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Abstract

Fetal life is a significant period of human development because organ systems that sustain
life outside the uterus begin to develop during this time. A necessary process that begins
during fetal life is myelination, which is the process by which myelin, a lipid-rich substance,
is wrapped around neurons in the brain to increase the speed of action potential transmission.
Since myelination is critical for the normal function of the central nervous system, fetal
myelin assessment is important for understanding neurodevelopment and neurodegeneration,

such as intrauterine growth restriction (IUGR).

Magnetic resonance imaging (MRI) is an excellent tool for visualizing fetal anatomy and
identifying pathology. Relaxometry quantifies T1, T2, and T>" relaxation times, which are MR
parameters that reflect fundamental tissue properties sensitive to the tissue
microenvironment, providing an interpretation of images in absolute units. For the first time,
fetal tissue T1 and T," relaxation times were successfully quantified in uncomplicated

pregnancies as a function of gestational age (GA) in the third trimester.

A tissue microenvironment that can be investigated by MR relaxometry is myelin water.
Myelin water imaging (MW]1) uses MR relaxometry to visualize the aqueous components
associated with myelin sheath to quantify myelin water fraction (MWF), a validated myelin
marker. Moving to a guinea pig model of pregnancy, MWI was successfully conducted in the
fetal environment as MWF was quantified in various fetal brain regions late in gestation.

To investigate the effects of IUGR on myelination in utero, MWI was applied in a guinea pig
model of natural IUGR late in gestation. MWF was significantly reduced in different brain
regions of guinea pigs with IUGR compared to those without IUGR. Furthermore, the study
highlighted the utility of MWF as a functional marker for IUGR.

In conclusion, this dissertation demonstrates using MR relaxometry to quantify T1 and T2
relaxation times of fetal tissues throughout pregnancy and assess fetal brain myelin content in
both a normal and IUGR environment. The findings demonstrate MR relaxometry's utility in

assessing fetal tissue development in utero.



Summary for Lay Audience

Fetal life is an important period of human development because organs and tissues, which
help us survive outside the womb, undergo significant development. Furthermore,
pathologies, such as intrauterine growth restriction (IUGR), developed during this
developmental period can lead to life-long consequences, such as a reduction in brain myelin
content; myelin is a fatty substance found in the brain that is necessary for normal cerebral
functioning. This thesis investigates fetal tissue development and the effect of IUGR on fetal

brain myelin using magnetic resonance imaging (MRI).

Human fetal tissue development was first investigated by measuring various tissues' MR
tissue relaxation times in normal pregnancies in the third trimester. The study found that the
parameters of most analyzed tissues did not change because these tissues are well-

differentiated before the third trimester.

A specialized MRI technique that quantifies relaxation times has been used previously to
assess myelin in adults, children, and neonates but never in fetuses. Before assessing the
effects of IUGR on fetal brain myelin, the feasibility of the specialized technique was
determined in a guinea pig model of pregnancy late in gestation. Myelin content was
successfully measured in different brain regions, with initial data showing the myelin content

to be less in fetuses with IUGR.

Moving to a guinea pig model of natural IJUGR, it was found that myelin content in all
analyzed brain regions was significantly less in fetuses with IUGR than those without IUGR.
This was the first time that the IJUGR-related reduction in myelin was visualized non -

invasively with MRI.

The research in this thesis is important because it demonstrates MRI's utility in assessing
fetal tissue development by measuring tissue relaxation times and the impact of pathologies
on biological processes, such as the IUGR-related reduction in myelin. These results promote
the use of MRI to assess fetal tissue development as well as the possibility of myelin as a
biomarker for IUGR.
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CHAPTER 1

1 Introduction

This introductory chapter provides the information necessary to understand the topics
presented in the subsequent chapters of the thesis. A brief overview of human tissue
development throughout the fetal period is presented before presenting a definition of
intrauterine growth restriction (IUGR) and its impact on fetal neurodevelopment,
specifically brain myelination. In addition, the fundamentals of magnetic resonance
imaging (MRI) and myelin water imaging (MWI) techniques are thoroughly explained so
the reader can appreciate the imaging modality's technical details, advantages, and

limitations.
1.1 Fetal Life and Normal Development

A fetus is the unborn human that develops from an embryo. Following embryonic
development, the fetal stage of development begins at approximately 10-11 weeks
gestational age (GA) and continues until birth [3]. A normal fetus is characterized by the
presence of all major body organs, although they may not all be fully developed or
functional [4, 5]. In short, fetal life is a significant period of human development because
organ systems, which sustain life outside the uterus, develop during this gestational

period.
1.1.1 10— 18 Weeks Gestation

Before the fetal period, the fetal heart is well developed as the 4 chambers of the heart are
formed by seven weeks GA [6]. The brain makes up approximately 50% of the fetus’
weight as neurons in the brain develop and begin to myelinate [7]. Breathing-like
movements begin and are necessary for lung development rather than acquiring oxygen.
By the end of the period, the producers of red blood cells are the bone marrow, liver, and
spleen [8, 9]. The thyroid gland matures and produces hormones along with the liver

synthesizing primary bile acids and the pancreas secreting insulin and glucagon [10-13].



Amniotic fluid is circulated by the fetus swallowing it and producing urine as the kidneys
begin functioning [14]. Although the primary organs are present, such as the brain, they
are only at the beginning of their development and have limited operation. The
reproductive organs form quite rapidly, and the genitalia of the fetus can be differentiated
[15]. In the fetal period, muscles, the brain, and other neurological pathways begin to

develop, resulting in subtle movements and twitches [4, 5].

The first lipid depots are detected in the cheeks at around 14 weeks GA [16-18]. The
primitive adipose lobules develop from head-to-toe and proximal-to-distal as their
number increases until about 23 weeks before levelling off; adipose lobule size is linearly
related to fetal crown-rump (i.e., cranial-to-caudal end of body) length [19]. The lungs’
tertiary bronchial buds form the initial components of the respiratory tree at 16 weeks
GA, with the terminal bronchioles forming by the end of this stage [20, 21].

This gestational period is also marked by sensory organ development as the eyes move to
a forward-facing position while the ears lie flatter against the head. The structural parts of
the cochlea are fully formed and functional as an auditory response can be first seen at 16
weeks GA [22-24].

1.1.2 19— 27 Weeks Gestation

Myelination in the spinal cord occurs, starting with the medial longitudinal fasciculus
[25]. The lungs consist of primitive alveoli as epithelial cell differentiation and surfactant
production begin [26]. Hepatic hematopoiesis, which began at six weeks GA, reaches its
maximal activity near the end of this developmental period. The bone marrow becomes
the primary location of red blood cell synthesis by the end of the period [8, 9, 27]. Sulci
first appear on the surface of the cerebral hemispheres, with the first being on the parieto-
occipital fissure at 18.5 weeks GA as the fetus becomes viable at around 24 weeks GA
[28, 29]. Around 25-29 weeks GA, the ganglion cells of the spiral nucleus in the cochlea
connect inner hair cells to the temporal lobe and brain stem, resulting in the auditory

system becoming functional [24].



Between 23-29 weeks GA, adipose tissue development consists primarily of an increase
in adipose lobule size and the development of their capillary network and adipocytes
[16]. Subcutaneous adipose tissue begins development later than subfascial,
intramuscular, and subserous adipose tissue and continuously covers the whole body till
birth [30].

1.1.3 28 — 40 Weeks Gestation

This developmental period of gestation is dominated by rapid weight gain as dramatic
morphological changes tend not to be observed in the third trimester [31]. Although the
lungs are not fully mature, the terminal respiratory sacs develop to become functioning
alveoli; pulmonary blood flow increases during the third trimester in readiness for the
essential circulatory changes at birth [26]. The liver is histologically complete, although it
may have accelerated growth in morphology and function after approximately 32 weeks
GA [32].

The fetus is considered full-term between 37 and 40 weeks GA. Birth is imminent and
likely to occur as the fetus is sufficiently developed for survival outside the uterus [33].
Before birth, the average crown-to-rump length is 35.5-40.5 cm, and the fetus weighs
approximately 2.5-4 kg. Since a newborn is no longer confined to the fetal position, the
average length from head-to-foot is approximately 51 cm at birth [34].

During the last 10 weeks of gestation, body weight increases linearly with GA as the
amount of adipose tissue in the body rapidly increases [35, 36]. Most adipose tissue the
fetus acquires during the last weeks of gestation is subcutaneous. At the end of the
gestational period, lipid depots contain various adipocyte sub-populations, which differ
primarily by their degree of lipid filling and, hence, by size [37]. A brief visual overview

and summary of the fetal development period are presented in Figure 1.1.
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Figure 1.1. A brief overview of the human fetal development period.

1.2 Placenta

The human placenta is a temporary, circular discoid-shaped organ that develops from the
blastocysts after embryo implantation in the uterine wall [38]. The placenta is necessary
for pregnancy because its central role is to facilitate gas, nutrients, and waste exchange
between the maternal and fetal circulatory systems that do not come into physical contact
with each other. It is also a vital endocrine organ because it produces hormones that
regulate both fetal and maternal physiology throughout pregnancy [38]. The proper
functioning of the placenta is essential to ensure the proper development of the fetus

throughout the gestational period.

1.2.1 Development

The placenta begins to develop when the embryonic pole of the blastocyst implants into
the uterine endometrium at around 4 weeks GA [39, 40]. The outer layer of the blastocyst
becomes the trophoblast, forming the placental outer layer. The outer layer is further
divided into two layers: cytotrophoblast and syncytiotrophoblast. The cytotrophoblast is
the underlying layer of the trophoblast, while the syncytiotrophoblast is a multi-nucleated

continuous cell layer that overlies the cytotrophoblast. The syncytiotrophoblast forms



from the differentiation and fusion of the underlying cytotrophoblast cells throughout
placental development. Hence, the syncytiotrophoblast forms the outermost layer and
contributes to the barrier function of the placenta, interacting directly with the maternal
circulation and is involved in the exchange of materials between the maternal-fetal
circulations [41, 42]. Although maternal blood supply to the placenta is established by 14

weeks GA, the placenta grows in volume throughout gestation [43].

1.2.2 Circulation

The placenta can be divided into maternal and fetal components [40]. The maternal
component develops from the decidua basalis, while the fetal component develops from
the chorion frondosum. The placenta is haemomonochorial, as the maternal and fetal

circulations are separated by a single layer of trophoblast cells [44].

The maternal-placental circulation begins with the maternal blood entering the placenta
through the decidual spiral arteries to perfuse the intervillous space. The fetal-placental
circulation consists of the umbilical arteries carrying the deoxygenated and nutrient-
depleted fetal blood from the fetus to the villous core vessels. The functional exchange of
oxygen, nutrients, and waste occurs in the intervillous space as maternal and fetal blood
flow around the terminal villi [43]. Following the exchange, the in-flowing maternal
blood pushes the deoxygenated blood into the venous orifices in the basal place and then
through the uterine veins to the maternal circulation [43, 45]. Meanwhile, the umbilical

vein carries the oxygenated and nutrient-rich blood to the fetus [43].

At term, the placenta weighs 500-600 grams, has approximately 120 spiral arterial entries
to the intervillous space, and has 15-28 cotyledons, each containing 10-12 terminal villi
[40, 45, 46]. Maternal blood flow to the placenta is 600-700 mL/minute at term and has
an average perfusion rate of 176 + 24 ml/100 gram/minute in the latter half of gestation
(Figure 1.2) [43, 47].
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Figure 1.2. Visual representation of the human placental disk with a close-up of the
placental villi structure depicting the exchange of gases, nutrients, and waste products
between the fetal and maternal circulations. This figure was reproduced with permission

from Dr. Christiane Albrect, University of Bern.

1.2.3 Placenta and Fetal Growth

Fetal growth depends on fetal oxygen and nutrient demand, determined by its genetic
growth potential. As previously mentioned, the placenta mediates fetal circulation with
maternal circulation, thus, being essential to proper fetal development. Consequently,
fetal development can be dictated by a three-compartment model — the mother, placenta,
and fetus — with each compartment having its own metabolism and function while
interacting with each other [38, 48, 49]. In short, the fetus relies on the maternal supply of

oxygen and nutrients, supplied through the placenta, for proper growth [43].

The maternal-placental supply of oxygen and nutrients is affected by maternal nutrition
and metabolism, maternal-fetal concentration gradient, uteroplacental blood flow,
placental size, and placental function [38, 50]. Suppose the fetus does not receive the

appropriate oxygen and nutrients to grow as programmed due to an issue with one or



more of the above-mentioned factors. In that case, the fetus is said to experience

intrauterine growth restriction (IUGR).

1.3 Intrauterine Growth Restriction

1.3.1 Classification

Intrauterine growth restriction (IUGR) is an obstetrical complication where a fetus
demonstrates diminished growth and cannot grow to its programmed genetic weight and
size potential [51]. Following World Health Organization standards, Canada defines
fetuses with IUGR as below the 10" percentile for their GA with a cut-off birth weight of
2500 grams at birth [52]. IUGR is a leading cause of fetal and neonatal morbidity and
mortality, second only to prematurity [53]. The complication is often the result of
different underlying pathological conditions, with the primary being placental
insufficiency, exposing the IUGR fetus to both short-term consequences, such as
respiratory distress syndrome, fetal hypoxia and acidosis, and long-term consequences,
such as an increased risk of metabolic syndrome and cardiovascular disease,
hypertension, and insulin resistance [54-56]. Thus, an expanding area of research is

needed to better understand the causes of IUGR and its impact on life-long health.

According to traditional classification, IUGR phenotypically presents as either
asymmetrical IUGR (alUGR) or symmetrical IUGR (sIUGR) [56]. Fetuses with alUGR,
the more common of the two, have disproportionate body dimensions and a low ponderal
[i.e., weight (grams) /length (cm?®)] index at birth. alUGR manifests in the latter half of
the gestational period as fetuses with alUGR are observed to have normal estimated fetal
weight and measurements until the third trimester, after which a decline in growth is
observed [57, 58]. alUGR is often accompanied by ‘brain sparing,” which is a protective
mechanism to maintain brain size and head circumference throughout gestation to
maximize fetal survival by redistributing cardiac output [57, 59, 60]; this is also
accompanied by a reduction in soft tissue mass and skeletal muscle [61, 62]. On the other
hand, sSIUGR manifests earlier in gestation, where brain growth inhibition is proportional
to weight, length, and head circumference reductions, as an sSIUGR fetus tends to have a



normal ponderal index at birth [57, 58, 61, 63]. Unlike alUGR, the causes of sSIUGR are
likely due to genetic abnormalities and congenital infections as opposed to malnutrition
due to placental insufficiency [56]. In addition, SIUGR can be challenging to distinguish
from fetuses that are constitutionally small for their GA (SGA) because although they are
proportionally similar, SGA fetuses are unlikely to have the same risk for poor perinatal
outcomes as IUGR fetuses [56]. Hence, separating IUGR into asymmetrical and
symmetrical is often seen as outdated, and the focus primarily falls on alUGR (Figure
1.3).

