0.029 mm, with a 95% confidence interval (CI) of+ 0.056 mm. The interobserver SEM was 0.03 mm, resulting
in a minimum detectable difference of 0.08 mm for the applied measurement technique.

Effect of daily maternal physical activity duration on yolk sac size

When gestational age (GA) and embryonic sex were not accounted for, physical activity had no significant effect
on yolk sac size, i.e., neither before conception nor at the end of the first trimester (0.03 mm-h™!, 95% CI [-0.02
to 0.08]; and 0.00 mm-h™!, 95% CI [-0.06 to 0.06], respectively).

The effect of daily physical activity on yolk sac size is a function of fetal sex and GA

At 7 weeks gestation, the yolk sac diameter of male embryos was larger when the prepregnancy physical activity
duration was longer (i.e., 10% larger for the average amount of daily physical activity before pregnancy; p<0.01).
At this stage, such an effect was not evident in female embryos (p=0.93). However, at 10 weeks’ gestation, mater-
nal physical activity was associated with yolk sac size in both male and female embryos (Fig. 3, Supplementary
Table S3). At this stage, the relation between yolk sac size and maternal physical activity became negative for male
embryos (p=0.04), while for female embryos, a stronger and positive correlation was shown (p <0.01), similar to
the effect observed in male embryos at gestational week 7. Notably, the interaction between embryonic sex and
daily maternal physical activity was also highly significant (0.24 mm-h™*; 95% CI [0.12-0.38]), underscoring the
differential effect of maternal physical activity on yolk sac size at 10 weeks’ gestation, depending on the sex of
the embryo (Fig. 4, Supplementary Table S3). When considering the average duration of maternal activity prior
to conception, this effect translates to a yolk sac that is 24% larger in female embryos than in male embryos.

For the physical activity recordings at 13 weeks’ gestation, a similar relation between maternal physical activity
and yolk sac size in male and female embryos at either 7- or 10-weeks’ gestation was observed but did not reach
significance (p=0.1) (Supplementary Table S3; Fig. 3).

Adjusting the analysis for maternal age, parity, and body composition had a negligible impact on the results
(Supplementary Tables S4-S7); the same applied to adjustments for GA (Supplementary Tables $4-S7), GA-
adjusted yolk sac Z scores (Supplementary Table S8, Eq. 1 and Code C1), and quantile regression results (Sup-
plementary Figs. $2-S5).

In a subanalysis, we stratified by time of inclusion due to the long study period and did not observe any
significant effect on our results (Supplementary Tables S4-S7). The same applied for the few women with preg-
nancy complications in the study; their exclusion from the analysis did not alter our results (Supplementary
Tables S4-S7).

Effect of maternal physical activity on yolk sac growth velocity (mm-week™)

In addition to the association between daily maternal physical activity duration and yolk sac size at different GAs
(weeks 7 and 10), we also found an effect on yolk sac growth dynamics. In both male and female embryos, the
recorded maternal physical activity before pregnancy was associated with variation in yolk sac growth velocity
(mm-week™) but differed by 10% per hour of physical activity between the sexes, and this was highly significant
(p<0.01). In contrast to male embryos, where yolk sac growth was lower at higher activity durations (p <0.01),
female embryos showed higher growth between 7 and 10 weeks’ gestation (p=0.01) (Supplementary Table S9).

Effect of maternal physical activity intensity on yolk sac size

The total daily duration of maternal physical activity was classified based on intensity, as light versus moderate-
vigorous physical activity. Even within these subcategories, the impact of maternal physical activity, dependent
on sex and GA, was similar to that observed for the total physical activity duration (Fig. 5).

Discussion

This study of low-risk human pregnancies demonstrated that maternal physical activity before and during early
pregnancy affects embryonic development, in this case, yolk sac size. A graded yolk sac response based on
maternal physical activity duration was observed across all activity levels, encompassing both light and moderate-
vigorous activities. Notably, we found that the effect was sex dependent, with different time windows and direc-
tions of impact (Fig. 3b, 4). Additionally, the sex-specific effect on yolk sac growth rate between gestational weeks
7 and 10 revealed the dimension of an inverse effect on yolk sac growth dynamics for male and female embryos.
Therefore, we hypothesize that high physical activity levels may strain the intrauterine environment and cause
compensatory enlargement of the yolk sac surface at different GAs to ensure adequate nutritional support for
embryonic growth, determined by embryonic sex.

Based on the two previous studies'*!® and the present study, a distinct pattern emerges: sensitive windows in
embryonic development seem short, and the timing and effects are sex-specific (confer overview in Fig. 6). For
example, at 8 weeks of gestation, a larger yolk sac size in female embryos develops when the maternal height and
weight are low">. On the other hand, at 7 weeks’ gestation, a larger yolk sac is seen in male embryos when the
maternal sleep duration is short'®. The present study showed that an extended maternal physical activity leads to
a larger yolk sac in male embryos at 7 weeks’ gestation, while in female embryos, an extended physical activity
is associated with a smaller yolk sac at 10 weeks’ gestation. This figure illustrates not only the sex-specific modi-
fications of the observed effects in terms of timing and direction but also underscores the importance of precise
and frequent observations—during a phase of rapid progression through consecutive developmental stages—to
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Figure 3. (a) Study protocol including the study population, participant exclusions, and study visits with the
type and number of successful measurements. (b) Effect of the total daily activity duration (TPAD) before
pregnancy (left half) and at gestational week 13 (right half) on the yolk sac size at 7 weeks and 10 weeks. A
regression line and its 95% confidence interval are presented and grouped according to embryonic sex (males
(blue) and females (red)).
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Figure 4. Yolk sac size of male and female embryos at 10 weeks of gestation according to total daily maternal
physical activity (PAD) before pregnancy. The presented regression lines and their 95% confidence intervals are
grouped according to embryonic sex.

capture such effects. Animal studies have also provided some evidence supporting the effect of environmental
factors, such as temperature, nutrition, and noise, on the yolk sac?*-*!, but yolk sac development and implanta-
tion mechanisms vary among species™!*!1.

Nevertheless, the findings of the present study support the concept of the compensatory enlargement of the
yolk sac surface to ensure adequate nutritional support for embryonic growth'. In nonpregnant individuals,
exercise is known to reduce visceral blood flow to meet the metabolic demand of the working muscles®. This
reduction in visceral blood flow is accompanied by increased vasodilatation through the release of nitric oxide
(NO)** and endothelium-dependent hyperpolarization®. It has also been suggested that physical activity induces
shear stress and intermittent fluctuations in substrate and oxygen delivery, resulting in hypoxic strain, which
generates a repetitive stimulus triggering a feto-maternal response with increased placental vascularization®*.

However, compared with the increase in yolk sac size, the association of physical activity and fetal body
composition®’, fetal growth, placental size*******, and placental circulation® are relatively late pregnancy
responses to multiple factors and events. A significant feto-maternal connection via placental circulation is not
established before twelve weeks of gestation** and therefore is unlikely to explain variations in yolk sac size.
Nevertheless, the underlying mechanisms may be similar because they both occur within the same organ, the
uterus, with the same supplying vasculature, myometrium, and endometrium that includes glands surrounded by
vessels. Therefore, it is plausible that fluctuations capable of influencing placental development may also influence
histotrophic nutrition at earlier stages of pregnancy via the uterine glands and vasculature'®!!. Furthermore, sex
steroid levels, which are associated with physical activity in women®, are widely recognized to influence both
the menstrual cycle and the timing of ovulation, as well as the composition of the endometrium and its glands.