As the definition indicates, the obvious classifiers of IUGR are related to the size and
weight of the fetus, such as body weight (BW). Other common parameters in classifying
IUGR are weight ratios that include the brain. For instance, one parameter is the brain-to-
liver weight ratio (BLWR). IUGR fetuses have a high BLWR because they tend to have a
normal head circumference and brain weight accompanied by a decreased liver weight
that is not proportional due to brain sparing [64, 65]. In addition to BLWR, brain-to-liver
volume ratio (BLVR), as determined by MRI, has been validated in identifying alUGR,
acting as an alternate non-invasive in utero marker to BLWR [66]. Other weight markers,
and their respective volume markers, used for IUGR classification include body weight
(BW) and volume (BV), brain-to-placenta weight ratio (BPIWR) and volume ratio
(BPIVR), and brain-to-body weight ratio (BBWR) and volume ratio (BBVR) [64, 67-70].
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Figure 1.3. Visual comparison of a fetus with normal growth (left), a fetus with
asymmetrical IUGR (middle), and a fetus with symmetrical IUGR (right).

Other than size and body proportions, IUGR-related changes in placental blood flow,
blood oxygenation, and fetal circulation can be investigated by imaging modalities like
ultrasound, Doppler ultrasounds, and MRI [66, 71, 72]. Umbilical artery Doppler (UAD)
ultrasound measurements are a functional method of identifying and assessing IUGR.
The presence of abnormal UAD waveforms, such as reversed or absent end-diastolic
waves, is excellent in identifying severe cases of IUGR but often fails to identify less
severe cases early and late in gestation due to low sensitivity [73]. The cerebroplacental
ratio (CPR), which is the ratio of the pulsatility index (PI) of the middle cerebral artery
(MCA) to the PI of the umbilical artery, is another parameter in identifying IUGR. CPR
is useful in detecting minor changes in placental resistance and identifying brain sparing
since cerebral resistance is decreased to allow for increased cardiac perfusion to the brain
[74, 75].

1.3.2 Etiology

Fetal growth depends on three main factors: the fetus’ programmed genetic growth

potential, maternal environment, and placental sufficiency in transporting the necessary
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nutrients and gases to the fetus [76]. IUGR occurs when one or more of these essential
factors is compromised, resulting in a substandard in utero environment that cannot
promote normal fetal growth and development. Fetal causes of IUGR include genetic-
chromosomal abnormalities, congenital malformations, viral infections, and multiple
fetuses [69, 77-80]. Maternal factors include chronic hypoxia, such as from living at high
altitudes, smoking, undernutrition, overnutrition, hypertension, pre-eclampsia, vascular
and renal disease, diabetes, autoimmune diseases, anaemia, environmental choices such
as substance use and abuse, and prior incidence of IUGR [74, 76, 78, 80-83].
Furthermore, epidemiological studies show IUGR to be associated with maternal age,
maternal stature, parental ethnicity, socioeconomic status, and parental education. For
instance, the incidence of IUGR is six times higher in developing countries than
developed countries [63, 69, 81, 83, 84]. Placental causes include placenta previa,
placental infarcts, abnormal cord insertion, placental abruption, or multiple gestations
[61]. In short, approximately 60% of IUGR is idiopathic, resulting from a combination of
factors, most of which are due to improper placental development and/or function; this
impairment is known as placental insufficiency [61, 63, 85].

1.3.3 Placental Insufficiency

As previously mentioned, the placenta provides the fetus with water, oxygen, and all
essential nutrients, proteins, and hormones while removing fetal excretory products [38].
Placental insufficiency describes any impairment in placental function that disrupts the
intended movement of sufficient oxygen and nutrients from the maternal to fetal
circulation for fetal growth. This insufficiency or dysfunction can arise from numerous
reasons, such as failed trophoblast invasion, thrombo-occlusive lesions to placental villi,
increased umbilical cord length, defects in the development of terminal villi, reduced
density of stem arteries, and abnormal patterning of the chorionic plate [86-90]. These
changes can lead to inefficient blood flow, subsequently leading to insufficient transfer of
oxygen, glucose, nutrients, and amino acids to the fetus, resulting in JUGR [60, 91-94].
Hence, the fetus has no choice but to change its metabolic and developmental processes
to ensure survival in substandard conditions at the expense of its programmed genetic
growth.
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1.3.4 IUGR and Neurological Consequences

The consequences of IUGR are evident in almost every body system, including the
nervous system. These consequences manifest in structural deficits, such as a smaller
head circumference, a decrease in grey matter (GM), cerebral, hippocampal, and total
brain volume, thinner cortex and altered gyrification, and an overall reduction in the total
number of brain cells [68, 95-99].

An association between IUGR and functional neurological deficits is also apparent in
most age groups, beginning in childhood; these deficits include autism spectrum disorder,
attention deficit disorder, and cerebral palsy [58, 100, 101]. Some minor effects of IUGR
also manifest in childhood, such as difficulty with attention, impaired memory, deficits in
cognitive skills, learning difficulties, poor academic performance, behaviour problems,
deficits in mathematical abilities, and reduced intelligent quotient (1Q) scores [63, 100-
103]. For instance, children of 6-7 years who were growth-restricted had lower
developmental scores, mainly in coordination, lateralization, presence of associated
movements, and spatial and graph motor skills; their cognition, neurodevelopmental
performance, and somatic growth were also found to be lacking [104]. At two years of
age, IUGR fetuses were at a higher risk of neurodevelopmental deficits, which
manifested in an abnormal score in an age & stage questionnaire (communication, gross
motor, fine motor, problem-solving, and personal-social) [105]. Furthermore, children
with IUGR born at-term scored low, and those born pre-term scored even lower on all the
following neurodevelopmental assessments: cognitive, language, motor, behaviour,

vision, hearing, and sleep [106].

The neurological deficits of IUGR-born children continue beyond childhood and are
evident in adolescence and young adulthood. For example, in a sample of 106 Finnish 10-
year-old children, SGA children had a higher incidence of failing at school, poor
academic achievement, inattentiveness, and low verbal 1Q score compared to appropriate
for GA (AGA) children [107]. Birth-weight centile at term was found to positively
correlate with school performance of 12-year old Dutch children, with the <10 centile

children having the lowest scores [108]. One study by Issacs et al. found IUGR-born 13-
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year-olds to have poor memory, numerical operation skills, and mathematical reasoning
compared to age-matched controls [109]. Geva et al. found late-onset IUGR children to
have reduced I1Q scores and deficits in short-term memory of auditory or visio-spatially
presented information while controlling for sex and general cognitive ability at 10 years
of age [103]. A study by Indredavik et al. followed the progress of IUGR neonates born
at-term and pre-term through to 14 years of age; the study reported structural and
functional deficits in Norwegian children. Along with a reduced head circumference, the
children had increased inattention, hyperactivity, autism spectrum disorder score,

psychiatric diagnosis, and decreased psychosocial function [100].

Behavioural and cognitive difficulties due to IUGR continue to become more
complicated and severe with age, even manifesting in adulthood. A study in Norway
found that at 19-20 years of age, individuals affected by IUGR had lower 1Q scores when
compared to those who were SGA and controls [110]. Following up with the previous
study, young adults (19-20 years) affected by IUGR and born at-term had lower scores on
attention, executive, and memory domains; the IUGR young adults also had lower scores
on six of 46 measures on neuropsychological tests [111]. Furthermore, IUGR-born adults

have an increased risk of epilepsy, schizophrenia, and psychiatric hospitalizations [112].
1.4 Fetal Myelination

In humans, brain development is a dynamic and complex process that occurs rapidly
throughout gestation and continues after birth. At birth, the human brain is approximately
25% of its adult weight, 25% of the fetus’ total body mass, and utilizes 80% of all
consumed energy [113]. By the end of the second trimester, fetal brain growth rate is at
its peak, as the brain weighs approximately 130 grams. At this point in the gestational
period, myelination begins as most neurons have formed and arrived at their final

location.
1.4.1 Myelin

Myelin is a lipid-rich substance that surrounds nerve cell axons. In the human brain,

myelin is primarily found in the white matter (WM), making up approximately 50% of its
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dry weight and giving WM its distinctive colour. Myelin is also present in grey matter
(GM), although in much smaller quantities [114]. Myelination, which is the establishment
of the myelin lipid bilayer, is essential for normal brain function and a cornerstone of
human neurodevelopment. An accurate assessment of myelin in utero is extremely
important for a comprehensive understanding of human neurodevelopment and

neurodegeneration.

In the central nervous system (CNS), myelin is produced by oligodendrocytes, where one
oligodendrocyte can myelinate up to 50 nerve cell axons. Oligodendrocytes are glial cells
that ensheath axons to create a multi-layer concentric pattern of myelin, leaving
unmyelinated nodes at regular intervals along the axons; these nodes are referred to as the
nodes of Ranvier [115]. It is speculated that axons send signals to initiate myelination,
such as non-receptor tyrosine kinase Fyn [116]. Once an oligodendrocyte attaches to an
axon, architectural changes in the oligodendrocyte membrane occur so that the membrane
can be extended and wrap the axons to myelinate them. Following the wrapping of the
oligodendrocyte around the axon, myelin grows in thickness and along axons using two
coordinated motions: wrapping around the axon on top of the previously deposited
membrane and extending the myelin membrane towards the nodes [117]. The
communication between the oligodendrocyte and axons ensures the correct spacing of the
myelin sheath and that it has achieved the appropriate thickness and compactness to carry
out its essential roles. On average, the length of the myelin sheath ranges from 500 to
2000 pum [118].

The dry composition of myelin consists of 70%-85% lipids and 30%-15% proteins [119].
The lipid composition of myelin comprises 40% cholesterol, 40% phospholipids, and
20% glycolipids [120]. As for proteins, the proteolipid protein (PLP) and myelin basic
protein (MBP) account for 50% and 30% of the proteins, respectively [121]; other
proteins include myelin oligodendrocyte glycoprotein, myelin-associated glycoprotein,

and cyclic nucleotide phosphodiesterase.

For the correct functioning of myelin, the lipids and proteins must be placed correctly

along the axon. Due to the high lipid/protein ratio, close packing and tight organization of
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the myelin sheath are achieved through non-covalent interactions between lipids and
myelin proteins [115]. Both PLP and MBP are essential for the compactness of myelin
and interact closely with the lipid bilayers. Oligodendrocytes express PLP, which is
extremely lipophilic as it has a high affinity for cholesterol [122, 123]. MBP, also
expressed by oligodendrocytes, embeds in the membrane to form a barrier to prevent
repetitive cytoplasmic and membrane-bound proteins from entering the myelin lamellae
[124, 125].

The primary role of myelin is to speed up action potential velocity by acting as an
electrical insulator [126]. This increase in velocity is due to action potential transmission
only occurring at the nodes of Ranvier. Essentially, an action potential generated at one
node of Ranvier results in a current flowing passively along the myelinated axon until the
next node of Ranvier is reached. The current flow then generates an action potential in
the neighbouring node as the cycle is repeated along the length of the axon. This process
is known as saltatory conduction because the action potential “jumps” from one node to
another [126]. As a result, the conduction velocity of action potentials is increased to 70-
120 m/s along myelinated axons from 0.5-2 m/s along unmyelinated axons [127]. In
addition to its primary role, myelin has been suggested to contribute to neuroplasticity,
including neuronal functions, and provide metabolic support to axons [128-130]. Thus,

myelin is necessary for functioning of the brain (Figure 1.4).
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Figure 1.4. A magnified view of the myelin lamella structure with two lipid bilayers.
This figure was adapted with permission from Lee et al. J Magn Reason Imaging 2020.

In the human brain, myelination begins in the fifth fetal month as the first evidence of the
myelin sheath is seen at approximately 18 weeks GA in the thalamus and 21 weeks GA in
the internal capsule [7]. Before the initiation of active myelin synthesis, myelin
phospholipids appear in the WM and only increase in expression throughout gestation
[131]. Furthermore, proteins forming the myelin sheath are first seen in the brain at five
weeks GA. Overall, the rate of myelination increases beyond the gestational period and

continues into the second decade of life.
1.4.2 Markers for Myelin Development

Luxol fast blue (LFB) is a commonly used stain for myelin under light microscopy. LFB
is a copper-phthalocyanine dye attracted to lipoproteins and hydrophobic domains of
myelin [132]. It causes the myelin to appear blue as the base of the lipoprotein is replaced
by the base of the dye. LFB is a commonly used marker for myelination to validate MRI
and PET imaging results throughout gestation [133-136]. One consequence of LFB is that
it is a regressive stain where the regression time can vary among samples, making it

challenging to acquire accurate and precise quantitative measurements [137].
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As previously mentioned, MBP is the second most prevalent protein in the CNS. It
comprises approximately 30% of proteins and 10% of the dry weight of the myelin sheath
[138]. Often called the ‘executive molecule of myelin,” the structural protein is essential
in forming the myelin sheath in the CNS as it stabilizes the myelin sheath structure via
binding to the cytoplasmic surfaces of the cell membrane [139]. MBP is expressed in
precursor oligodendrocytes and then transported to the axon for myelination; it has been
observed peripheral to the ependyma at 9-10 weeks and in the anterior and lateral funiculi
at 10-12 weeks [140, 141]. The first evidence of immunostaining for MBP in the human
brain appears at 30 weeks GA in small amounts, with higher amounts of staining being
more apparent at 40 weeks GA in superficial WM areas [142]. Since MBP is essential for
both the formation and maturation of the myelin sheath, MBP immunohistochemistry is a

common stain that accurately identifies brain myelin in utero.
1.4.3 Myelination in [UGR

In addition to the structural neurological consequences of IUGR mentioned in Section
1.2.4, another structural deficit in the brain due to IUGR is a delay and decrease in
myelination. Post-mortem studies of newborns showed that those affected by IUGR had
decreased brain myelin compared to GA-matched control counterparts [143]. Major
consequences of IUGR due to placental insufficiency include chronic hypoxia and
oxidative stress, which have been shown to inhibit oligodendrocyte differentiation and,
hence, myelination. More specifically, oxidative stress particularly affects
oligodendrocyte precursors because of their high iron content, high oxidative metabolism,
and low endogenous glutathione levels [144]. Oligodendrocyte differentiation is
controlled by a combination of inductive and repressive factors, mainly bone
morphogenetic proteins (BMP) [145-147]. Of the 20 BMPs, BMP4 significantly inhibits
oligodendrocyte differentiation [147, 148]. Elevated BMP4 signalling has been
demonstrated in a rat model of IUGR; furthermore, oligodendrocyte precursor cells from
this model retained increased BMP4 expression after being cultured post-natally [149].

1.4.4 Animal Models of IUGR and Placental Insufficiency
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Animal models have been successfully used to study IUGR because they can mimic the
numerous human conditions that can potentially contribute to IUGR; these conditions
include maternal malnutrition, chronic hypoxia, reduction in uterine blood flow and
placental size, and endocrine alterations [150]. A technique frequently used to induce
IUGR in animal studies is uterine artery ligation (UAL), where the main uterine artery is
ligated to reduce blood flow, gases, nutrients, and ions to the fetus while creating a
hypoxic environment in utero during gestation [60, 91]. Although the effects of UAL on
organogenesis are evident within hours [60, 151], this model has numerous limitations,
including high maternal mortality during ligation surgery, high abortion rates, and
variations in fetal weight [152, 153]. In addition, this technique does not always induce
IUGR as collateral blood flow compensates for the reduced blood flow and nutrients
from the UAL [154]. A more recent model of IUGR used in studies is spontaneous IUGR
where poor intrauterine growth occurs naturally and without artificial interventions. The
model minimizes the risks that are associated with inducing IUGR invasively and is
similar to humans where IUGR occurs naturally. Furthermore, the model has been
employed primarily in guinea pigs where IUGR occurs spontaneously due to litter
variations [155-157].