The sex-specific response in size and growth dynamics shown in the present study is in line with other reports
on sexual dimorphism in response to environmental factors during pregnancy in animal and in vitro studies’. We
envisage that physical activity might act as a natural stress factor leading to the physiological adaptive response
of the yolk sac (i.e., increasing size and thereby surface area that facilitates gas exchange and nutrient uptake
during the period before the placenta is sufficiently developed).

Study strengths

The strengths of this study lie in its prospective longitudinal design, which includes maternal data from the pre-
conception period, and the inclusion of many healthy women who conceived naturally, without the confounding
influence of hormonal treatments commonly used in assisted reproduction. Furthermore, the observed opposite
effects on male and female embryos at 10 gestational weeks provide robust evidence for a sex-dependent effect
of maternal physical activity on yolk sac size.

Additionally, the effect on yolk sac size at gestational weeks 7 and 10 is corroborated by the sex-specific effect
on the yolk sac growth rate and strengthens the internal validity of the study.

Another strength is the utilization of alternative statistical models and quantile regression models, which
consistently yielded the same results. This demonstrates that the results were not dependent on skewed data,
systematic distribution differences, or extreme values.

To ensure the accuracy of yolk sac measurements, intra- and interobserver variability were calculated, con-
firming sufficient measurement precision, which was unbiased by any observer. Confounding observer effects
are unlikely since maternal physical activity is not inherently related to the ultrasound procedure itself.
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a. Embryonic sex and activity intensity-level:
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Figure 5. Forest plot showing the effect of physical activity intensity on yolk sac size according to embryonic
sex and the time of the actigraphy recording: (a) before pregnancy and (b) at the end of the 1st trimester.

Coeflicients are presented with 95% confidence intervals.

The ultrasound operators were blinded to embryonic sex, as embryonic sex was unknown at the time of
observation.

Multiple regression analyses examining the association between maternal physical activity and yolk sac size
did not reveal any significant observer effects (ultrasound operator) or effects of maternal age, parity, weight,
height, BMI, lean body mass, body fat percentage, GA, time of inclusion, or the inclusion of the few participants
with pregnancy complications.

Study limitations

Due to the study design, we cannot be certain that the activity patterns recorded before pregnancy, although
close to conception (Table 2), continued into early pregnancy. In addition, the study included only two yolk sac
measurements (gestational weeks 7 and 10). Both factors imply that we cannot infer whether the variation in
yolk sac observations stems from pre- or periconception variations in the intrauterine environment (i.e., the
vasculature, myometrium, and endometrium with endometrial glands) or whether we observed an ongoing
sex-specific impact of maternal physical activity during gestation within the specific time windows of gestational
weeks 7 and 10.
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Figure 6. Effect of preconception maternal factors on yolk sac size: i.e., the effect of maternal sleep duration'®,
total maternal physical activity duration, and maternal body size (weight and height)*>. The figure illustrates the
sex and time-dependent effects during the 1st trimester. The time windows, where these effects can be observed,
are short.

An additional use of activity diaries or continuous measurement as well as more frequent yolk sac measure-
ments would have strengthened the conclusions and provided deeper insight. However, the effect of different
intensities of physical activity on the yolk sac could also be traced later in pregnancy (at 13 weeks’ gestation), sug-
gesting that the physical activity pattern was similarly distributed in the population throughout the entire period.

Other challenges to control for are sex steroid levels, mental stress, and maternal nutrition. Stress causes a
hormonal response similar to that of exercise, and nutrition is closely related to energy metabolism; thus, both
might be confounders. The study population, however, consisted of healthy women with no history of chronic
diseases or risk factors, and the chance of chronic psychological stress in this population should therefore be
low. Confounding by differences in maternal nutrition also seems unlikely, as maternal body composition, which
is closely related to energy metabolism and nutrition, did not significantly affect our results (Supplementary
Tables S4-S7).

Conclusion

Normal human embryonic development is sensitive to maternal cues. Here, we showed that maternal physical
activity influences human yolk sac development in a graded fashion. Second, embryonic sex determines the
timing, degree, growth dynamics, and direction of the effect. Third, the time frames for these effects seem to be
rapidly changing, short phases at this stage of pregnancy.

Methods

We studied the effects of maternal physical activity on the yolk sac in a prospective, longitudinal study of healthy
nonsmoking women who planned to conceive naturally. The study is embedded in the ongoing CONIMPREG
research program'#.

Data collection

During the period 2014-2020, women aged 20-35 years with a BMI of 18-30 kg/m? were recruited through
social media (targeted Facebook® advertisements) and posters, provided that they had an uncomplicated obstet-
ric history, a regular menstrual cycle, did not use contraceptives during the month before study entry and had
no chronic diseases or fertility problems. If the women did not conceive within six sampling cycles, they were
excluded from the study.

The participants were assessed at four consecutive study visits (Fig. 3a). At the first visit—before conception—
maternal height and body composition were measured, immediately followed by the first actigraphy recording.
The second visit was scheduled—based on the first day of the LMP—at 7+ 1 weeks’ gestation. At this time, we
confirmed the viability of the embryo and the length of gestation*’ and assessed the yolk sac. At the third visit
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(10+ 1 weeks’ gestation), the yolk sac measurements were repeated, and finally, at the fourth visit (13 + 1 weeks’
gestation), maternal body composition and activity duration were reassessed.

Height, weight, and maternal body composition

Before conception, height was measured with a wall-mounted stadiometer*?, and weight was measured digitally
using bioelectrical impedance analysis (model BC-418, Tanita, Tokyo, Japan). The percentage of body fat was
estimated using the instrument’s computer software, and lean body mass was calculated by subtracting body fat
mass from total body weight. Measurements were carried out as recommended by the manufacturer®.

Physical activity

Maternal physical activity was recorded before conception and at gestational week 13 using the SenseWear Mini
Armband Actigraph (model ME-SW, BodyMedia, Pittsburgh, PA, USA). This wireless, noninvasive activity
monitor incorporates triaxial accelerometry, heat flux, galvanic skin response, skin temperature, and near-body
temperature measurements with a sampling frequency of 32 Hz. All information, plus information on sex, age,
height, and weight, is considered in proprietary algorithms to predict physical activity at the level of 1.4 meta-
bolic equivalents (METs)™. In accordance with the Sedentary Behavior Research Network (SBRN) consensus
and American College of Sports Medicine (ASM) guidelines, the recordings were classified as light activity
at>1.5 METs < 3.0, moderate at>3.0 METs < 6.0, and vigorous at> 6.0 METs*"*. The monitor was worn on the
upper posterior part of the nondominant arm for 4 days®, and the recording started at midnight. Raw data were
processed and summarized using SenseWear Pro analysis software (SenseWear Professional, version 8.0.0.2903,
Body Media) and exported into Excel workbooks (Microsoft Office, Excel version 2016, Redmond, WA, USA).
Sampling days were excluded from the statistical analyses when data loss in a single day exceeded 6%. This or
earlier versions of this actigraph have been validated for physical activity measurements®***°, including measure-
ments during pregnancy®®*’. The results of the included pregnant women were in good agreement with results
from earlier versions of this monitor and other actigraphs or methods*.

Embryonic measurements

At gestational weeks 7 and 10, ultrasound measurements were carried out by a group that consisted of seven
obstetricians using a 6-12 MHz transvaginal transducer (Voluson Expert E8; GE Medical Systems, Kretz Ultra-
sound, Zipf, Austria). The transducer output power was set to be low, with a thermal index (TT) always below
1.0°8. Viability of the embryo was ensured by employing clinical guideline safety criteria®, and the length of
gestation was confirmed by the CRL* determined as the mean of three measurements. The yolk sac size was
determined as the average of two perpendicular outer diameters measured thrice'® (Fig. 1c).

Inter- and intraobserver variability of the yolk sac measurements

To calculate the inter- and intraobserver variability of yolk sac size measurements, we expanded our study in
2023 by utilizing prospectively collected data (Supplementary Tables with keys in S10 and S11) from the same
study cohort (CONIMPREG). Embryonic yolk sacs (n=19) were assessed either at gestational week 7 or week
10, and video sequences (ultrasound loops) were generated and stored in the machine’s local archive.

All seven ultrasound operators were instructed to select the best yolk sac image from the sequence and meas-
ure the yolk sac using the previously described method. This involved measuring the perpendicular diameters
three times and calculating the mean size. After a minimum of one day, the procedure was repeated to assess
intraobserver variability (repeatability).

Statistics
Statistical analysis was performed using R (Foundation for Statistical Computing, version 4.1, Vienna, Austria)
and R-studio (Integrated development for R, Boston, MA, USA) software.

The mean and standard deviation (SD) with minimum and maximum values were calculated for each continu-
ous variable, and frequencies and proportions were calculated for categorical variables. When the distribution
was asymmetric, the median and IQR are reported. In addition, the 95% ClIs of the mean were calculated for the
recorded physical activity intensities, the number of days with recorded data, the frequency of physical activity
on weekend days, and the CRL and yolk sac size with GA at the time of the measurements.

Ordinary least square linear (OLS) regression models were used to analyze the association of yolk sac size with
maternal physical activity duration before pregnancy and at the end of the first trimester (week 13). Linearity
assumptions and normal distribution of the residuals were ascertained. The regression models were fitted with
and without embryonic sex stratification. In addition, we tested the effect of embryonic sex on the maternal
physical activity-yolk sac relation by adding the interaction term (embryonic sex*maternal physical activity) to
the OLS model. OLS regression results were compared with results from quantile regression, including iterated
reweighted least squares regressions (Huber weights and bisquare weighting), and heteroskedastic methods
(sandwich variance estimators). In the subanalysis of our main findings, we replaced the yolk sac diameter with
the yolk sac Z score that was calculated employing multilevel growth models, accounting for repeated measure-
ments and GA (Supplementary Equation EQ1 and code C1). In addition, we controlled for physical activity
effects in the original OLS model for GA. Likewise, maternal age, parity, and body composition parameters (i.e.,
height, weight, body mass index, lean body mass, and body fat percent) were added one by one to the primary
model and were included if they notably altered the effect size of the association. We also stratified by time of
inclusion and assessed the effect of three equally sized time categories between 2014 and 2020 by adjusting
the regression model for these strata. Finally, we performed regression analyses with and without participants
who experienced complications or unfavorable obstetric outcomes (i.e., hypertensive complications, gestational
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diabetes, preterm birth, and a 5-min Apgar score less than seven). As measures of fit, the adjusted R-squared
and Akaike information criterion were calculated. Differences between the regression models were tested using
analysis of variance (ANOVA) methods. Differences in variables from the summary statistics were tested with
unpaired and paired parametric or nonparametric tests.

The assessment of intra- and interobserver variability, along with the associated SEM (SEM-intraobserver
and SEM-interobserver), as well as the minimum detectable difference, was conducted using a two-way ANOVA
method, as outlined by Popovi¢ and Thomas®. The necessary variances were derived either directly or indirectly
by utilizing the variances expressed as multiple squares for the various factors of the model (i.e., observer, subject,
the interaction between the observer and subject) and the residual variation (Code is provided in Supplementary
Code C2).
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Supplementary

Figure S1 Longitudinal changes of the daily physical activity duration from before pregnancy to
the end of the 1st trimester (week 13). The mean difference of the activity duration was 1 h 36

min (95% CI [1 h 55 min—1 h 19 min], p<0.001).
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Mean = 4.26

Total physical activity (h/day)
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Table S1 (Dataset 1)
Please find the table in “Supplementary Table S1_dataset-1.csv”.

Table S2 (Dataset-1 key)

modvig_pad.1.h

modvig_pad.2.h

Variable name Description

id Participant ID

inc.date_cat Inclusion during the first, second, or third tertial of the study period

age Maternal age before conception (at study entry)

para Number of previous births before conception (at study entry)

ht Maternal body height before conception (at study entry)

wt.1 Maternal body weight before conception (at study entry)

bmi.1 Maternal body mass index before conception (at study entry)

Ibm.1 Maternal lean body mass before conception (at study entry)

bfp.1 Maternal body fat percent

sw.ndays.1 Number of recorded days at the first actigraphy recording (at study
entry)

sw.ndays.2 Number of recorded days at the second actigraphy recording (at
week 13)

pad.1.h Total daily physical activity duration in hours at the first actigraphy
recording before conception (at study entry)

pad.2.h Total daily physical activity duration in hours at the second actigraphy

recording (at week 13)

Moderate and vigorous daily physical activity duration in hours at the
first actigraphy recording before conception (at study entry)
Moderate and vigorous daily physical activity duration in hours at the
second actigraphy recording (at week 13)

It_pad.1.h Light daily physical activity duration in hours at the first actigraphy
recording before conception (at study entry)

It_pad.2.h Light daily physical activity duration in hours at the second actigraphy
recording (at week 13)

g_date.1 Date of the first yolk sac measurement

Imp_ga.1 Gestational age in weeks at the first yolk sac measurement at week 7
(by LMP*)

g_date.2 Date of the second yolk sac measurement

Imp_ga.2 Gestational age in weeks at the second yolk sac measurement at
week 10 (by LMP)

day.diff.1 Number of days between the two yolk sac measurements

ys.1 Yolk sac size in mm at the first yolk sac measurement at week 7

ys.2 Yolk sac size in mm at the second yolk sac measurement at week 10

ys.growth Average yolk sac growth in mm per week between the first and
second measurement (week 7—10)

childSex Sex of the child determined at birth

* LMP, the first day of the last menstrual period.




Table S3 Estimated yolk sac diameter at gestational week 7 (upper half) and week 10 (lower
half) by total daily physical activity duration (TPAD) before pregnancy and at the end of the first
trimester (week 13): Ungrouped (all); grouped according to fetal sex (male, female), or by the
interaction term male sex and TPAD (Male:TPAD). Modeled using ordinary least square
regression—degrees of freedom (DF); unstandardized regression coefficient (Effect); adjusted R
squared (Adj.R2); 95% confidence interval (95%Cl); AIC (Akaike information criterion).