1.4.5 Animal Models of IUGR and Changes in Myelination

The neurological consequences of IUGR, specifically changes in white matter
development and myelination, have been demonstrated in multiple animal models. In
fetal sheep, MBP immunoreactivity in WM areas of the brain was reduced due to acute
and intermittent hypoxia produced by umbilical cord occlusion [158, 159]. A study of
UAL-induced IUGR showed a delay in myelination in rats that experienced a moderate
degree of IUGR along with WM lesions; this study also showed that the severity and
longevity of WM damage positively correlated with the severity of IUGR as rats with
severe IUGR experienced WM damage that persisted into adulthood [160]. In a guinea
pig model of IUGR, Nitsos and Rees found a reduction in myelination and the number of
myelinated fibres in the IUGR population. This study also showed that the myelin
sheath's thickness was disproportionately thin compared to the axonal diameter in IUGR

fetuses [161]. More recently, Piorkowska et al. indicated a decrease in myelination in
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IUGR guinea pigs compared to GA-matched control guinea pigs as measured using MBP

immunohistochemistry and LFB [162].
1.4.6 Guinea Pig Model of IUGR and Fetal Brain Development

Of the IUGR animal models discussed in the previous section, the guinea pig is a better
model for studying neurologic developmental programming. Like humans, but unlike rats
and mice, guinea pigs undergo significant brain development in utero. Both humans and
guinea pigs experience rapid brain growth in the latter half of pregnancy, are born with a
full complement of neuronal numbers, and begin brain myelination in utero [163-165].
Thus, any in utero insult should correspond with critical developmental periods, and the

associated long-term outcomes can be more precisely translated to humans.

Along with similarities, differences between the human and guinea pig brain exist that
need to be considered. For instance, the guinea pig brain is bigger and more functional at
term relative to the human brain. Consequently, guinea pigs' motor, cognitive, and
regulatory processes at birth compare to that of a human toddler [166]. Furthermore,
human brain growth begins to plateau around two years of age, while the plateau occurs
just before birth in guinea pigs [163]. Hence, the impact of in utero events resulting in
impaired development will likely be amplified in the guinea pig brain. Additionally, the
influence of post-natal environmental factors on in utero neurodevelopment is limited in
the guinea pig brain. Nonetheless, the guinea pig brain's heightened functionality and
comparative neuroanatomy are beneficial in assessing IUGR-related neurodevelopmental

changes.

In addition to guinea pigs being an excellent model for neurologic development, the
guinea pig is also an excellent model for pregnancy and IUGR. The guinea pig has a
gestational period of ~68 days, longer than rats and mice but shorter than sheep and
primates [167]. Furthermore, the guinea pig is easily bred due to its docile temperament
and minimal breeding requirements, allowing significant environmental control [164].
Despite having more offspring in a litter than humans, guinea pigs still have lower
offspring than rats and mice — 1-5 v. 8-12 [164]. Like the human placenta, the guinea pig

placenta is also haemomonochorial and displays a deep trophoblast invasion [164]. In
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addition to the anatomical similarities, the guinea pig has similarities with the human
fetal/maternal transport barrier, including the transfer of glucose and amino acids. Thus,
the guinea pig is a great model for pregnancy and IUGR, which likely explains its use by
numerous IUGR studies [162, 164, 168].

1.5 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) was first reported in 1973 by Paul Lauterbur, and the
first image of a human body part in 1977 by Peter Mansfield and Andrew Maudsley [169,
170]. In 1983, the modality was used to image pregnancy, becoming the latest imaging
modality to image the fetus and the placenta [171]. Although the use of in utero MRI is
limited relative to pediatric and adult MRI, the modality, in conjunction with ultrasound,
has since become an indispensable tool for studying fetal tissue development and
function [172]. MRI is a non-invasive modality that does not use ionizing radiation,
which is crucial when studying a vulnerable population [173]. It provides visualization of
the entire uterus in a single volume due to its large field of view, excellent multi-
parametric soft tissue contrast, and multiple sources of contrast in a single examination
[174, 175]. Thus, MRI can provide valuable insight into the study of overall fetal tissue
development, such as fetal brain myelination.

1.5.1 Spin

Nuclear magnetic resonance (NMR) is a phenomenon that describes the behaviour of
nuclei in an external magnetic field, and that is subsequently disturbed by a weaker,
oscillating magnetic field. Nuclei have a fundamental property referred to as spin, which
is primarily determined by the number of unpaired nucleons. Spin is associated with an
angular momentum and a nuclear magnetic dipole moment. The nuclear magnetic dipole

moment, u, is equal to:
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Here y is the gyromagnetic ratio, h is Planck's constant, and I is the spin quantum
number. | can have integer-or half-integer values and is % for hydrogen (*H), which is the

most common nuclei used in NMR and MRI.

In the absence of an external magnetic field, EO, the individual nuclear magnetic dipole
moment in diamagnetic matter is usually randomly distributed. When an external
magnetic field is introduced, it interacts with the magnetic moment of a nucleus. In a
simplified view, this process is characterized by energy states aligning either parallel
(low-energy) or anti-parallel (high-energy) with EO, with a preference for the lower
energy state aligned parallel with the external field. The number of nuclei in each energy
state is described by the Boltzmann distribution:

N_ _AE
— = &P 1.2
N

Here N_ and N, are the number of nuclei in the low and high energy states, respectively,
AE is the energy difference, T is the absolute temperature, and k is the Boltzmann
constant (1.38 x 102 J/Kelvin). At body temperature, only ~1/100,000 *H nuclei
contribute to the NMR signal at 1.5 T [176]. This small polarization of nuclei produces a

mean magnetic moment that aligns parallel with §0, known as the net magnetization, 1\70.

When placed in an external magnetic field, the individual dipole moments create a torque

as they interact with the magnetic field, inducing the individual dipole moments to

precess about the §0 at an angular frequency known as the Larmor frequency, w:
(1)0 = VBO 13

Here y is the gyromagnetic ratio of the nuclei and B, is the magnitude of the external
magnetic field strength [177]. As previously mentioned, *H is often the nucleus of
interest due to its large abundance in the human body (99.8%) and presence in most
organic compounds, producing the greatest signal [178]. The electrons of *H do not
contribute to magnetic resonance, resulting in *H being referred to as the proton [177].
The gyromagnetic ratio of *H is 2.675 x 108 s T (Figure 1.5).
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X

Figure 1.5. A simplified representation of the net magnetization vector, My, in the

presence of an external magnetic field, ﬁo.
1.5.2 NMR Signal

Although guantum mechanics governs the behaviour of each nucleus, classical mechanics

may be used to describe the mean magnetic moment of the nuclei. Since the nuclei
composing M, are uniformly distributed around B, and M, is not creating any net flux, it
is undetectable when aligned along the same axis as B,. Consequently, to make a
measurement, the individual nuclei must gain phase coherence as ﬁo is titled away from
the main magnetic field by an external pulse referred to as the radiofrequency (RF) pulse,
which oscillates at the Larmor frequency of the nuclei of choice. The RF pulse is applied
perpendicular to the main magnetic field, producing a weaker magnetic field
perpendicular to Eo in the rotating frame of reference, which is known as B, [177]. The
excitation pulse is called an RF pulse because Larmor frequencies are typically in the
MHz range, corresponding to the electromagnetic spectrum's RF range [176]. The RF
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pulse also promotes the nuclei to adopt a higher energy state and to align in orientation
due to phase coherence [177]. In the presence of the RF pulse, MO is tipped such that a
portion of 1\71')0 is perpendicular to §0 in the transverse plane, which is the plane
perpendicular to the external magnetic field, and then experiences nutation about the
resultant §1 field [179]. The tip or flip angle, a of the magnetic moment is determined by
the duration and amplitude of the RF pulse [178]. In simple experiments, o is 90° to
achieve the maximum value of M, in the transverse plane while an o of 180" would result

in the M, to align with -B, [178].

When tipped away from B,, the magnetization can be viewed as two separate
components: longitudinal and transverse. Longitudinal magnetization describes the
magnetization component parallel to §0 and is represented as a vector in the z-direction,
ﬁz in a Cartesian coordinate system. Transverse magnetization is the magnetization
component in the transverse (i.e., X-y) plane and is represented by Mxy [178]. The

following equations describe the longitudinal and transverse components of the net
magnetization at equilibrium just prior to the RF pulse, respectively:

—

M, = M, cos a 14

M., = My sin a e!(@ot+$) 1.5
Here ¢ describes the phase shift or the initial angular position of the magnetic moment in

the transverse plane [178].

When the magnetization is tipped into the transverse plane after the application of the RF
pulse, the comprising nuclei radiate electromagnetic energy because of the change in the
magnetic field (Faraday’s law of induction) [180]. This energy is detected as an induced
voltage by receive coils, which is then amplified and used to form the signal [178]. The
receive coils only detect signal from Mxy as it is perpendicular to §0. The produced
voltage is proportional to the NMR signal and the square of the magnetic field strength of

B, [177].
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1.5.3 Creating the MR Image

As previously mentioned, the MR signal is a result of Faraday’s law, as it is essentially a

small electric current that is induced in the receiver coil by the precession of M,. The
signal is called free induction decay (FID) and is generated by a single RF pulse [177].
The FID can be manipulated to generate an echo, which involves refocusing the nuclei of
the net magnetization after the initial RF pulse. There are two types of echoes: spin echo
(SE) and gradient recalled echo (GRE).

Discovered by Erwin Hahn in 1949, the spin echo is generated by using two successive
RF pulses, usually with an a of 90" and 180°, respectively [181]. The excitation RF pulse,

typically 90°, first tips the Mo into the transverse plane, generating the FID. Due to
differences in the local microscopic field, some nuclei might precess and gain phase
faster or slower than others. After a short period of delay where some of the transverse
magnetization has been dephased, a refocusing RF pulse, typically 180°, is applied,
flipping all the nuclei in the transverse plane. Because of the ‘flip,” all the nuclei that
were dephased due to the local field inhomogeneities rephase, generating the spin echo
(SE).

Unlike the SE, where an RF pulse is used to rephase the magnetization to generate the
echo, a gradient is used to refocus the phase of the nuclei to generate the GRE; gradients
will be discussed in 1.5.3.1. After applying the RF pulse and generating the FID, a
negative gradient lobe is applied immediately to cause a phase dispersion of the nuclei,
dephasing the magnetization. This is followed by employing a positive gradient lobe
equal in magnitude to refocus the nuclei and generate the GRE. It is important to note
that only the nuclei that are initially dephased by the gradient are the ones that are
refocused by the gradient reversal.

Both SE and GRE can also consist of spoiling, which is the disruption of any residual

transverse magnetization that may persist between RF pulses. In other words, spoiling

ensures that the IWO has no transverse components before each RF pulse, resulting in no
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transverse steady-state being established. Spoiling can be achieved through long TR, RF

spoiling, or gradient spoiling [182, 183].

The signal produced by echoes depends on the concentration of nuclei, intrinsic
relaxation properties of the tissue being imaged (discussed in 1.5.5), and echo time (TE).
TE is the time between the middle of the first RF pulse and the peak of the echo. The
time between the application of the two RF pulses is the repetition time (TR) [177, 181].

1531 Gradients

First used in 1952 by Herman Carr and further developed by Lauterbur and Mansfield to
distinguish signals from different tissues, magnetic field gradients are linear magnetic
fields whose strength changes based on position and are often applied along an axis to

encode a nuclei’s location [176, 178]. Since §0 cannot be changed, smaller magnetic
fields can be added to perturb the magnetic field, which is accomplished using magnetic
gradients. By adding a gradient, nuclei along the axis of the applied gradient experience
marginally different magnetic fields based on their position, causing them to precess
faster or slower than the Larmor frequency. Gradients can be applied along the x, y, or z-

direction and are approximately 1% of the strength of B, at clinical field strengths,
resulting in small perturbations. The following equation describes the angular frequency,
wy, of a nucleus as a function of gradient strength:

wo(r) = —l(ﬁo + G, -r) 1.6
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Here G, is the strength of the gradient, and r is the location of the nuclei as described by

X, Y, or Z.

Three orthogonal, linear gradients are typically needed along the x-, y-, and z-direction to
determine the spatial localization of the MR signal [177]. Since gradients are vectors —
they have both magnitude and direction — a combination of magnetic field gradients can
be applied along any direction [176]. Gradient coils are found inside the scanner’s bore

and produce gradient fields [177]. The following paragraphs will discuss three necessary
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gradients for slice selection and determining the position of selected nuclei in an ideal

setting: slice selection, frequency encoding, and phase encoding.

Slice selection is the selective excitation of specific anatomical planes to isolate signals
from that particular slice [178]. The slice selection gradient, which can be applied along
any direction — axial, coronal, oblique, or sagittal — causes the nuclei along its axis to
precess at different frequencies [177]. An RF pulse with a bandwidth of frequencies that
correspond to the nuclei within the slice is transmitted. Once the RF is applied and the
slice selection gradient removed, only the nuclei within the selected slice experience

transverse magnetization, while the nuclei outside the slice remain aligned with B, [176].
Consequently, signal from only that slice is acquired. To avoid signal loss, a refocusing
gradient equal and opposite in amplitude to the slice selection gradient is used to bring
nuclei back into phase with each other [178]. The slice's width and location depend on
the gradient strength and the RF pulse bandwidth [176].

Once a slice has been excited, the next step is to spatially encode the nuclei within the
slice in directions that are orthogonal to the direction of the slice select gradient. Spatial
encoding can be separated into frequency and phase encoding. According to convention,
slice selection is conducted along the z-axis, while frequency and phase encoding is along

the x-axis and y-axis, respectively [178].

The frequency encoding gradient, also known as the readout gradient, causes the resonant
frequency of the nuclei along the x-axis to vary linearly [177, 178]. The gradient is
continuously applied while the MR signal is being collected; hence, the signal is
“frequency encoded” in the x-direction [177]. For a single RF pulse, all the spatial
frequencies comprising the signal can be collected in real-time as the signal can be
decomposed using the Fourier Transform to represent a 1D projection of the sample

[177]; the Fourier Transform will be discussed in 1.5.4.

The phase encoding gradient is applied along the y-axis and as indicated by the name,
involves manipulating the phase of the nuclei. Unlike frequency encoding, phase
encoding does not occur during acquisition but is turned on for a short time to allow the

nuclei to accumulate a positionally varying phase shift [177]. In practice, the phase
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encoding gradient is turned on first to allow the nuclei to accumulate the change in phase
before generating the echo [177]. Once the phase encoding gradient is turned off, the
frequency encoding gradient can be turned on, causing the nuclei to precess at the Larmor
frequency while retaining their accumulated phase shift; hence, the nuclei are now
“phase-encoded” [178].