Group DF Effect 95% CI Adj.r2 AlC P
Yolk sac at week 7 by TPAD before pregnancy
All 165  0.04 mm-h" (-0.00-0.08) 0.014 2952 0.07
Male 82 0.08 mm-h-" (0.02-0.13) 0.077 137.2 <0.01
Female 81 0.00 mm-h-" (-0.06-0.07) -0.012  158.7 0.93
Male:TPAD 163  0.07 mm-h" (-0.01-0.16) 0.024 2954 0.09
Yolk sac at week 7 by TPAD at the end of 1st trimester

All 167 0.02 mm-h-" (-0.03-0.07) -0.002  301.9 0.47
Male 83 0.04 mm-h-" (-0.04-0.11) -0.000 146.0 0.34
Female 82 0.01 mm-h-" (-0.07-0.08) -0.011  159.8 0.88

Yolk sac at week 10 by TPAD before pregnancy

All 164 0.03 mm-h-" (-0.04-0.09) -0.002  446.1 0.42
Male 81 -0.09 mm-h*  (-0.18t0-0.00) 0.038  209.8 0.04
Female 81 0.16 mm-h" (0.06-0.26) 0.094 2279 <0.01

Male:TPAD 162 -0.24 mm-h' (-0.38t0-0.12) 0.064 436.7 <0.001
Yolk sac at week 10 by TPAD at the end of 1st trimester

All 166  -0.01 mm-h" (-0.10-0.07) -0.005 451.1 0.72

Male 82 -0.09 mm-h-" (-0.21-0.02) 0.020 2148 0.10

Female 82 0.05 mm-h-"! (-0.07-0.17) -0.003  238.1 0.41




Table S4 Estimated male yolk sac diameter at gestational week 7 by total daily activity duration
(TPAD) before pregnancy. Calculated by ordinary least square regression models—
unstandardized regression coefficient (Effect); adjusted R squared (Adj.R2); 95% confidence
interval (95%Cl); AIC (Akaike information criterion). The crude model (grey background) with its
estimates and significance level can be compared with the adjusted models listened below,
controlling for maternal health parameters: i.e., age, parity, height, weight, BMI, lean body mass
(LBM), body fat percent (BFP), gestational age (GA), and stratified date of inclusion (inc. date; 3
time-categories). The last row represents the crude model but based on women without
pregnancy complications (compl. excl.). The activity-yolk sac relation remained significant after
adjustments that caused minute changes in the estimated effect.

Model DF Effect 95% Cl Adj.r2 AIC P

Crude 82 0.07 mm-h* (0.02-0.13) 0.077 137.2 <0.01
Adjusted by age 81 0.08 mm-h" (0.03-0.14) 0.085 137.0 <0.01
Adjusted by parity 79 0.07 mm-h*  (0.01-0.13) 0.062 141.0 0.02
Adjusted by height 81 0.07 mm-h* (0.01-0.13) 0.085 136.9 0.02
Adjusted by weight 81 0.09 mm-h* (0.03-0.14) 0.099 135.6 <0.01
Adjusted by BMI 81 0.09 mm-h' (0.03-0.15) 0.071 138.3 <0.01
Adjusted by LBM 81 0.08 mm-h* (0.02-0.13) 0.114 134.2 <0.01
Adjusted by BFP 81 0.08 mm-h' (0.02-0.14) 0.065 138.7 <0.01
Adjusted by GA 81 0.07 mm-h' (0.02-0.13) 0.118 133.9 0.01
Adjusted by incl.date 80 0.08 mm-h' (0.02-0.14) 0.059 140.2 <0.01
Crude compl. excl. 70 0.06 mm-h' (0.00-0.12) 0.045 111.2 0.04




Table S5 Estimated female yolk sac diameter at gestational week 7 by total daily activity duration
(TPAD) before pregnancy. Calculated by ordinary least square regression models—
unstandardized regression coefficient (Effect); adjusted R squared (Adj.R2); 95% confidence
interval (95%Cl); AIC (Akaike information criterion). The crude model (grey background) with its
estimates and significance level can be compared with the adjusted models listened below,
controlling for maternal health parameters: i.e., age, parity, height, weight, BMI, lean body mass
(LBM), body fat percent (BFP), gestational age (GA), and stratified date of inclusion (inc. date; 3
time-categories). The last row represents the crude model but based on women without
pregnancy complications (compl. excl.). The activity-yolk sac relation remained constant after
adjustments that caused minute changes in the estimated effect.

Model DF Effect 95% Cl Adj.r2 AIC P
Crude 81 0.00mm-h' (-0.06-0.07) -0.012 158.7 0.93
Adjusted by age 80 -0.00 mm-h" (-0.07-0.07) 0.020 160.3 >0.99
Adjusted by parity 79 -0.00 mm-h' (-0.07-0.07) -0.035 1624 >0.99
Adjusted by height 80 -0.00 mm-h" (-0.07-0.07) -0.020 160.3 0.96
Adjusted by weight 80 -0.01 mm-h' (-0.08-0.06) -0.012 159.6 0.81
Adjusted by BMI 80 -0.01 mm-h" (-0.08-0.07) -0.018 160.1 0.87
Adjusted by LBM 80 -0.00 mm-h' (-0.07-0.07) -0.022 160.4 >0.99
Adjusted by BFP 80 -0.01 mm-h' (-0.08-0.06) -0.010 159.5 0.77
Adjusted by GA 80 0.01 mm-h" (-0.06-0.07) 0.060 153.4 0.86
Adjusted by incl.date 79  0.00 mm-h'  (-0.06-0.07) -0.002 159.7 0.90
Crude compl. excl. 75 0.00mm-h' (-0.08-0.07) -0.013 147.3 0.94




Table S6 Estimated male yolk sac diameter at gestational week 10 by total daily activity duration
(TPAD) before pregnancy. Calculated by ordinary least square regression models—
unstandardized regression coefficient (Effect); adjusted R squared (Adj.R2); 95% confidence
interval (95%Cl); AIC (Akaike information criterion). The crude model (grey background) with its
estimates and significance level can be compared with the adjusted models listened below,
controlling for maternal health parameters: i.e., age, parity, height, weight, BMI, lean body mass
(LBM), body fat percent (BFP), and stratified date of inclusion (inc. date; 3 time-categories). The
last row represents the crude model but based on women without pregnancy complications
(compl. excl.). The activity-yolk sac relation remained significant after adjustments that caused
minute changes in the estimated effect.

Model DF Effect 95% Cl Adj.r2 AIC P

Crude 81 -0.09 mm-h" (-0.18t0-0.00) 0.038 209.8 0.04
Adjusted by age 80 -0.09 mm-h"  (-0.18-0.00) 0.023 211.6 0.06
Adjusted by parity 78 -0.09 mm-h'  (-0.18-0.00) 0.027 213.7 0.06
Adjusted by height 80 -0.09 mm-h' (-0.18t0-0.00) 0.026 211.8 0.04
Adjusted by weight 80 -0.08 mm-h'  (-0.17-0.01) 0.036 211.0 0.07
Adjusted by BMI 80 -0.08 mm-h"  (-0.04-0.02)  0.037 210.9 0.10
Adjusted by LBM 80 -0.09 mm-h' (-0.18t0-0.00) 0.032 211.4 0.04
Adjusted by BFP 80 -0.08 mm-h'  (-0.17-0.01) 0.034 211.2 0.09
Adjusted by GA 80 -0.09 mm-h" (-0.18t0-0.00) 0.026 211.8 0.04
Adjusted by incl.date 79 -0.09 mm-h'  (-0.18-0.00) 0.021 213.2 0.04
Crude compl. excl. 69 -0.08 mm-h"’ (-0.18-0.01) 0.027 181.2 0.09




Table S7 Estimated the female yolk sac diameter at gestational week 10 by total daily activity
duration (TPAD) before pregnancy. Calculated by ordinary least square regression models—
unstandardized regression coefficient (Effect); adjusted R squared (Adj.R2); 95% confidence
interval (95%Cl); AIC (Akaike information criterion). The crude model (grey background) with its
estimates and significance level can be compared with the adjusted models listened below,
controlling for maternal health parameters: i.e., age, parity, height, weight, BMI, lean body mass
(LBM), body fat percent (BFP), and stratified date of inclusion (inc. date; 3 time-categories). The
last row represents the crude model but based on women without pregnancy complications
(compl. excl.). The activity-yolk sac relation remained significant after adjustments that caused
minute changes in the estimated effect.

Model DF Effect 95% CI Adj.r2 AIC P

Crude 81 0.16 mm-h' (0.06-0.26) 0.094 227.9 <0.01
Adjusted by age 80 0.15mm-h' (0.05-0.25) 0.093 229.0 <0.01
Adjusted by parity 79 0.14 mm-h' (0.04-0.24) 0.108 228.5 <0.01
Adjusted by height 80 0.16 mm-h' (0.06-0.26) 0.083 229.9 <0.01
Adjusted by weight 80 0.15mm-h' (0.04-0.26) 0.087 229.5 <0.01
Adjusted by BMI 80 0.14 mm-h' (0.03-0.25) 0.090 229.3 0.01
Adjusted by LBM 80 0.16 mm-h' (0.05-0.26) 0.083 229.9 <0.01
Adjusted by BFP 80 0.13mm-h' (0.02-0.24) 0.099 2284 0.01
Adjusted by GA 80 0.177 mm-h' (0.07-0.27) 0.204 212.4 <0.01
Adjusted by incl.date 79 0.16 mm-h' (0.06-0.27) 0.074 231.6 <0.01
Crude compl. excl. 75 0.17 mm-h' (0.06-0.28) 0.099 211.2 <0.01




Table S8 Estimated yolk sac Z-score at gestational week 7 (upper half) and week 10 (lower half)
by total daily physical activity duration (TPAD) before pregnancy and at the end of the first trimester
(week 13): Grouped according to fetal sex (male, female). Modeled using ordinary least square
regression—degrees of freedom (DF); unstandardized regression coefficient (Effect); adjusted R
squared (Adj.R2); 95% confidence interval (95%ClI); AIC (Akaike information criterion).

Group DF Effect 95% ClI Adj.r2 AlIC P
Yolk sac Z-score at week 7 by daily PAD before pregnancy
Male 80 0.20-h" (0.07-0.33) 0.09 2704  <0.01

Female 78 -0.03-h™" (-0.19-0.12) -0.01 278.7 0.65
Yolk sac Z-score at week 7 by daily PAD at the end of 1st trimester

Male 80 0.06-h™’ (-0.11-0.23) -0.006  278.8 0.49

Female 78 0.02-h" (-0.14-0.19) -0.012  278.8 0.80

Yolk sac Z-score at week 10 by daily PAD before pregnancy

Male 79  -0.14-h" (-0.26t0-0.01)  0.044 263.8 0.03

Female 78 0.21-h™ (0.06-0.35) 0.085 270.7  <0.01
Yolk sac Z-score at week 10 by daily PAD at the end of 1st trimester

Male 79  -0.12:h (-0.28-0.05) 0.012 266.4 0.16

Female 78 0.03-h"" (-0.13-0.20) -0.011 278.7 0.69




Equations Eq.1 Z-score calculation:

In this section, we will explain how Z-scores were obtained, and how means and standard
deviations (SDs) were estimated for each of the measurements. First, we modelled the mean
yolk sac size for individual j at time j using a 2nd order polynomial mixed model with random

intercept,
where GA is gestational age and ¢;; is a normally distributed error term. From (S7) we now get

where the b’s are the estimated g’s from (S1). Because the SD will change with GA we also

calculate an SD for each GA. Letting c.res = [(obsi]- — ﬁij)z, where obs;; are the observed yolk

sac sizes. For individual j at time /i, we get
C.resij =a0+a1><GAL-]-+Tl-j, (83)

where 7;; is a normally distributed error term. Now, our modelled SD for individual j at time i

becomes
SD,J =a0+a1 XGAij , (84)

where the a’s are the estimated a’s from (S3). Finally, from (S2) and (S4), we now get that the Z-

score for individual j at time i is

_ 0bsij—j
Y SDij

N
|



Code C1 Syntax (r-code) Z-score calculation:)

# Load necessary packages and libraries
1E(T){
rm(list=1s(all=T))
pkgs <- c("here", "lme4d")
pkgs2 <- which (! (pkgs %in% installed.packages()))
if (length(pkgs2)>0) install.packages (pkgslpkgs2])
library (here)
library (lme4)
}
# Import Supplementary Table S1 (Dataset-A)
df.wl.short.ys <- read.csv(here("Supplementary Table S1 dataset-1.csv"), header =
TRUE, sep = ",", row.names = 1)
# longformat the dataset
df.1l1l.short.ys <- reshape(df.wl.ys.short, direction ="long",
varying= c("ys.1","ys.2","1lmp ga.1l","lmp ga.2"),
idvar="id",
sep=".")
# reorder by id
df.ll.short.ys <- df.ll.short.ys[order(df.1ll.short.ys$id,df.11l.short.ys$time), ]
df.1ll.short.ys <- df.ll.short.ys %$>% rename ("Time of measurement"=time)
df.ll.short.ys$"Time of measurement"<- recode factor (df.ll.short.ys$"Time of

measurement", "1"="Week 7", "2"="Week 10")

#t statistical model (yolk sac by gestational age; quadratic linear random intercept
model: LME4)

Model.l <- lmer(ys ~ lmp ga + I(lmp ga”2) + (1 |id), na.action = na.exclude, data

= df.ll.short.ys , REML = FALSE)

## column of predicted values

df.ll.short.ysSys predicted <- NA

tmp <- predict (Model.l)

## adding predicted model values to the correct individuals
df.ll.short.ys[names (tmp),"ys predicted"] <- tmp

### Create new yolk sac standard deviation “sd-variable” with only NA

df.ll.short.ys$Sc.res <- NA




#Ht Create temporary vector based and the calculated standard deviation from the

residuals (converted residuals “c.res” from Model.1

c.res <- sgrt (residuals (Model.l)"2)

### Adding converted residuals of the model.1 (c.res) to the correct individuals

df.ll.short.ys[names(c.res),"c.res"] <- c.res

#HHH# Model the converted residuals (c.res) values

Model.2 <- Im(c.res ~ lmp ga, data = df.ll.short.ys, na.action = na.exclude)