It is important to note that only the sum of all phase shifts for each frequency is measured
from a single excitation; hence, multiple and separate phase encoding gradients must be
employed over multiple excitations to distinguish signals along the phase encoding
direction. The resultant data points correspond to different strengths of the MR signal
over a range of gradient moments. Like with frequency encoding, an inverse Fourier
Transform can disentangle individual phase contributions where each phase component
corresponds to a different spatial position along the y-axis. The MR sequence must be
repeated with a different phase-encoding gradient until all possible spatial frequencies
have been sampled; this corresponds to the number of rows of pixels in the image. The
total scan time of a sequence equals TR multiplied by the number of signal averages and
phase-encoding steps [177]. Signal averaging is done by repeating measurements under
similar conditions to increase the signal-to-noise ratio by adding random noise [177]. A

pulse sequence diagram of a spoiled GRE is shown in Figure 1.6.
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Figure 1.6. An example of a spoiled gradient echo pulse sequence diagram showing the
slice selection (Gss), phase encoding (Gee), and frequency encoding (Gre) gradients at
work to encode the spatial location of the gradient echo. Spoiling of the transverse
magnetization is achieved by Gss and Gre prior to the application of the second

radiofrequency pulse.

1.5.4 Fourier Transform

Once the raw data matrix is acquired, it needs to be converted to an image by an inverse
Fourier Transform (FT). All signals can be represented as a combination of sinusoidal
waves where each sine and cosine wave refers to a particular signal frequency, phase, and
amplitude. Thus, the FT is a mathematical tool that decomposes a complicated signal into
the frequencies and relative amplitudes of its simple component waves [184].

In the MR context, the complicated signal is the echo that needs to be decomposed
because it contains all the necessary frequency- and phase-encoded information required
to construct the image. The FT separates the individual frequency and phase
contributions, where each frequency and phase contributes to a different spatial position
along the x-axis and y-axis, respectively. The signal is then entered into k-space, a 2D

Fourier space that organizes spatial frequency and amplitude information. The dominant
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method of filling k-space is the Cartesian method, where each line of data in k-space
refers to the signal obtained from a single application of the phase-encoding level [185,
186]. The outer rows of the k-space correspond to high-order phase-encodings and high
spatial frequencies that contribute to image resolution; the inner rows correspond to low-
order phase-encodings and low spatial frequencies that provide information on the
general contrast of the image [185, 186]. A 2D inverse FT of the entirety of k-space
creates the MR image [187].

The MR raw data is complex and contains real and imaginary components [178]. These
components can be reconstructed as real, imaginary, magnitude, and phase images.

Clinically, magnitude images can be used for diagnostic purposes, while phase images

are generated for flow depiction and identification of regions of §0 inhomogeneity [178].
1.5.5 Relaxation

Once the RF pulse is removed, the magnetic moments of the nuclei immediately begin to
align parallel with B, as the magnetization recovers to equilibrium [179]. This process is
referred to as relaxation and, like IWO, can be classified into two components: longitudinal
and transverse. Longitudinal relaxation, or Ty, describes the re-growth of M, while

transverse relaxation, or To, describes the loss of phase coherence of Mxy.
1.55.1  Longitudinal Relaxation

Longitudinal or T relaxation describes the time it takes M, to recover approximately
63% or (1 — i) of MO following a 90" pulse (Figure 1.7). This relaxation is a result of the

nuclei “releasing” the extra energy received from the RF pulse to the surrounding
“lattice” or environment as they transition back to their thermal equilibrium and low
energy state [178]. This release of energy occurs when the local magnetic field is
fluctuated by other nuclei and/or molecules that are fluctuating near the Larmor
frequency [188]. Consequently, T is also known as the spin-lattice time constant and is
dependent on the proximity of the nuclei to other nuclei and molecules, which varies

among tissues and pathological states [177, 178, 188].
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Once the RF pulse is removed, M, displays a logarithmic growth process to M,:
o = i W -t
MZ=MO(1—eT1)+M0cosaeT1 1.7

where t is the time, and o is the flip angle [178]. For *H in human tissue, T1 ranges from

hundreds to thousands of milliseconds over the magnetic field strengths of interest [189].

—> A
M,

T, Recovery

I T

>

T, TR

Figure 1.7. A graphical representation of the longitudinal (T1) relaxation curve. At Ty,
the longitudinal magnetization of a tissue reaches approximately 63% of its maximum

value.

1.55.2 Transverse Relaxation

Transverse or T relaxation describes the time it takes Mxy to decay to approximately
37% or (i) of MO (Figure 1.8). In other words, T is the signal decay time constant in a

homogeneous magnetic field [178]. The nuclei contributing to Mxy experience local

fields, which are combinations of the applied field and their neighbours' fields. Since

variations in the local fields lead to different local precession frequencies, the individual
nuclei lose phase coherence, resulting Mxy to exponentially decay to zero [178]. Hence,

T is referred to as the spin-spin time constant since it describes the relaxation due to
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magnetic fields caused by neighbouring nuclei or “spins” and interactions with other

molecules [188].

Once the RF pulse is removed, the transverse magnetization displays an exponential
decay process:

-t
M., = M sin ae!(@ot+®) ¢ T 18

Here t is the time. T, ranges from tens of microseconds to seconds for *H in human tissue
over the magnetic field strengths of interest. Like Ty, T> values are short for solids — order

of milliseconds — and long for liquids — order of seconds [189].
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Figure 1.8. A graphical representation of the transverse (T>) relaxation curve. At T», the

transverse magnetization of a tissue decays to approximately 37% of its initial value.

Any process that results in Ty relaxation also results in T relaxation, but not every
process that results in T relaxation results in Ty relaxation. If the energy exchange
occurred between a nucleus contributing to 1\7fxy and its environment, this would result in
both T1 and T2 relaxation as the nucleus releases energy and dephases. On the other hand,
some processes that affect T relaxation are secular in the sense that they do not affect T

relaxation, such as nuclei “flip-flops” where a pair of nuclei exchange their longitudinal
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angular momentum, causing a loss in T relaxation but no net change in T [188]. Thus,

the T1 relaxation of tissue is always longer or equal to its T relaxation.
1.5.5.3  Apparent Transverse Relaxation

As previously mentioned, T describes the signal decay rate caused by atomic and
molecular interactions in a homogenous magnetic field [178]; however, the magnetic
field is not always homogenous, and this inhomogeneity can also result in the dephasing
of nuclei. This inhomogeneity could be due to intrinsic defects in the magnet itself or
from susceptibility-inducing materials within the tissue that distort the magnetic field,
such as iron [190]. As a result, the signal decays faster since nuclei experience phase
incoherence and transverse relaxation at a faster rate. The observed or apparent transverse
relaxation is referred to as T>" and is described by the following equation:

1 1 1

T—2*=T—2+T—2, 1.9

Here T, is the relaxation time from the inhomogeneities (Figure 1.9) [190].
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Figure 1.9. A graphical representation of the observed transverse (T2) and apparent

transverse (T2") relaxation curves in light red and dark red, respectively.
1.5.5.4  Biophysical Basis of Relaxation

Relaxation is essentially due to molecular motion, interaction, and energy exchange
between molecules and nuclei [188]. Consequently, tissue's T1 and T> relaxations are
directly affected by its biophysical structure and biochemical environment. The structural
and environmental factors involve tissue water content and mobility, the presence of
paramagnetic atoms (e.g., iron), and lipid, protein, and macromolecule composition.

Hence, T1 and T can provide information on tissue structure and environment.

Changes in T1 and T> can also reflect tissue changes due to normal biological processes,
such as neurodevelopment, neuroplasticity, and aging [191, 192]. For instance,
neurodevelopmental changes such as myelination, axonal growth, and gyrification can
alter tissue structure, environment, and, hence, T1 and T2. WM has a shorter Ty and T>
than GM due to the following composition factors: iron-containing oligodendrocytes,
lipid bilayer myelin sheath and associated proteins, glial cells, and reduced free WM
content [191]. Similarly, the T1, T2, and T2" variations observed between deep GM
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structures are due to differing iron concentrations [193, 194]. Along with normal
biological processes, disease and pathology, such as demyelination, iron accumulation
due to beta-amyloid plaques in Alzheimer’s disease, tumour infiltration, and edema, can
also result in structural and biochemical changes and, hence, T1, T2, and T2 relaxations
[195-199].

1.5.6 Sources of Image Contrast

The different T1, T, and T2" relaxation times of tissues can be exploited to generate
contrast or weighting [177]. Of these relaxation times, T1 and T are the most used
sources of contrast in conventional MRI, along with proton density (PD), which
represents the apparent concentration of *H in each voxel [200]. T1-weighted images
display high intensity in tissues with short Tz since T1 is inversely proportional to signal
intensity. On the other hand, T»- and PD-weighted images display high intensity in
tissues with long T2 and in areas of high proton density, respectively, since both are
directly proportional to signal intensity [177]. To generate the desired contrast or
weighted image, pulse sequence parameters — TR, TE, and « — need to be manipulated as
described in Table 1.1. TR and « control T1-weighting while TE controls T- and T,"-
weighting (Table 1.1). It is important to note that although the image may have a
dominant weighting, the signal in the image is always a mixture of all the underlying

tissue-dependent contrasts [177].
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Table 1.1. Imaging weighting of spin echo and gradient echo sequences as determined by

TR, TE, and «.

Spin Echo Short TE Long TE
Short TR T1-weighted N/A

Long TR PD-weighted To-weighted
Gradient Echo Short TE Long TE
Small o PD-weighted To-weighted
Large o T1-weighted N/A

1.5.7 Relaxometry

Conventional MRI uses T1- and T2-weighted images where tissues' T1 and T relaxation
times generate contrast, allowing visualization of differences between tissue anatomy and
assessment of anatomy and pathology [172]. Although these images provide clinically
useful tissue contrast, comparing these images across time and between subjects and
subsequent physiological interpretation of these images can be challenging because the
signal values in these images are affected by MR hardware and software [196]. In
contrast, T1 and T relaxation times are quantitative MR parameters that reflect
fundamental tissue properties sensitive to the tissue environment, such as water content,
magnetization exchange, and paramagnetic content [188]. Since these parameters are
independent of imaging protocol, quantifying these parameters allows for comparing

these values longitudinally and cross-sectionally.
1.57.1  Methods for T, and T, Mapping

The gold standard approaches for T1 and T relaxometry are inversion recovery (IR) and
multiple echo-time SE, respectively; however, these methods have lengthy acquisition
times, making them unsuitable for fetal imaging [197, 201]. Nonetheless, the desire to
study tissue development pathology using quantitative T1and T values has resulted in the

development of multiple rapid mapping approaches.
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For T1 mapping, IR first involves inverting the magnetization by a 180° RF pulse,
followed by a conventional SE sequence (90" RF pulse — 180° RF pulse). By initially
inverting the magnetization, Ty relaxation occurs as the magnetization is re-established
along +B, during the time between the first 180" and 90" RF pulses. By the time the SE is
generated, the various tissue magnetizations can be distinguished based on their different
T1 relaxation times, allowing the different T1s to be quantified from the Ty recovery curve
[197]. An alternative to IR and one of the most efficient methods of T1 mapping is Look
and Locker [202]. Instead of fully recovering the magnetization to make a single
measurement, the Look-Locker technique continuously samples the recovering
magnetization with rapidly applied small-angle RF pulses. Hence, T1 can be measured
from the rate of change of signal amplitudes of the recovery curve [202]. Although faster
than IR, Look-Locker does not measure “true” T1 but rather an apparent T1 or T1” that is
shorter due to the method’s dependency on various factors, such as pulse sequence, TR,

tissue T», and field strength [192].

Another T1 mapping technique is the driven equilibrium single pulse observation of Ty
(DESPOT}) [203]. DESPOT: involves collecting spoiled gradient recalled echo (SPGR)
images at different flip angles while the TR is held constant. Since T, effects are limited
by spoiling the transverse magnetization, a signal intensity curve characterized only by T
and proton density can be generated, from which T1 can be quantified. Christensen et al.
first proposed using the method to characterize T1, which has been subsequently refined
and optimized by numerous other groups, most notably by Deoni et al. [203-209].

Like the variable flip angle method for Ty, variable flip angle fully balanced steady-state
free precession (bSSFP) acquisitions can also allow the calculation of T2 [210]. With
constant TR and TE, the bSSFP signal curve depends on T, proton density, and T». If T:
is known, T> can be calculated [209]; however, the mixed contribution of T1 and T to the
bSSFP signal also provides an opportunity for their combined calculation. With the
addition of an inversion pulse to increase the T1 dependence, a sequence analogous to the
Look-Locker approach is obtained [211, 212]. The signal is then driven back to an altered
equilibrium via an apparent T1, T1", related to the true T1 and T2. From the relationship,
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both T1 and T. may be estimated; this variable flip angle methodology is known as driven
equilibrium single pulse observation of T, (DESPOT?) [209].

15.7.11 DESPOT;

DESPOT]; uses SPGR as the sequence of choice because its major use is to generate Ti-
weighted images, as the pulse sequence is specifically designed to disrupt transverse
coherences [213]. The measured SPGR signal intensity is dependent on T1, TR, TE, T2,

o, and a factor which is proportional to IWO:

TR
M, (1 —eh >sina —TE 1.10
el

Ssper X TR
1—e T cosa

It is important to note that signal dependence is on T," instead of T, because the echo is
formed by gradient refocusing of the FID as opposed to the formation of a spin echo
[213]. By using a short TE to minimize T>" contributions to the signal, the data can be

represented in linear form and, hence, resulting in the following linear equation:

SSPGR ﬂ SSPGR ﬂ
. oceT1< )+M0(1—eT1> 111
sina tana

By keeping TR constant and changing the flip angle between acquisitions, a signal curve
characterized by T is generated. Since the data can be represented in linear form, as
shown above, the slope (m) can be determined using linear regression, allowing T1 to be
extracted [209].

—TR

T = o 1.12

1.5.7.1.2 DESPOT;
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DESPOT; uses the bSSFP sequence, which involves the repeated application of

excitation pulses with varying flip angles at a TR much less than either T1 or T2. The

idealized bSSFP signal intensity depends on Ty, T2, TR, o, and MO.

~TR
M, (1 —eT )sina
Spssrp —-TR —-TR —TR —TR
l—-eTrez —(eTt —e T2 )cosa

1.13

Like the SPGR signal equation, the data can be represented in linear form, resulting in the

following linear equation:

—-TR —-TR M (1 _T—TR)
—TR —TR _ T
SpssFp « el —el (SSPGR> " 0 1.14
sina —TR TR \ tana —TR -TR
l—eThhel2 l—-eThel

Like DESPOT4, keeping TR constant and changing the flip angle between acquisitions
generates a signal curve dependent on both T and T». Since T is already known from
DESPOTy4, the slope (m) can be determined using linear regression, allowing T2 to be
extracted [209].