#i## get the predicted standard deviations (sd_pred) and create new variable with only NA
df.I1.short.ys$sd_pred <- NA

#### Create temporary vector from predicted standard deviations

tmp.sd.pred <- predict (Model.?2)

#HH Adding predicted yolk sac standard deviations to the correct individuals
df.ll.short.ys[names (tmp.sd.pred),"sd pred"] <- tmp.sd.pred

#HHHHE Calculate the final yolk sac Z-scores based gestational age adjusted predicted
mean and gestational age adjusted predicted standard deviation

#iH Create new variable with only NA
df.ll.short.ysSys Zscore <- NA

#HHHHE Create temporary vector with the calculated Z-scores
tmp.Zscore <- (df.ll.short.ys$ys-
df.ll.short.ysSys predicted)/df.ll.short.ys$sd pred

HHtHHH# Adding yolk sac Z-scores to the correct individuals

df.ll.short.ysSys Zscore <- tmp.Zscore




Figure S2 Male and female yolk sac diameter at week 7 (left, N=180) and week 10 (right, N=178)
by the total daily physical activity duration (TPAD) before pregnancy. Prediction lines are
calculated by sex-stratified quantile regression models—median (thick black); 5th, 20th, 30th,
40th, 60th, 70th, 80th, and 95th percentile (grey); ordinary least square regression-line (stippled).
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Figure S4 Unadjusted quantile regression-lines for the sex specific yolk sac measurements from
the first (week 7, N=180) and second measurement (week 10, N = 178) by daily physical activity
duration at the end of the 1st trimester (week 13); median (thick black line) and 5th, 20th, 30th,
40th, 60th, 70th, 80th, and 95th percentile (grey); Individual observations (open circles); ordinary
least square regression-line (stippled).
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Table S9 Estimated Yolk sac growth rate (mm-week’-h"") by total daily physical activity duration
(TPAD) before pregnancy and at the end of the first trimester (week 13): Ungrouped (all); grouped
according to fetal sex (male, female), or by the interaction term male sex and TPAD (Male:TPAD).
Modeled using ordinary least square regression—degrees of freedom (DF); unstandardized
regression coefficient (Effect); adjusted R squared (Adj.R2); 95% confidence interval (95%Cl);
AIC (Akaike information criterion).

Model DF Effect 95% CI Adj.r2 AIC P
Yolk sac growth rate by daily PAD before pregnancy

All 156  -0.00 mm-week'-h" (-0.03-0.02) -0.006 103.3 0.77

Male 75  -0.05 mm-week'-h-! (-0.08 to -0.02) 0.126 264 <0.01

Female 79 0.05 mm-week'-h" (0.01-0.09) 0.064 624  0.01

Male:PAD 154 -0.1 mm-week'-h’! (-0.15 to -0.05) 0.084 905 <0.01

Yolk sac growth rate by daily PAD at the end of first trimester

All 158  -0.01 mm-week'-h" (-0.04-0.02) -0.004 96.2 0.53
Male 76 -0.03 mm-week'-h-! (-0.07-0.01) 0.021 34.6 0.11
Female 80 0.01 mm-week"-h"’ (-0.03-0.05) -0.010 63.3 0.66
Male:PAD 156  -0.04 mm-week'-h"! (-0.10-0.02) -0.003  98.1 0.15

Please find the code for corresponding statistics as supplementary code in:
“R-Code-growth-rate-stats_2023-08-30.pdf’



Table S10 Dataset 2

Please find the table in the file “Supplementary Dataset 2”.



Table S11 Key dataset-2

Variable name

Description

id Subject number; 1-19..

measurement_nr Measurement groups; 1-2 .

Observer Observer (Ultrasound operator; 1-7)
mean_all Value of the yolk sac measurement in mm.




Code C2 Syntax (r-code) for dataset-2:
(Analysis of the intra- and inter-observer variation, and determination of the standard error of
measurements (SEM’s).

# Load necessary packages and libraries

1if(T) {rm(list=1s(all=T))

pkgs <- c("here")

pkgs2 <- which (! (pkgs %in% installed.packages()))
if (length(pkgs2)>0) install.packages (pkgslpkgs2])
}

library (here)

# Import Dataset-2

AOV_data <- read.csv (here("Supplementary Table S10 dataset-2.csv "), header = TRUE,

non

sep = ",", row.names = 1))

# id (index for the study subjects), Observer (index for the observers), measurement_nr (index
for the measurement at week 7 or 10, and mean_all is the measured value

attach (AOV_data)

# Fitting the two-way ANOVA

(fit<-aov(mean all~Il+factor (Observer)+factor (id)+factor (Observer)*factor (id)))
# Getting the fitted output of the model

(fita<-anova (fit))

# Output of the residual variation corresponds to intra-observer variation (repeatability)

(intra.obsvar<-fita$ Mean Sq [4])

# Calculation observer variation (reproducibility)

(observervar<- (fita$ Mean Sq [l]-fita$ 'Mean Sqg [3])/ (length (unique (id)) *length
(unique (exam nr))))

# Calculation interaction variation

(interactionvar<-(fita$ 'Mean Sq [3]-fita$ Mean Sq [4])/length (unique (exam nr)))
# Inter-observer variation

(inter.obsvar <- intra.obsvar+observervar+interactionvar)

# Calculation SEM of the intra-observer variation

(SEMintra<-sgrt (intra.obsvar))

# SEM of the inter-observer variation fixed effect

(SEMinter.fixed<-sqgrt (observervar))

# SEM’s of the inter observer variation random effect

(SEMinter.random<-sqgrt (inter.obsvar))

detach (AOV_data)



Froweiassssx*Yolk Sac Growth-Rate by Maternal Physical Activity******x ki
#*************************AIexander Vietheer 2023_08_30********************

# Clear environment in Rstudio
1if(T){ rm(list=1s(all=T)
# Install and load necessary packages in Rstudio
pkgs <- c("here","haven", "tidyverse")
pkgs2 <- which (! (pkgs %in% installed.packages()))
if (length(pkgs2)>0) install.packages (pkgs|[pkgs2])
library (here)
library (haven)
library (tidyverse) }
# Read in Supplementary Dataset-1
1£(T) {
df.wl.short <- read.csv(here("Supplementary Table S1 dataset-1.csv"), header = TRUE, sep =
row.names = 1)}

now
o

# Stratifying dataset by fetal sex
if(T){ df.wl.short.girls <- df.wl.short %>% filter (childSex == "female")
df.wl.short.boys <- df.wl.short %>% filter (childSex == "male") }

# Yolk sac growth-rate per week (ys.growth) by per 1 hour daily physical activity before
conception (pad.1)
## Not stratified by embryonic sex
g.mod.p.lw <- 1lm (ys.growth ~ pad.l.h, data = df.wl.short, na.action = na.exclude)
summary ( g.mod.p.lw)
confint ( g.mod.p.1lw)
AIC( g.mod.p.1lw)
## male embryos
g.mod.p.2w <- 1lm (ys.growth ~ pad.l.h, data = df.wl.short.boys, na.action = na.exclude)
summary ( g.mod.p.2w)
confint ( g.mod.p.2w)
AIC( g.mod.p.2w)
#i# female embryos
g.mod.p.3w <- 1lm (ys.growth ~ pad.l.h, data = df.wl.short.girls, na.action = na.exclude)
summary ( g.mod.p.3w)
confint( g.mod.p.3w)
AIC( g.mod.p.3w)
## interaction term Physical activity:embryonic sex
g.mod.p.int.1l.w<- Im (ys.growth ~ pad.l.h*childSex, data = df.wl.short, na.action = na.exclude)
summary ( g.mod.p.int.l.w)
confint( g.mod.p.int.1l.w)
AIC( g.mod.p.int.1l.w)

# Yolk sac growth-rate per week (ys.growth) by per 1 hour daily physical activity at 13 weeks
(pad.2)
## Not stratified by embryonic sex

g.mod.p.4 <- 1lm (ys.growth ~ pad.2.h, data = df.wl.short, na.action = na.exclude)
summary ( g.mod.p.4)
confint( g.mod.p.4)
AIC( g.mod.p.4)
## male embryos
g.mod.p.5 <- 1lm (ys.growth ~ pad.2.h, data
summary ( g.mod.p.5)
confint( g.mod.p.5)
AIC( g.mod.p.5)
## female embryos
g.mod.p.6 <- 1lm (ys.growth ~ pad.2.h, data = df.wl.short.girls, na.action = na.exclude)
summary ( g.mod.p.6)
confint ( g.mod.p.6)
AIC( g.mod.p.6)
#i# interaction term Physical activity:embryonic sex
g.mod.p.int.2 <- 1lm (ys.growth ~ pad.2.h*childSex, data = df.wl.short, na.action = na.exclude)
summary ( g.mod.p.int.2)
confint( g.mod.p.int.2)
AIC( g.mod.p.int.2)

df.wl.short.boys, na.action = na.exclude)
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Errata

Page 5, Paragraph 4: "Associate professor Cathrine Ebbing" amended to "Professor
Cathrine Ebbing" as the title of dr. Cathrine Ebbing changed after submission of the
thesis.

Page 8, Table of abbreviations: Replaced a comma by a period after "i.e." in row 7.

Page 8, Table of abbreviations: Corrected the spelling of the word "nitrogen" in row
9.

Page 8, Table of abbreviations: Corrected the spelling of the word "oxygen" in row
10.

Page 10, Glossary: Deleted a space in the word "extraembryonic" in row 4.

Page 11, Glossary: Added a comma after the word "form" in row 4.

Page 12, Glossary: Corrected the spelling of the word "monoamine" in row 1.

Page 12, Glossary: Corrected for subject-verb agreement; the verb "breaks" in row 1.
Page 12, Glossary: Added an extra space after the word "neurotransmitter" in row 1.
Page 13, Glossary: Corrected spelling of "satisfaction".

Page 16, English abstract: Added an extra space in "2 SD" in paragraph 6.

Page 19, Norwegian abstract: Added extra spaces in "2 SD" in paragraph 2.

Page 20, Column 2, last bullet point: Amended the word "effects" to the—in this
context—more correct word "affect "and corrected for subject-verb agreement.

Page 21, third paragraph: Corrected spelling of the name Ebbing.
Page 24: Added a hyphen in "intra- and inter- observer variability" for consistency.

Page 28, List of figures: Changed the word "sleeping" to the, in this context, more
correct word "sleep".

Page 31, Capture Fig. 1: Corrected the spelling of the word "reprinted".
Page 32, Capture Fig. 2: Corrected the spelling of the word "syncytiotrophoblast".
Page 33: Added a comma after the word "and".

Page 33, Capture Fig. 3: Amended the license agreement abbreviation to the more
common form "Creative Commons Attribution-NonCommercial-NoDerivs".

Page 34, Fig. 4: Added a space in the annotation "Maternal blood in lacunae".



Page 38, Capture Fig. 7: Deleted a period before and replaced a comma with a
period after "with permission" for consistency.

Page 39, Capture Fig. 8: Subject-verb agreement correction of the verb "adhere", as
it refers to the plural "vessels". Deleted a period before and replaced a comma with a
period after "with permission" for consistency.

Page 40: Corrected the spelling of the word "not".
Page 40: Corrected the noun "veins" to its singular form.

Page 40, Capture Fig. 9: Amended the license agreement to "Creative Commons
Attribution-NonCommercial-NoDerivs" for consistency.

Page 40: Moved the comma behind the brackets.
Page 41, Capture Fig. 10: Added a period at the end.
Page 42: Added a comma after "tail fold".

Page 42, Capture Fig. 11: Replaced "secondary yolk" sac with "vitelline duct" as it
specifies the anatomical location more precisely.

Page 43, Capture Fig. 12: Added a period after the word "permission" and added a
necessary space after the period before "Original annotations".

Page 45: Amended the sentence from "of a human embryonic liver that remained..."
to "that the human embryonic liver remained" for better clarity.

Page 45, Last paragraph: Removed the unnecessary "and" after reference (43) and
corrected the punctuation accordingly. Subject-verb agreement correction, changing
the plural form of the word "indicate" to "indicates", as it refers to "recent evidence".

Page 46: Merged the words "can not" to the generally preferred expression "cannot".

Page 46, Capture Fig. 13: Changed the license agreement to "Creative Commons
Attribution-NonCommercial-NoDerivs" for consistency.

Page 45, Paragraph 2: Amended the expression "methods of secretion" to the
generally preferred expression "secretory mechanisms".

Page 47: Removed the abbreviation (ECC) for consistency in the text body.

Page 48, Capture Fig. 14: Deleted a period before and replaced a comma with a
period after "with permission" for consistency.

Page 49: Amended the spelling to "cathepsins", which is more commonly used.

Page 50, Capture Fig. 16: Deleted a period before and replaced a comma with a
period after "with permission" for consistency.



Page 52: Added a comma for better clarity.
Page 52: Added a space in the word "y-glutamyl cysteine".
Page 52: Corrected the spelling of "defense".

Page 54: Added "For example" after "immunohistochemistry studies" for better
clarity. Replaced a comma by "and" after reference (135) for better readability.
Removed a redundant sentence describing the difference between humans and
rodents concerning the orientation of the yolk sac endoderm.

Page 54: Added an "s" to human according to the context. Replaced the comma after
"outer layer" by a period to break the text for better readability.

Page 56, Chapter 1.4: Added a space after the abbreviation "LDL" in the legend of
Fig. 17.

Page 56, Capture Fig. 17: Removed a comma before "or".

Page 58, Capture Fig. 18: Added "according to" before "embryonic CRL". Replaced
a comma with a period after "with permission" for consistency.

Page 59, Capture Fig. 19: Deleted a period before and replaced a comma with a
period after "with permission" for consistency.

Page 60, Second paragraph: The spelling of "edema" has been corrected.

Page 62, Table 1, last column: Deleted "with" after "secondary YS"; deleted a
comma before "and", amended "entoderm" to "endoderm" for consistency in the text.

Page 63, Table 1: The spelling of "vitelline duct" has been corrected in the last row.

Page 63, Table 1: The word "Hematopoietic" and mid-layer have been corrected in
the fifth columns of the second row.

Page 63, Table 1: The spelling of "notochord" has been corrected in the fifth
columns of the third row.