—TR
—TR

m—e 1 1.15
In { ——p—

meTh —1

T2:

It is important to note that bSSFP is sensitive to local off-resonance frequencies and
magnetic field inhomogeneities due to gradient refocusing to preserve the transverse
magnetization between TR cycles. As a result, bSSFP images often contain banding
artifacts, which are areas of low signal intensity corresponding to specific values of off-
resonance frequency. Two bSSFP volumes are acquired for each flip angle to resolve the
artifact: one at a phase increment of 0" and a second at 180°. The variation between the
two acquisitions produces banding artifacts that are spatially offset, with the difference
between the two-phase offsets amounting to an off-resonance map. The off-resonance
map is then used to correct the banding artifact between the volumes at varying phase
increments [210, 214-216].
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1.5.8 Myelin Imaging with MRI

Due to current technological limitations, conventional MRI cannot visualize the rapidly
decaying signal from the larger, non-aqueous molecules from the CNS. Hence,
conventional MRI cannot directly image myelin because the signal from the non-aqueous
components — lipids and proteins — of myelin decays to zero in approximately 50 to 100
ps [133]. A specialized technique known as ultra-short echo-time was developed to
directly image the non-aqueous *H nuclei of the myelin lipid bilayer [217, 218]. This
technique involves suppressing the longer signals, usually with an adiabatic inversion
pulse, to image the rapidly decaying signals with extremely short TE [219].
Unfortunately, the acquisition times of these sequences are not feasible for fetal imaging.

Another MR-based method for myelin imaging is magnetization transfer (MT), which
involves imaging the macromolecular content of the myelin sheath. MT originates from
the magnetization and proton exchange between macromolecules and free water, which,
in this case, are the myelin lipids and proteins, and the surrounding water, respectively.
Although the exchange between myelin and the surrounding water induces a larger MT
contrast as the MT effects of myelin are 2-3 times higher, MT-weighted images can be
biased by inhomogeneities in the magnetic field and influenced by non-myelin
macromolecules [220, 221]. Furthermore, the MT ratio, which is the semi-quantitative
measure of MT, is dependent on acquisition parameters, such as shape, frequency offset,
amplitude, and duration of the MT pulse, potentially resulting in changes independent of
the myelin macromolecular content [222]. Although other advanced MT techniques exist
to better assess myelin content, such as quantitative MT and inhomogeneous MT, these
measures still have issues, such as imperfect modelling and low myelin sensitivity [223,
224]. Both fractional anisotropy and radial diffusivity of diffusion tensor imaging have
also been suggested as markers for myelin; however, there are issues with both. For
instance, fractional anisotropy can be influenced by non-myelin origins, such as fiber
dispersion, while the myelin-related changes seen in radial diffusivity are likely due to

simple fiber geometry seen in animals and not in humans [225-227].
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Although the signal from myelin lipid decays rapidly, the MR signal from the aqueous
components of myelin decays on the order of milliseconds and, hence, is accessible by
MRI [133]. Therefore, myelin structure and pathology can be investigated by studying
the MRI-visible water associated with myelin, naming this technique myelin water

imaging.
1.5.8.1  Myelin Water Imaging

Myelin water imaging (MWI) is based on the fact that while the entire MR signal is from
the protons from the aqueous components of myelin, individual water molecules can
experience very different microscopic environments, depending on their physical
location. Hence, the signal from the individual aqueous components of myelin can be
identified and separated with signal amplitudes proportional to the relative amounts of
water in each environment, contingent on the fact that the total MR signal comes from
water in different non-exchanging environments. The main aqueous compartments of
myelin in the brain are myelin water (MW) and intra-/extra-cellular water (IEW). MW is
the protons trapped between the lipid myelin bilayers, while the IEW refers to the protons
found in the intra-axonal space and extra-cellular space (interstitial space outside of white
matter fibres). Myelin water fraction (MWF) is the quantitative measure of MWI and is
defined as the ratio of signal from myelin water protons to the sum signal from all
protons from MW and IEW throughout the voxel (Figure 1.10) [114, 228].
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Figure 1.10. Breakdown of the myelin sheath compartments involved in myelin water
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imaging and the quantification of myelin water fraction. This figure was adapted with

permission from Lee et al. J Magn Reason Imaging 2020.

An extension of relaxometry, MWI utilizes the different water components' T1 and T»
relaxation times individually or together to quantify myelin. There are four approaches to
MWI: T,-based, T."-based, Ti-based, and steady-state-based.

To-based MWI is the traditional technique for MWI. This technique uses the short T, of
myelin water to separate its signal from that of IEW [114]. At 3 T, the T> of myelin water
is approximately 20 ms, while the T, of IEW is approximately 80 ms. This technique
acquires a T» decay curve with contributions from myelin water and IEW signals to
generate a distribution that distinguishes the signal contribution of each T> compartment.
For data acquisition, a multi-echo SE sequence consisting of a 90" RF pulse followed by a
series of 180" RF pulses with signal measures at the interleaved TEs typically measured
over 32 echoes is used [114, 229, 230]. To generate a T> distribution from the multi-echo
data, the fitting of multiple exponential functions with a stimulated echo correction needs
to be applied [229, 231]. Since exponential functions are not mathematically orthogonal
and cannot be easily distinguished, the fitting is noise-sensitive [229, 231]. The
acquisition times of this technique also tend to be long.
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T, -based MWI is similar to the T technique in that it exploits the T," difference between
myelin water & 1IEW [232]. The T2" model has been revised to improve MWF estimation
by including the frequency shift caused by the magnetic susceptibility of myelin. This
technique uses a multi-echo GRE sequence to obtain signal decay and frequency shift

[233]. This technique has some challenges, such as the high sensitivity of the GRE to B,
inhomogeneity and stability, and is not widely available as it is still relatively new [234-
236].

Like T, T1-based MWI exploits the difference in T1 of myelin water and IEW. At3 T,
the T1 of myelin water is less than 400 ms, while the T1 of IEW is approximately 800 ms
[237]. This technique can use either multiple IR data to generate a T relaxogram, which
requires a long scan time, or an inversion RF pulse to suppress non-myelin water signals
and, therefore, acquire myelin water signal only [230, 237-239]. The latter has
challenges, such as the RF suppression partially suppressing myelin water signal, leading
to the MWF acquired from this sequence to be referred to as apparent MWF [240].

The final technique for MWI is steady-state-based and is known as multicomponent
driven equilibrium single pulse observation of Trand T2 (McDESPOT). mcDESPOT
involves acquiring multiple steady-state images of varying flip angles, then fitting the
data to a multiple-compartment model to estimate each compartment's Ty, T2, and
additional parameters [241]. The total acquisition time for this method is reasonable and
has been applied in various applications and demographics, such as adults, children, and
neonates [114, 242, 243]. mcDESPOT is a direct and specific method for measuring
myelin and was chosen to measure MWF in the fetal brain.

Factors affecting the specificity of MWI include myelin debris, intra-myelinic edema,
change in total water content unrelated to myelin, and inter-compartmental water
exchange [244-249]. Despite the potential confounds, MWF has been validated to be a
strong marker for myelin by MBP immunohistochemistry and LFB (133,244), making
MWI a promising tool for quantifying myelin content in both normal and growth-

restricted fetuses.

1.58.1.1 mcDESPOT
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MWI by mcDESPOT combines data from T1- and T.-weighted volumes acquired for
DESPOT:and DESPOT; [241]. The two-compartment model of MW and IEW was used,
and exchange between compartments was included in the model. Parameter estimates in
each voxel were obtained using a stochastic region contraction approach with four
iterations. These steps followed the recommended guidelines in the literature and were
used for the MWEF fitting throughout the analysis [241].

The signal equations for mcDESPOT assume fast and slow relaxing compartments
representing MW and IEW, respectively. The following equation represents the

multicompartment signal equation for the SPGR sequence or DESPOT [241].

MES:r = Mgpgr(I — e4sP6RTR)sina x (1 — e“sPerTRcosq) ™1 1.16
where
Msper = plfr fs]” 1.17
and
1
A ks ksp
Ao | Tur 1.18
SPGR — 1
kFS - TLS kSF

I is a 2x2 identity matrix, p is a factor proportional to the equilibrium longitudinal
magnetization, fr and f; are the volume fractions of fast and slow relaxing
compartments, respectively, krs and kg are the exchange rates between fast and slow
relaxing compartments, respectively, and Ty  and T; s are the T relaxation times of the

fast and slow relaxing compartments, respectively [241].

The following equation represents the multicompartment signal equation for the bSSFP

sequence or DESPOT;
MggSFP — (eAbSSFPTR — I)Al—)g:SFPC X [I _ eAbSSFpTRR(a)]—l 119

where
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I is a 6x6 identity matrix, R(a) is a rotation matrix describing the RF pulse, Awy and
Awg are the off-resonance effects of the fast and slow relaxing compartments,
respectively, and T, » and T, 5 are the T2 relaxation times of the fast and slow relaxing
compartments, respectively. In this formulation, the MWF is equivalent to the volume
fraction of the fast-relaxing compartment [241].

1.6 Thesis Overview

The primary motivation of this thesis is the eventual quantification of in utero fetal
myelination with MR relaxometry. MR relaxometry is first used to quantify the
relaxation times of human fetal tissues to assess fetal tissue development in the third
trimester in uncomplicated pregnancies. Following the completion of this work, an
extension of the technique is investigated to assess and quantify differences in fetal brain
myelination in an animal model of spontaneous IUGR. Thus, the main objective of this
thesis is to use MR relaxometry to assess fetal tissue development, specifically fetal

myelination, in utero.

Chapter 2 presents work adapted from an original research manuscript entitled

“Quantification of 1.5 T1and T," Relaxation Times of Fetal Tissues in Uncomplicated
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Pregnancies”. The purpose of this pilot study was to demonstrate the feasibility of
quantifying T1 and T2" relaxation times of various fetal tissues as a function of GA in
uncomplicated human pregnancies at 1.5 T. Looking exclusively at uncomplicated
pregnancies from 28- to 38-weeks gestation, the water T of fetal lungs, liver, spleen,
kidneys, and muscle, as well as the water and lipid T of fetal adipose tissue, were not
found to significantly change with GA. As for T2, only the fetal spleen and muscle

changed significantly with GA, while the lungs, liver, spleen, and kidneys did not.

Chapter 3 presents work from an original research manuscript entitled “Feasibility of
MRI Quantification of Myelin Water Fraction in the Fetal Guinea Pig Brain.” The study
aimed to demonstrate the feasibility of MWI to quantify MWF in utero in the fetal guinea
pig brain late in gestation. MWF maps were successfully generated for all fetal guinea
pig brains, with MWF being quantified in the fetal corpus callosum and fornix.
Furthermore, preliminary results showed that guinea pigs with IUGR have reduced MWF

compared to those without IUGR.

Chapter 4 presents work from an original research manuscript entitled “Quantifying
Myelin Water Fraction in a Guinea Pig Model of Spontaneous Intrauterine Growth
Restriction.” The study continues the work presented in Chapter 3, where we
demonstrated the feasibility of MWI in the fetal environment. This study aimed to
quantify MWEF in a spontaneous IUGR guinea pig model. It was hypothesized that IUGR
guinea pigs would have lower MWF than control guinea pigs. In the three analyzed
regions— corpus callosum, fornix, and parasagittal white matter — the MWF was reduced

in IUGR guinea pigs than in control guinea pigs.

Chapter 5 summarizes the work presented in the thesis, followed by potential avenues for
future work related to this thesis.
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CHAPTER 2

2 Quantification of 1.5 T and T," Relaxation Times of Fetal

Tissues in Uncomplicated Pregnancies

2.1 Introduction

Fetal life is a significant period in human development because organ systems that
sustain us throughout life outside the womb begin to develop during this time [4, 5]. MRI
is a powerful tool for visualizing fetal anatomy and identifying pathology [171, 250]. In
addition, it is an excellent modality that provides a non-invasive in utero assessment of
tissue composition and function, such as oxygenation, lipid, and iron content, throughout
the gestational period [251, 252].

Conventional fetal MRI is comprised of T1-, T2-, and T2 -weighted images [172].
Although these images provide clinically useful tissue contrast, the signal values of
weighted-images are affected by other contrast mechanisms (e.g., proton density) and

MR hardware and software, allowing data to be interpreted only qualitatively [196]. In
contrast, T1, T, and T," relaxation times are quantitative MR parameters that reflect
fundamental tissue properties sensitive to the tissue microenvironment [188]. Hence, their
quantification by quantitative relaxometry techniques allows for comparing these values

across time and between subjects [196].

Relaxation times are ideally not affected by influences unrelated to tissue properties, such
as coil sensitivity and radiofrequency inhomogeneity, so they more directly reflect
changes in tissue properties caused by any underlying pathology [188]. For instance, both
placental T1 and T," are lower in pregnancies with intrauterine growth restriction (IUGR)
than gestational age (GA)-matched normal pregnancies [251, 253]. Not only do both T;
and T2" have the potential to identify placental dysfunction associated with IUGR, but
they also can reflect changes in placental oxygenation as T1 and T2" depend on the
presence of dissolved oxygen and deoxyhemoglobin, respectively; quantifying this

change would not be possible from either T1- or T2"- weighted images [196].
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Quantitative relaxometry also plays an important role in determining biophysical tissue
parameters in adults [254]. Similarly, it is possible to use fetal tissue relaxometry to
extract clinically useful tissue parameters that can provide insight into fetal development
[255, 256]. For instance, changes in placental Ty are related to changes in the placenta’s
partial pressure of oxygen [251]. Since the partial pressure of oxygen in the placenta
differs between normal and complicated pregnancies, specifically placental insufficiency
and fetal growth restriction, placental T1 values can be used to provide a more direct yet
non-invasive assessment of placental oxygenation and, subsequently, placental function
[251]. Placental T." changes can also assess placental function through placental blood
oxygen saturation changes, which differs in placental dysfunction because it is related to
changes in placental deoxyhemoglobin content [251]. Hence, expanding our current
knowledge of fetal tissue relaxation times will enable the development of methodologies

to quantify additional physiological and pathological tissue parameters.

T." relaxation times of the fetal liver have been previously published at 1.5 T by Morris
et al. and Goitein et al. [257, 258]. Furthermore, T2" relaxation times have been
quantified for some fetal tissues, such as the brain, heart, and lungs, and were lower in
fetuses with low birth weight [259]. It is important to quantify these relaxation times over
GA because fetal tissues develop structurally throughout gestation; for instance, the fat
fraction of adipose tissue (AT) is known to increase with GA in the third trimester [252].
Since both Ty and T," are sensitive to tissue microstructure, AT and other fetal organ

structural changes may likely cause changes in T1 and T," throughout gestation [260].

The quantification of fetal tissue relaxation times as a function of GA will provide insight
into fetal tissue development, facilitate comparison of images acquired at different GA,
and contribute to methodologies with clinical utility. Therefore, the aim of this pilot study
is to demonstrate the feasibility of quantifying previously unknown T and T2 relaxation

times of fetal tissues in uncomplicated pregnancies as a function of GAat 1.5 T.
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2.2 Methods

2.2.1 Participant Demographics

This study was approved by the Western University Research Ethics Board (HSREB
#103845). Women over 18 years old with singleton pregnancies and GA between 28 and
38 weeks consented to this study. The estimated delivery date was calculated using a first
trimester ultrasound or certain last menstrual period following obstetrical guidelines
[261]. Women were excluded from the study if they: 1) were pregnant with more than
one fetus, 2) had a body habitus that prevented a successful MRI, or 3) had a medical
contraindication that prevented them from being safely imaged by a non-contrast MRI.
Participants with pregnancies complicated by diabetes or fetal growth restriction were
excluded from the analysis to quantify the relaxation times of normal fetal tissues.