Page 63, Table 1: Subject-verb agreement correction of the verb "begins" corrected
in the fifth columns of the fourth row.

Page 63, Table 1: The spelling of "thickened" has been corrected in the fifth columns
of the fourth row.

Page 63, Table 1: The spelling of "Macrophages" has been corrected in the fifth
columns of the fifth row.

Page 66, Table 2: Added a comma before "and" in the third row of the second
column.



Page 67, Table 2: Added and extra line and corrected the spelling of "equation" in
the third row of the fourth column.

Page 68: Removed a closing bracket.

Page 73: The last sentence has been amended to "—including human embryos" for
more clarity and a stronger emphasis on the fact that the mechanism also was based
on findings in human embryos.

Page 74: Repeated the word "being" before "expressed in the offspring" for better
clarity and flow.

Page 75: "the" before pathology has been omitted for better flow and a more concise
sentence.

Page 77: Added a space in "+ 24h".

Page 78, Capture Fig. 21: Separated the words "biosampling" and "biosamples" into
"bio sampling" and "bio samples".

Page 78, Last paragraph: Added a comma after "weight".

Page 79, Capture Fig. 22: Deleted a period before and replaced a comma with a
period after "with permission" for consistency.

Page 80: Added 2 extra spaces in 7 + 1 for consistency.

Page 80, Capture Fig. 23: Replaced the "p" in "Paper II" with the capital letter "P"
for consistency.

Page 81: Deleted unnecessary "a".
Page 81: Replaced the word "provided" with "presupposed" for better clarity.
Page 82, Second paragraph: Deleted the word "of" for better flow.

Page 83, Second paragraph: Replaced single quotation marks (") with ordinary
quotation marks (") for consistency. Deleted unnecessary "the". Corrected the
spelling of the official name for "Sedentary Behaviour Research Network".

Page 85: Replaced a comma with "and" for better readability.

Page 85, Second paragraph: Added a hyphen in "intra- and inter-observer
variability" for consistency.

Page 85, Last sentence: Last sentence slightly rephrased for better consistency and
readability.

Page 86: Deleted "an" before "analysis" in the penultimate sentence to be more
concise.



Page 87, Second paragraph: Replaced "considering" with "accounting for" in the
first sentence for clarity.

Page 87, Third paragraph: Moved the abbreviation "OLS" after the complete term
"ordinary least square linear regression" in the first sentence.

Page 87, Third paragraph: Corrected the word "regression” for plurality by adding
IIS

n

Page 88: added a hyphen in "SEM intra-observer and SEM-inter-observer
variability" for consistency.

Page 89: Added additional space in + 2 SD for consistency.

Page 90, Capture Fig. 27: Deleted a period before and replaced a comma with a
period after "with permission" for consistency.

Page 90: Correction: Deleted "and" before "as well as".
Page 91, Table 3: Added additional space before and after " + " for consistency.

Page 92, Capture Fig. 28: Deleted a period before and replaced a comma with a
period after "with permission" for consistency.

Page 93, Table 4: Replaced "N” with "n" for consistency in the first column of the
first row.

Page 95, Second paragraph: Added a space after "p. "for consistency.
Page 95, Third paragraph: Added brackets for better readability.

Page 95, Capture Fig. 29: Deleted a period before and replaced a comma with a
period after "with permission" for consistency.

Page 96, Capture Table 5: Added a space in "95% CI" for consistency.
Page 96, Table 5: (mm-week™!) amended to (mm-week™'-h™) for consistency.
Page 97: Added space in (Fig. 30 A) for consistency.

Page 97: Added a comma before "and" for better readability.

Page 99, Capture Table 6: Added space in "95% CI) for consistency.

Page 100, Table 7: Added a hyphen in the second row of the first column. Replaced
a comma with a period to separate the decimals in the second row of the fourth
column.

Page 101: Added space in "95% CI" for consistency.



Page 104, Title: Units amended to (mm-week™!'-h!) for consistency.
Page 104: Units amended to (mm-week™!-h™!) for consistency.

Page 105, Capture Table 9: Amended abbreviation to (adj.R2) and added space in
(95% CI) for consistency.

Page 105, Capture Fig. 33: Added "with 95% confident bands" to be more exact.
Page 108: Added "longitudinal" and "from" for clarity.
Page 106: Added a comma after the introductory phrase "Here".

Page 106: Replaced indefinite article by definite article as more appropriate in this
context.

Page 106: Deleted a misplaced comma after "and".

Page 106, Second paragraph: Deleted redundant "also" to be more concise and
added m-dash before "—also in pregnancy" for clarity in the last sentence.

Page 114, Capture Fig. 36: Amended the license agreement to "Creative Commons
Attribution-NonCommercial-NoDerivs" for consistency.

Page 115, Second paragraph: Added space after reference (407).

Page 115: Deleted "also" in the last sentence as it was redundant in this context and
added indefinite article before "contributing factor" for better flow.

Page 116, Second Paragraph: Amended the spelling of "remodeling" to American
English to be in line with the rest of the thesis.

Page 116, Second Paragraph: Amended the sentence slightly from "However, the
lack of placental circulation before weeks 10 to 12 would mean that Y'S variation
would rather be seen at the second measurement and not as early as six—eight weeks
of gestation because the remaining embryo probably needs continuous nourishment"
to " However, the lack of placental circulation before weeks 10 to 12 could also mean
that YS variation would rather be seen at the second measurement and not as early as
six—eight weeks of gestation because the larger embryo needs more nourishment" for
more clarity.

Page 117: Replaced "mean" with "mode" as this is in line with the reference (39) and
consistent with the text, where this fact has been mentioned before.

Page 117: Replaced "typically begins with" with "corresponds to" for clarity.

Page 118, Capture Fig. 37: Corrected language and replaced "than" with "compared
to that".



Page 119: Amended the sentence for clarity from "Moreover, these responses differ
from those associated with maternal sleep patterns, as discussed in (Paper 1I)" to "
Moreover, the present yolk sac responses differed from those associated with
maternal sleep patterns reported in (Paper II)".

Page 122: Added the word "probably" to clarify uncertainty.
Page 123: Removed space before reference (59).

Page 125, Third paragraph, last sentence. Amended the sentence slightly for better
coherence with the previous sentence and clarity. From " However, focusing a study
exclusively on the effects of preconception body composition offers benefits, as it
reduces the risk of inaccurately distinguishing between maternal and fetal
compartments." zo " In the current study, the focus was exclusively on the effects of
pre-conception body composition, as it offers benefits such as reducing the risk of
inaccurately distinguishing between maternal and fetal compartments."

Page 125, Fifth paragraph: Replaced "the control of" with "controlling for" as this
expression is generally preferred in the present context.

Page 126, Second paragraph. Omitting "as opposed to the 7-week measurement".

Page 126, Second paragraph: Added "similar", "as for example at week 7", and
"sleep and activity" for clarity.

Page 127, Second paragraph: Specified the specific papers II and III to be more
precise.

Page 127, Last paragraph: Replaced "until" with "before" for clarity.
Page 129: Omitted "a" to be more concise.

Page 129: Omitted a word that was accidentally written as "weekdays" and, as such,
makes no sense in the given context.

Page 129, Last paragraph: Added a comma before "nor" for readability.
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