2.2.2 Imaging

Participants were imaged in the left lateral decubitus position ina 1.5 T MRI (General
Electric Optima 450w, Milwaukee, WI), with a bore diameter of 70 cm and a 32-coil
abdominal phased array. Initial T2-weighted single-shot fast spin-echo (SSFSE) images
were acquired to determine the fetal location and orientation. Two 3D water-fat chemical
shift encoded (CSE) MRI volumes (specific implementation iterative decomposition of
water and fat with echo asymmetry and least-squares estimation (IDEAL-1Q): repetition
time (TR)/echo time (TE): 9.3 — 9.8/4.3 — 4.6 ms, Echo Train Length: 6, field of view: 50
cm, 128 x 128 pixels, slice thickness: 4-5 mm, 42—78 slices, ARC acceleration: 2x phase,
2.5 slice, and 32 x 32 calibration lines) were acquired axial to the maternal abdomen
during two separate maternal breath holds, each with a different flip angle (6° or 20°); the
acquisition time ranged from 12 to 24 seconds per breath hold. Slice thickness, field of
view in the phase encoding direction, and resolution were altered between participants as
needed to ensure complete acquisition in the maternal breath-hold. Reconstructed images
were visually inspected for artifacts and imaging was repeated as necessary. Lipid-only

images, water-only images, proton-density fat fraction (PDFF) maps, and R2" maps for
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each participant were reconstructed using the 3D CSE-MRI method described in Yu et al.
[262-264].

2.2.3 Fetal Tissue Segmentation

3D Slicer (v4.10.2-2019-5-220) [265-267] was used to segment the following tissues as
described below. All segmentations underwent a 4-neighbour erosion to minimize partial

volume biases.

Lungs and intraabdominal organ volumes of the liver and kidney cortex were segmented
on the water-only images (Figure 2.1A). A 7-mm diameter region of interest (ROI) was

placed in the same location of the spleen in the two water-only images.

Muscle volumes were segmented on the water-only images for the upper arms (outer
shoulder to cubital and shoulder cut diagonally across armpit to elbow), forearms (cubital
to outer wrist and elbow to inner wrist), thighs (along thigh length to inner and outer
knee), and lower legs (outer and inner knee to outer and inner ankle, respectively) as well
as the paravertebral muscle (along the spinal cord from the upper to lower back) (Figure
2.1B).

AT volumes were segmented on the PDFF maps for the following compartments: cheeks,
upper arms, forearms, thorax, abdomen, thighs, and lower legs. A detailed description of
how the AT compartments were divided is found in Giza et al. [268] (Figure 2.3C).
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Figure 2.1. (A) The 3D fetal rendering highlighting segmentations of the lungs (green),
liver (red), and kidneys (blue) (B) as well as segmentations of the fetal muscle of the
upper arms (dark green), forearms (dark blue), thighs (purple), lower legs (light green),
and the paravertebral (red) conducted using the water-only images. (C) Fetal adipose
tissue volume segmentations were conducted using the PDFF maps. The cheeks are
shown in orange, upper arms in green, forearms in dark blue, thorax in blue, abdomen in
red, thighs in purple, and lower legs in light green. (D) A 3D fetal surface rendering is

shown for reference.
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2.2.4 T1& T, Quantification

Before quantifying the relaxation times, the segmented volumes’ positional changes were
assessed between the 6° and 20° acquisitions. The changes were quantified by first
locating the same region in a slice between the two acquisitions and then using a digital
ruler to measure the change. Mean T relaxation times were quantified using driven
equilibrium single pulse observation of T1 (DESPOT}), as described in Deoni et al. [209].
For the lungs, intraabdominal organs, and muscle, the mean signal intensities from the 6°
and 20" water-only images were used to determine the mean water T relaxation times.
Mean T," relaxation times of the lungs, intraabdominal organs, and muscle were
determined by taking the inverse of the signal values of the segmentations on the 6° and
20° R," maps. For AT, the mean signal intensities of the 6° and 20° water-only and lipid-
only images were used to determine the mean water and mean lipid T1 relaxation times,
respectively. Due to pulse sequence limitations, the 6° and 20° DESPOT; acquisitions had
different TRs. The two TRs were then used to calculate two mean T relaxation times for
each analyzed tissue. The percent difference between the two T1s of each tissue for each

participant was then determined.
2.2.5 Statistical Analysis

Linear regression analysis was conducted for the T1 and T," relaxation times of each
analyzed tissue as a function of GA. F-tests were performed for each tissue to determine
if their T1 and T2" slopes as a function of GA were significantly different from zero,
indicating that the tissues’ relaxation times changed significantly with GA. F-tests were
also conducted to determine if the slopes and Y-intercepts of water T1s and T2's of
different muscle locations as a function of GA were significantly different from each
other. The same analysis was also performed for the water and lipid T1s of the AT
compartments. The D’ Agostino—Pearson test was first performed to test the T2" from the
6" and 20" maps for normality. A one-sample t-test was performed on the relaxation time
difference values to assess the level of agreement between T" relaxation times derived
from the 6" and 20° IDEAL T," maps (6" — 20°). These difference scores were tested

against a value of zero, which would indicate the measurements were identical. P-values
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less than 0.05 were determined to be statistically significant. All statistics were performed
in GraphPad Prism version 8.0.2 for Windows, GraphPad Software, San Diego,

California USA, www.graphpad.com.

2.3 Results

Of the 19 imaged participants, data from seven participants were excluded because of
fetal growth restriction or maternal diabetes. Three more pregnancies were excluded due
to insufficient contrast-to-noise-ratio between adjacent tissues making segmentation
impossible, leaving nine fetuses from uncomplicated pregnancies for analysis. Clinical
information about the participants, such as maternal age, pre-pregnancy body mass index

(BMI) and fetal sex, are summarized in Table 2.1.

Table 2.1. Participant Demographics

Characteristic N

Maternal Age (years)
20-29 3 (33%)
30-39 6 (66%)

Maternal Pre-Pregnancy BMI (kg/m?)

Underweight (< 18.5) 1 (11%)
Normal (18.5 — 24.9) 4 (44%)
Overweight and Obese (25.0-39.9) 4 (44%)

Sex of Fetus
Male 7 78%)

Female 2 (22%)

Imaging was repeated for three of the DESPOT acquisitions due to significant fetal
motion, yielding a complete set of nine DESPOT; acquisitions with no easily observable
motion artifacts to be analyzed. There were positional changes of the segmented volumes

between the DESPOT: acquisitions for all nine participants, but the change was always
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less than 2 cm. The percent difference between the two T1 relaxation times determined

using the different TRs was always less than 2.5%.
2.3.1 Lungs and Intraabdominal Organs

The water Ty relaxation times of the lungs, liver, spleen, and kidneys did not vary
significantly with GA (F-test, lungs [p = 0.89]; liver [p = 0.14]; spleen [p = 0.59];
kidneys [p = 0.97]). The mean water T relaxation times of the lungs and intraabdominal
organs are presented in Figure 2.2 and Table 2.2. Only the T2" relaxation times of the
spleen decreased significantly with increasing GA (F-test, p < 0.05). T2" relaxation times
of the lungs, liver, and kidneys did not vary significantly with GA [F-test, lungs [p =
0.67]; liver [p = 0.05]; kidneys [p = 0.70]). The mean T," relaxation times of the lungs
and intraabdominal organs are presented in Figure 2.3 and Table 2.3. All T2
measurements for these organs passed the normality test (D’ Agostino—Pearson t-test,
lungs: 6° [p = 0.85], 20" [p = 0.58]; liver: 6" [p = 0.46], 20° [p = 0.36]; spleen: 6" [p =
0.76], 20° [p = 0.43]; kidneys: 6° [p = 0.97], 20" [p = 0.13]). T>" measurements for each of
these organs from the 6° and 20° R," maps were not found to be different (one-sample t-
test, lungs [p = 0.16]; liver [p = 0.14]; spleen [p = 0.19]; kidneys [p = 0.07]).

2.3.2 Muscle

The slopes and Y-intercepts of the water T1 values of the different muscle locations were
not significantly different from each other (F-test, slope [p = 0.98]; Y-intercept [p =
0.92]). The muscle water T relaxation times of all the muscle locations combined did not
vary significantly with GA (F-test, p = 0.22), and their mean = SD is 800.7 £ 77.1 ms
(Figure 2.2 and Table 2.2). The slopes and Y -intercepts of the T2" values of the different
muscle locations were not significantly different from each other (F-test, slope [p = 0.06];
Y-intercept [p = 0.20]). The mean T>" relaxation times of all the combined muscle
locations decreased significantly with gestation (F-test, p < 0.05) (Figure 2.3 and Table
2.3). Mean muscle T2" measurements from the 6° and 20° R," maps passed the normality
test (D’ Agostino—Pearson t-test, 6" [p = 0.57], 20° [p = 0.49]). Mean T2" measurements

from the 6" and 20° R," maps were not found to be different (one-sample t-test, p = 0.12).



>

2500+

2000+

1500

1000

WaterT, (ms)

500

Fetal Lungs

26

@

2500+

2000+

1500

1000+

Water T, (ms)

500

Gestational Age (Weeks)

Fetal Spleen

26

=1

2500+

2000

1500+

1000+

Water T4 (ms)

500

o

Gestational Age (Weeks)

Fetal Muscle

26

Figure 2.2.

T T T T T 1
28 30 32 34 36 38

Gestational Age (Weeks)

=}

Water T, (ms)

=)

Water T, (ms)

-

Water T, (ms)

2500+

2000+

15004

1000

500

Fetal Liver

26

2500

2000

15004

10004

500+

Gestational Age (Weeks)

Fetal Kidneys

26

2500

2000

1500

1000

500

Gestational Age (Weeks)

Comparison

26

T T T T T 1
28 30 32 34 36 38

Gestational Age (Weeks)

53

Fetal Lungs
Fetal Liver

Fetal Spleen
Fetal Kidney
Fetal Muscle

Mean water T relaxation times, regression lines, and 95% confidence
intervals of the (A) fetal lungs, (B) fetal liver, (C) fetal spleen, (D) fetal kidneys, and (E)

of all fetal muscle locations combined are plotted independently as a function of GA. (F)

The regression lines of the mean water T relaxation times of all five tissues are plotted

together as a function of GA for comparison.
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Figure 2.3. Mean water T>" relaxation times, regression lines, and 95% confidence
intervals of the (A) fetal lungs, (B) fetal liver, (C) fetal spleen, (D) fetal kidneys, (E) and

of all fetal muscle locations combined plotted independently as a function of GA. (F) The

regression lines of the mean water T," relaxation times of all five tissues are plotted

together as a function of GA for comparison. The black asterisk (*) indicates that the

slope of the mean T" relaxation time of the tissue as a function of GA is significantly

different from zero (p < 0.05).
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2.3.3 Adipose Tissue

The slopes and Y-intercepts of the water T values of the AT compartments combined
were not significantly different from each other (F-test, slope [p = 0.72]; Y-intercept [p =
0.91]). The mean water T relaxation times of the combined AT compartments did not
vary significantly with GA (F-test, p = 0.36), and their mean + SD is 946.6 + 128.2 ms
(Figure 2.4 and Table 2.2). The slopes and Y -intercepts of the lipid T1values of the AT
compartments were not significantly different from each other (F-test, slope [p = 0.99];
Y-intercept [p = 0.48]). The mean lipid T relaxation times of the combined AT
compartments decreased with GA, but not significantly (F-test, p = 0.14); their mean *
SD is 224.9 £ 41.9 ms (Figure 2.4 and Table 2.2).

Fetal Adipose Tissue

2500
-o- Water T,
2000 - Lipid T,
w 1500 °
g 0 Ll
. 1 e TR .. ........
~ 1000 c.\_.\.\.
G S PE TN =
5004 0 Trteel
0 1 1 1 1 1 1

Gestational Age (Weeks)

Figure 2.4. Mean water T1 and mean lipid T: relaxation times, regression lines, and
95% confidence intervals of all fetal adipose tissue compartments combined are
plotted as a function of gestational age. To facilitate comparison, the y-axis of the

graph is the same as the graphs shown in Figure 2.2.
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Table 2.2. Mean Water T1 of Fetal Lungs, Intraabdominal Organs, and Fetal
Muscle, and Mean Water and Lipid T1 of Fetal Adipose Tissue at 1.5 T

Tissue

T1 Relaxation Time

(ms) [mean = SD]

95% Confidence

Interval (ms)

p value of slope

Fetal Lungs (Water)
Fetal Liver (Water)

Fetal Spleen
(Water)

Fetal Kidneys
(Water)

Fetal Muscle
(Water)

Fetal AT (Water)

Fetal AT (Lipid)

1443 +102.4

489.1 +47.5

939.7 +113.0

914.1+62.8

800.7+77.1

946.6 £ 128.2

2249 +41.9

1030 — 1856

435.0 -543.3

762.4 — 1117

724.6 — 1103

684.5-917.0

782.4 -1111

184.7 — 265.1

0.89

0.14

0.59

0.97

0.22

0.36

0.14
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Table 2.3. Mean T2 of Fetal Lungs, Intraabdominal Organs, and Fetal Muscle at
15T.

Tissue T 95% p value of Slope + Y-Intercept
Relaxation ~ Confidence slope SEM + SEM
Time (ms)  Interval (ms) (ms/day)
[mean £ SD]

Fetal Lungs 53.7+7.9 474-60.0 0.67

Fetal Liver 21.0+1.7 151-27.0 0.05

Fetal 443+3.1 37.0-515 0.70

Kidneys

Fetal Spleen <0.05* -21+0.8 103 £ 25.0
Fetal Muscle <0.05* -094+0.1 57.3+4

Note — The asterisk (*) indicates that the slope of the mean T2" relaxation time of the

tissue as a function of GA is significantly different from zero (p < 0.05).
2.1 Discussion

Fetal tissue relaxometry provides metrics that enable comparison between subjects
imaged on different MRI systems, with different protocols, and at different time points in
pregnancy. This pilot study has successfully demonstrated the quantification of the T,
and T2 relaxation times of multiple fetal tissues in third trimester uncomplicated
pregnancies as a function of GA. Furthermore, the study found that T likely remains
relatively stable during the third trimester for most investigated fetal tissues, except AT.
Changes in T," were observed for the spleen, liver, and muscle during the relatively short
investigated gestational period. The T>" values of AT compartments of seven participants
are previously published, so those data were not included. The study found that the T"
values of the thorax, abdomen, and lower legs AT decreased significantly with GA [268].
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This study was conducted in the third trimester because subcutaneous AT undergoes
rapid development mid-late gestation, and these changes can be detected by MRI [269].
Nonetheless, many fetal tissues become well-differentiated prior to the third trimester and
begin performing the functions they serve after birth, such as the liver producing bile and
kidneys producing urine [270, 271]. As a result, the consistency with adult values and the
lack of change in T1 suggest that these tissues have achieved structural maturity at the
investigated GA. For instance, the lack of change of T relaxation times of lungs and
intraabdominal organs with GA and similarity to the corresponding published adult
values correlates to a functional maturity of these tissues, which only need minimal

support if the fetus is delivered prematurely in the third trimester [189].

The significant decrease in spleen T>" and the nonsignificant decrease in liver T2" values
are likely associated with fetal extramedullary hematopoiesis [8, 9]. Iron, an essential
component of hematopoiesis, is paramagnetic and causes changes to the local magnetic
field’s uniformity, affecting T." relaxation times [272, 273]. Therefore, the reduction in
the T relaxation times over gestation can be explained by increased tissue iron content
due to hematopoiesis. Although the fetal liver is also a hematopoiesis site, hematopoiesis
shifts from the liver to the spleen in the third trimester [9]. This shift may explain the lack
of a significant T," decrease observed in the liver. Both liver T2" and spleen T2" values
were consistent with their respective previously published values for the same gestational
period [257-259].

The T relaxation times of muscle also did not change with GA and were consistent with
adult values [189]. The absence of significant change suggests that the structural
composition of muscle may not change dramatically during the third trimester. Secondary
myogenesis, during which most skeletal muscle fibres are formed, occurs until
approximately the seventh month of gestation [274, 275]. The change in the T2"
relaxation times of the fetal muscle is a possible result of increasing iron concentration
due to myoglobin accumulation, the iron-containing protein found in adult muscle [276].
The separation of muscle into its different locations was conducted to assess whether the

water T1 and T2" values differed by location. Water T1 and T2" values of the different
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muscle locations did not significantly differ, suggesting that muscle microstructure is

similar at different fetal locations for a given GA during the investigated period.

Both the water and lipid Ty relaxation times of AT decreased over gestation and were
higher than their published adult values. The fat signal fraction of fetal AT has been
found to increase with GA (12% — 37%) but was still lower than the fat fractions of both
neonatal and mature adult AT of 77.9% and 90%, respectively [252, 277]. Hence, AT
development continuing beyond the investigated period could explain the decrease in
both water and lipid T1 with gestation. Furthermore, the water and lipid T1 values did not
significantly vary between compartments, indicating that water and lipid T1 of AT as a

function of GA does not depend on AT location, respectively.

A novel aspect of this study is that both the water and lipid T1 of AT were quantified
simultaneously to assess the development of adipocytes’ lipid and water components
separately. A change in either the water or lipid T1 could tell whether only the lipid-
containing vesicles are developing or only the water components. Like the muscle, AT
was separated into compartments since fetal fat fraction in AT compartments differs by
location in the third trimester [268]. The lipid T: relaxation times of AT were not
significantly different between compartments, suggesting that each AT location’s lipid-
containing vesicles’ microstructure is similar at a given GA. The absence of water T1
change suggests a similar interpretation for the water-dominated components of AT

compartments.
2.1.1 Limitations

First, the presence of fetal motion between DESPOT} acquisitions may have affected
study results. The changes in fetal position in the receive field of the abdominal array
used for data acquisition could have caused changes in signal intensity between the two
DESPOT]: acquisitions that were not due to T relaxation; however, we found the
positional changes to be relatively small (< 2 cm). Although these fetal movements
precluded quantifying T1 on a pixel-by-pixel basis, they did not significantly alter the
segmented volumes’ measured signal intensity as the receive field does not change

rapidly in space. Therefore, these small movements did not substantially affect the T
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measurements. Due to limitations of pulse sequence prescription, the TR for the two
DESPOT: acquisitions varied by as much as 0.23 ms; this small difference in TR did not
substantially affect the calculated Ty as the percent difference between Ty values
calculated with the two TRs was always less than 2.5%. The T." measurements were

insensitive to these effects because they were derived from a single image acquisition.

This study had a small sample size and, hence, the limitations of using the data generated
from nine women to make definite statements about fetal tissue relaxometry are
recognized. The limited GA range investigated, 28-38 weeks, means that caution should
be exercised when interpreting linear fits for extrapolation of relaxation times outside the
studied gestational period. Due to limited images resolution and resultant difficulties in
distinguishing grey and white matter, the T1 and T relaxation times of both grey and
white matter were not quantified. Finally, we could not determine potential sex
differences due to the small sample size and unequal proportion of male and female
fetuses, although significant differences in individual tissues’ composition would be

unlikely.

Gold-standard methods to measure T1, such as inversion recovery, were not feasible for
this study because they require acquisition times too long to be used for fetal imaging;
however, DESPOT; has been previously used to quantify the T relaxation times of a
wide variety of organs and tissues [209, 278]; the same statement is also applicable for
IDEAL measurement of T2" [262, 279]. Given the range of applications for which both

methods have been used, applying these methodologies to fetal tissues is appropriate.

One of the benefits of IDEAL-IQ is that we measure both T1 and T2" simultaneously.
IDEAL-IQ also reconstructs water-only and lipid-only images from the same acquisition;
this was particularly useful for AT as both the water and lipid T1 of AT could be
quantified simultaneously. The fetal tissue T1 values are consistent with their respective
adult values, while the T2" of the intraabdominal organs are consistent with previously
published values, providing evidence that the measurements are in the appropriate range
[189].
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T1and T2" relaxation times can be used directly as markers for pathologies, such as those
associated with placental dysfunction and fetal growth restriction, or in other
methodologies to identify deviations from normal when assessing processes such as lipid
storage, muscle metabolism, and hematopoiesis. This study has successfully shown that it
is feasible to quantify the relaxation times of fetal tissues. Although the data require
validation due to the small sample size, it expands fetal tissue relaxometry knowledge.
This study has shown that it is feasible to quantify fetal relaxation times, and the
methodology can now be used in larger studies of normal and abnormal pregnancies.
Future work should focus on increasing sample size and improving the resolution of the
images used for relaxometry to allow for reliable quantification of the fetal brain gray and
white matter’s relaxation times. Furthermore, a complete characterization of relaxation
times throughout pregnancy requires investigating T1, T." and T at earlier GA and across

gestation.
2.1.2 Conclusion

This study demonstrated the feasibility of quantifying T1 and T2" relaxation times of
various fetal tissues in uncomplicated pregnancies between 28- and 38-weeks gestation at
1.5 T. This study’s results can be used as a potential metric to assist in comparing MR
images at different GA and help to interpret changes in fetal physiology and pathology
during gestation.
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CHAPTER 3

3  Feasibility of MRI Quantification of Myelin Water Fraction

in the Fetal Guinea Pig Brain

3.1 Introduction

The brain is a key organ that begins to develop during the third week of gestation [280].
A process that begins in the brain during fetal life is the development of myelin [4, 5].
Myelin is a lipid-rich substance whose primary role is to insulate nerve cell axons to
increase the rate at which action potentials travel along the axon [114]. It is essential for
healthy brain development as it facilitates long-range neuronal communications networks
to support higher-order cognitive, sensory, and motor functions [127]. Evidence of the
myelin sheath is first seen at 18 weeks gestation, followed by an increasing rate of

myelination that continues beyond the gestational period [7, 131].

Assessment of fetal myelin content can provide insight into fetal neurodevelopment and
improve our understanding of pathologies’ impact on the fetal brain. For instance, a post-
mortem study showed that a notable difference between control newborn infants and
those with intrauterine growth restriction (IUGR) is a decrease in myelin content [143],
but we have yet to quantify the difference in utero.

Fetal MRI is increasingly used for clinical and research purposes because MRI is non-
invasive, does not use ionizing radiation, has a potentially large field of view, and
provides excellent soft-tissue contrast [281]. Due to current technological limitations,
conventional MRI cannot directly assess myelin lipids and proteins composing the
myelin sheath because the signal from these larger, slow tumbling molecules decays to
zero in approximately 50 to 100 us [133]. Although ultra-short echo time sequences can
detect T," relaxation times in the targeted range and have been successful in imaging
myelin lipid, the current acquisition times of these sequences are long (100 minutes) and
not feasible for fetal imaging [218, 282]. Fortunately, the MR signal from the aqueous

components of the myelin sheath has MRI-accessible decay times greater than 10 ms



63

[114]. Thus, myelin structure and pathology can be probed by studying the MRI-visible

water associated with myelin [114].

Myelin water imaging (MWI) involves separating signals from individual water
compartments with signal amplitudes proportional to the relative amounts of water in
each environment [114]. The primary measurement in MWI is the myelin water fraction
(MWF), which is defined as the ratio of signal from protons in myelin water to the total
signal from all protons in water (myelin water and intra-/extra-cellular water) within the
voxel [114]. A previous histological study has shown a strong correlation between MWF
and staining for myelin, validating MWF as a strong marker for myelin [283]. Multiple
studies have successfully used MWI to quantify MWEF in adults, adolescents, children,
and neonates [114, 243, 284].

Since guinea pigs have their most rapid phase of myelination initiated in the latter half of
pregnancy like humans [164], they are an ideal model of neurologic developmental
programming. Thus, the aim of this pilot study was to demonstrate the feasibility of
conducting MWI for the quantification of MWEF in the fetal brain in utero in a pre-

clinical guinea pig model of human pregnancy.
3.2 Materials & Methods

All study procedures were reviewed, approved, and monitored by the institution’s Animal
Care and Ethics Committee. Eleven pregnant, chow-fed female Dunkin-Hartley guinea
pigs late in gestation (59-61 days gestation, term = ~68 days) with a total of 38 fetuses
were anesthetized using isoflurane (induced with 4.5% isoflurane with two litres/ minute

O and maintained via nose cone with a 1.5%-2.5% isoflurane with 2 litres/minute O>).
3.2.1 Imaging

All imaging was performed with a 3.0 T MRI scanner (Discovery MR750, GE
Healthcare, Waukesha, W1) with a 32-element human cardiac coil array (In Vivo Corp.,
Gainesville, FL). Anatomical 3D T,-weighted *H images of the entire maternal GP,

which included the maternal brain and uterus, were acquired with a spin-echo sequence:
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repetition time (TR)/echo time (TE): 2000/120 ms, NEX: 2, voxel size: 0.7 x 0.7 x 0.7
mm-0.9 x 0.9 x 0.9 mm; the T2-weighted acquisition was approximately 6-8 minutes

long.

Eight spoiled gradient echo volumes (TR/TE: 4.6 — 5.9 /1.9 — 2.0 ms) for driven
equilibrium single pulse observation of T1 (DESPOT:) were acquired at varying flip
angles (a: 2° — 16°, increasing increments of 2°) in one acquisition [209]. Two sets of
eight balanced steady-state free precession volumes (TR/TE: 6.4 — 7.4 /3.2 — 3.7 ms)
were acquired at varying flip angles (a: 8" — 64°, increasing increments of 8°) and at 0" and
180° phase increments in a separate, single acquisition [209]. The eight DESPOT;
volumes were acquired in approximately 7 — 12 minutes, while the 16 DESPOT> volumes
were acquired in approximately 20 — 40 minutes [209]. All DESPOT 3/, acquisitions had
the same imaging parameters: field-of-view (FOV): 23 — 24 cm, voxel size: 0.7 X 0.7 x
0.7 mm — 0.9 mm x 0.9 mm x 0.9 mm, acceleration factor: 2x (ASSET [DESPOT] &
ARC [DESPOT?]). The field-of-view and resolution of the DESPOT1/, volumes were
matched to the 3D T»-weighted images. To determine the ideal resolution in a reasonable
time frame, two sets of acquisitions with different resolutions were acquired. The first set
had a resolution of 0.7 mm?, while the second set had a varied resolution between 0.75

mm?3 and 0.9 mm?3,

After imaging was finished, the sows were monitored and kept on O until awake.
Subsequently, they were transferred to be kept under a heating lamp and monitored until

they were fully awake and mobile. The sows were then returned to their cages.
3.2.2 MWF Map Reconstruction and MWF Quantification

A mask of the maternal and fetal guinea pig brains was manually generated from the T»-
weighted images using FSLeyes [285]. Quantitative Imaging Tools (QUIT) [286] was
used to generate the T1 map, T> map, and MWF maps for each maternal and fetal guinea
pig brain. Multicomponent DESPOT1, (mcDESPOT) was used to reconstruct each GP
brain’s MWF map [241]. Using 3D Slicer (4.11.0-2019-12-02) [265-267], approximately

six circular regions of interest (ROIs) with a diameter of 1 mm and 0.5 mm and 1-2
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pixels were placed in the corpus callosum (CC) and fornix (FOR), respectively, of each

maternal brain, and used as an internal control.

Approximately six circular ROIs with a diameter of 0.5 mm and 1-2 pixels were then
placed in the CC and FOR of each fetal guinea pig brain. The ROIs were first placed on
the T»-weighted images and then transferred to the MWF maps to quantify the MWF
values. Images from Gareau et al. were used for reference to identify the CC with the
FOR located immediately below the CC [162, 287]. In addition, each fetal brain and liver
were manually segmented using the T>-weighted images to determine the brain-to-liver
volume ratio (BLVR) to determine the presence of IUGR (BLVR > 0.7) [66, 288].

3.2.3 Animal Collection

The maternal sows were euthanized via COz inhalation 2—3 days after imaging (61-63
days gestation) [289]. All fetuses were removed from the sow, confirmed dead, and
weighed immediately. The following tissues were removed and weighed immediately:
maternal brain, fetal brain, and fetal liver. Additionally, each fetus’ brain-to-liver weight
ratio (BLWR) was calculated by dividing the fetal brain weight by the liver weight to
confirm normal growth as defined by a BLWR < 0.7 [290, 291]. Following tissue
weighting, maternal and fetal brains were coronally sectioned at the optic chiasm through
the mamillary bodies, and caudal and rostral brain portions were fixed in 4%
paraformaldehyde for 24 hours. Brain tissues were then rinsed three times with
phosphate-buffered saline (PBS) for 2-hour intervals and stored in 70% ethanol for later

processing.
3.2.4 Tissue Processing and Embedding

All tissue processing and paraffin embedding was performed at the London Regional
Cancer Program (London Health Sciences Centre, London, ON). Subsequent sectioning,
staining, and image analysis were performed at the Biotron Integrated Microscopy
Facility (Biotron Centre for Experimental Climate Change Research, London, ON).
Using a Leica RM2455 Rotary Microtome (Leica Biosystems, Nuflock), 5 um coronal

sections were taken at a plane where the mamillary body of the guinea pig brains was
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revealed before being mounted on Superfrost plus slides (Fisher Scientific Canada,
Nepean, ON).

3.25 MBP Staining

All steps were conducted at room temperature except where specified. Slides containing
paraffin sections were dewaxed in three changes of Xylene for 5 minutes and then
rehydrated to water in a descending series of ethanol baths—100%, 90%, and 70%—for
two changes of 2 minutes each. This procedure was followed by hydration for 5 minutes
in running tap water and equilibration in deionized water. Slides were then subjected to a
heat-induced epitope retrieval process in 10 mM sodium citrate buffer (EMS, Hatfield,
PA) at 90°C in a pressure cooker for 15 minutes. The slides were washed three times in
phosphate-buffered saline (PBS), and any endogenous peroxidases were quenched in 3%
hydrogen peroxide for 10 minutes; three more PBS washes followed this. Tissues were
circled with a hydrophobic pen (Dako, Agilent Technologies, Santa Clara, CA), and all
subsequent steps were carried out in a humidified chamber. Non-specific antibody
binding was first blocked with Background Sniper (Biocare Medical, Concord, CA) for
10 minutes, followed by a brief rinse in PBS and subsequent incubation with a mouse
monoclonal anti-Myelin Basic Protein (MBP) antibody (LSBio, Seattle, WA, cat. B3315)
overnight at 4°C [162].

The following day, slides were rinsed three times in PBS before being incubated for 40
minutes with an ImmPress horse anti-mouse horseradish peroxidase (HRP) conjugated
secondary antibody (Vector Laboratories, Burlingame, CA) to achieve less non-specific
staining. Slides were again rinsed in PBS before applying 3, 30 - diaminobenzidine
(Sigma-Millipore, St. Louis, MO) for 5 minutes to detect signals. Slides were rinsed for 5
minutes in tap water and dehydrated through an ascending series of ethanol baths—70%,
90%, and 100%—for two changes of 30 s each. The slides were cleared in three baths of
Xylene for 5 min each, then mounted under coverslips using Permount media (Fisher
Scientific Canada, Nepean, ON) [162].
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3.2.6 MBP Staining Imaging and Data Analysis

Scans of each coronal section of brain tissue were obtained at five times magnification on
a Nikon Ti2e microscope system (Mississauga, ON) using the large image stitching
method (Nikon’s NIS elements, Nikon Canada Inc., Mississauga, ON). Whole-brain slide
scans were exported as TIFF images and analyzed using Image Pro Software (Media
Cybernetics, Rockwood, MD). The images were first calibrated to convert measurements
from intensity to optical density using the full 8-bit depth range of 0-255. A gradient of
thresholds spanning the signal optical density range was established and applied to
display a colored overlay marking depth of staining for visual qualitative comparison
matching the MWF maps. For quantitative data, 6-7 ROIs were drawn within the FOR
and CC. A binary threshold for MBP stain intensity was determined by testing on

multiple brains before being uniformly applied for quantification within the ROls.
3.2.7 Statistical Analysis

A simple linear regression analysis (coefficient of determination, R?) was performed
between the MWF and MBP stain intensity for each of the maternal CC, maternal FOR,
fetal CC, and fetal FOR. F-tests were also conducted to determine if the slope of MWF of
all the analyzed regions versus their MBP stain intensity was significantly different from
zero (o = 0.05). To compare the MWF and MBP stain intensity measurements of the
maternal structures with their fetal counterparts, the CC and FOR values of all fetuses
within a litter were averaged so that each litter had one fetal CC and FOR measurement,
respectively. The nine averaged fetal CC, and fetal FOR values were then compared to
the nine maternal CC and FOR measurements, respectively. A paired t-test was
performed to test for significance between the following: maternal CC MWF and fetal
CC mean MWF, maternal CC MBP stain intensity and fetal CC mean MBP stain
intensity, maternal FOR MWF and fetal FOR mean MWF, and maternal FOR MBP stain
intensity and fetal FOR mean MBP stain intensity. Incorporating a linear mixed model to
consider litter effects, a one-way analysis of variance (ANOVA) was performed to
compare the MWF of the fetal CC, and fetal FOR; the same analysis was done for the
MBP stain intensity of the fetal CC and fetal FOR. Litter size was used as a covariate in
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the analysis to reduce the effects of the variability within the intrauterine environment
experienced by the fetal guinea pig litters from a single pregnancy [166]. Since multiple
t-tests were conducted on the same data set, a Bonferroni correction was applied,
adjusting the alpha value to 0.0083.

A simple linear regression analysis was performed between the following: BLWR v. fetal
CC MBEP stain intensity, BLWR v. fetal FOR MBP stain intensity, BLVR v. fetal CC
MWEF, and BLVR v. fetal FOR MWF. F-tests were also conducted to see if the slopes of
BLWR v. MBP stain intensity of the two fetal regions and of BLVR v. MWF of the two
fetal regions were significantly different from zero (o = 0.05). A simple linear regression
was also conducted between BLWR and BLVR and a subsequent F-test to see if the slope

of the two ratios was significantly different from zero (o = 0.05).

An ANOVA incorporating the linear mixed model was performed using RStudio Team
(2020). RStudio: Integrated Development for R. RStudio, PBC, Boston, MA URL
http://www. rstudio.com/. The paired t-tests, simple linear regression analysis, and F-tests
were performed using GraphPad Prism version 9.3.1 for Windows, GraphPad Software,
San Diego, CA, www.graphpad.com.

3.3 Results

No adverse events occurred in the maternal guinea pigs during scanning. MWF maps
were successfully generated for each maternal and fetal guinea pig brain. One maternal
guinea pig miscarried her pregnancy at 64 days gestation and died during delivery; the
sow and her four fetuses were found demised prior to collection. Brains from one
maternal guinea pig and her three fetuses did not go to staining as their brains did not fix
sufficiently for dissection. Imaging and staining data from nine maternal and 31 fetal
guinea pigs were analyzed and compared. Five of the 31 fetal guinea pigs analyzed had
both a BLWR and BLVR > 0.7, while the remaining 26 had both a BLWR and BLVR <
0.7 (Table 3.1).
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Table 3.1. Characteristics of Fetal Guinea Pigs

Characteristic Non-IUGR (N = 26) IUGR (N =5)
BLWR (range) 0.42 - 0.69 0.76 — 1.24
BLVR (range) 0.45-0.68 0.73-1.29
Body Weight (grams) 73.9-113.6 65.0 — 89.9

Sex of Fetus
Male 12 2
Female 14 3

Maternal Guinea Pig

1 2 0
2 2 2
3 3 1
4 2 2
5 3 0
6 4 0
7 4 0
8 3 0
9 3 0

The mean MWF of the maternal CC and FOR was (mean + SD) 0.338 = 0.016 and 0.340
+ 0.017, respectively [Figure 3.1]. The mean MWF of the fetal CC and FOR was (mean +
SD) 0.214 + 0.016 and 0.305 + 0.025, respectively [Figure 3.2]. The simple linear
regression and F-test results showed that the MWF and MBP stain intensity of all four
regions correlated well (R?=0.81) [Figure 3.3]. The coefficients of determination of the
four regions individually are as follows: maternal CC (R? = 0.26), maternal FOR (R? =
0.11), fetal CC (R? = 0.14), and fetal FOR (R? = 0.27).
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2000 um

Figure 3.1 (A) Coronal T.-weighted image slice of the maternal guinea pig brain. (B) A
MWF map of the same guinea pig brain slice overlaid on the anatomical image shown in
A. A color scale for the MWF map is shown for reference. (C) MBP
immunohistochemical (IHC) staining at a similar coronal plane as the maternal guinea
pig brain shown in A and B. (D) The assignment of colors to the brain section seen in C
based on MBP IHC stain intensity (Scale bar = 2000 um). A color scale for the MBP
stain intensity map is shown for reference. In all four figures, regions of interest are
placed in the maternal CC (yellow) and FOR (white).
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Figure 3.2. (A) Coronal T»-weighted image slice of the fetal guinea pig brain. (B) A
MWF map of the same guinea pig brain slice overlaid on the anatomical image shown in
A. A color scale for the MWF map is shown for reference. (C) MBP IHC staining at a
similar coronal plane as the fetal guinea pig brain shown in A and B. (D) The assignment
of colors to the brain section seen in C based on MBP IHC stain intensity (Scale bar =
2000um). A color scale for the MBP stain intensity map is shown for reference. In all

four figures, regions of interest are placed in the fetal CC (yellow) and FOR (white).
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Myelin Water Fraction v. Myelin Basic Protein Stain Intensity:
Maternal Corpus Callosum, Maternal Fornix,
Fetal Corpus Callosum & Fetal Fornix
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Figure 3.3. Linear regression line and 95% confidence intervals between MWF and MBP
stain intensity of the maternal CC (light green squares), maternal FOR (purple diamonds),
fetal CC (red triangles), and fetal FOR (blue circles). The mean MWF of the four regions
correlates well with their respective region's mean MBP stain intensity (coefficient of
determination, R? = 0.81).

The paired t-test showed significance for the following comparisons (p < 0.0083):
maternal CC MWF and fetal CC mean MWF, and maternal CC MBP stain intensity and
fetal CC mean MBP stain intensity (Figures 3.4A & 3.4B). The paired t-test did not show
significance for the following comparisons: maternal FOR MWF and fetal FOR mean
MWF, and maternal FOR MBP stain intensity and fetal FOR mean MBP stain intensity
(Figures 3.4C & 3.4D). The ANOVA incorporating the linear mixed model showed that
the mean MWF and mean MBP stain intensity of the fetal FOR were significantly greater
than the mean MWF and mean MBP stain intensity of fetal CC, respectively (Figures
3.4E & 3.4F).
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Figure 3.4. Box-and-whisker plot of the (A) MWF and (B) MBP stain intensity of the
maternal CC and fetal CC. The MWF and MBP stain intensity of the maternal CC was
significantly higher than the mean MWF and mean MBP stain intensity of the fetal CC,
respectively. Box-and-whisker plot of the (C) MWF and (D) MBP stain intensity of the
maternal FOR and fetal FOR. Box-and-whisker plot of the (E) MWF and (F) MBP stain
intensity of the fetal CC and fetal FOR. The MWF and MBP stain intensity of the fetal
FOR was significantly higher than the MWF and MBP stain intensity of the fetal CC,
respectively. The black asterisk (*) indicates that the p-value is less than 0.0083.

The simple linear regression and F-test showed significant associations between the
following: BLWR v. fetal CC MBP stain intensity (R? = 0.31), BLWR v. fetal FOR MBP
stain intensity (R? = 0.13), and BLVR v. fetal FOR MWF and BLVR (R? = 0.41) [Figures
3.5A & 3.5B]. There was no significant association between fetal CC MWF v. BLVR (R?
=0.07, p = 0.15) [Figure 3.5B]. The simple linear regression and F-test also showed that
BLWR and BLVR correlated well (R? = 0.97).
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Brain-to-Liver Weight Ratio v. Myelin Basic Protein Stain Intensity:  Brain-to-Liver Volume Ratio v. Myelin Water Fraction:
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Figure 3.5. (A) Linear regression line and 95% confidence intervals between BLWR and
MBP stain intensity of the fetal FOR (blue circles) and fetal CC (red triangles). The blue
circles and red triangles that are semi-transparent with a grey outline represent the MBP
stain intensity of the fetal FOR and fetal CC, respectively, of fetal guinea pigs with IUGR
as determined by a BLWR > 0.7. The coefficient of determination of BLWR with the
MBP stain intensity of the two fetal regions are as follows: R2 =0.13, p < 0.05 (FOR) and
R?=0.31, p < 0.05 (CC). (B) Linear regression line and 95% confidence intervals
between BLVR and MWEF of the fetal FOR (blue circles) and fetal CC (red triangles).
The blue circles and red triangles that are semi-transparent with a grey outline represent
the MWF of the fetal FOR and fetal CC, respectively, of fetal guinea pigs with IUGR as
determined by a BLVR > 0.7. The coefficient of determination of BLVR with the MWF
of the two fetal regions are as follows: R? = 0.41, p < 0.05 (FOR) and R? = 0.07, p = 0.15
(CO).

3.4 Discussion

This pilot study successfully generated MWF maps for all fetal guinea pig brains, thus,
confirming the feasibility of conducting MWI in the fetal environment. We attempted to
achieve the smallest voxel size possible within a reasonable time frame for the
acquisition and reconstruction of the MWF maps; hence, two sets of acquisitions with
different resolutions were acquired: one with 0.7 mm? and one with a varied resolution of
0.75 mm3 — 0.9 mm?. Ultimately, the DESPOT1/, volumes acquired with a 0.7 mm?
isotropic resolution were ideal for analysis since the volumes were acquired in

approximately 40 minutes and the MWF reconstruction took approximately 1 hour;
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consequently, all the data reported was acquired from the 0.7 mm?® scans. Higher
resolution MWF maps were too noisy for analysis since verifying that the ROIs were
transferred to the correct location from the T»-weighted images to the MWF maps was
challenging.

In addition to analyzing the MWF of fetal guinea pig brains, we also analyzed the MWF
of the CC and FOR of the maternal brains for use as an internal control. The mean MWF
value of the white matter of the CC of the maternal guinea pig brain was consistent with
previously published MWF values of the CC in adult guinea big brains, supporting our
fetal MWF results [287].

We chose to isolate and analyze the MWF of the fetal FOR and CC as these regions were
the easiest to identify in the MWF maps and are typically associated with pathologies
[162, 287]. Furthermore, MBP immunoreactivity in both the fetal FOR and CC in guinea
pigs of the same GA have been previously analyzed and published, allowing comparisons
to be made [162].

The fetal FOR mean MWF and mean MBP stain intensity were significantly greater than
the mean MWF and mean MBP stain intensity of the fetal CC, respectively. Myelination
in guinea pigs occurs in the FOR during the first half of gestation and in the CC during
the latter half of gestation, suggesting that FOR myelin content should be higher than that
of the CC and, hence, supporting these results [166]. These results were also consistent
with previously published results from a study conducted by Piorkowska et al. where
MBP immunohistochemistry in the fetal FOR was significantly greater than the fetal CC

of guinea pigs of the same gestational age [162].

The guinea pig is an excellent animal model for neurologic developmental programming.
Unlike rats and mice but like humans, guinea pigs are identified as prenatal brain
developers since they are precocious developers and undergo rapid brain growth in the
latter half of gestation [163, 164]. Furthermore, the most rapid phase of myelination is
initiated in the latter half of pregnancy in humans and guinea pigs [165]. Although the
guinea pig brain is larger relative to body size and at a more advanced stage of

functionality at term than the human brain, intrauterine insults coincide with critical
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periods of development, and the associated long-term outcomes can be more accurately

extrapolated to humans [292].

Although the most common method to measure MWEF is solely T»-based, we used
mcDESPOT since its acquisition times for human imaging are more appropriate for fetal
imaging [114, 241]. Furthermore, mcDESPOT was previously used to generate MWF
maps to assess the brain myelin content of both children and neonates, which are the two
populations closest in age to fetuses [284, 292]. In addition, an assessment of normal fetal
brain myelination has been conducted previously with MRI by quantifying the
macromolecular proton fraction of different brain regions throughout gestation,

suggesting sufficient amounts of myelination are present to be analyzed by MWI1 [293].

Finally, fetuses with a BLWR and BLVR > 0.7 had IUGR as a result of brain sparing, a
condition associated with placental dysfunction [294]. Preliminary analysis showed that
the MWF and MBP stain intensities were lower in the fetal FOR & CC of the growth-
restricted (BLWR and BLVR > 0.7) fetuses. Given that IUGR was not the focus of this
study and that we did not have the sufficient sample size to achieve the desired power, we
did not directly compare the MWF and MBP stain intensity of growth-restricted fetuses
with the normally grown fetuses due to the large discrepancy in sample size between the
two groups. Nonetheless, multiple groups have also shown via MBP staining that growth-
restricted fetal guinea pigs have a reduced myelin content compared to their non-growth-
restricted counterparts, supporting our results [162]. Now that we have successfully
demonstrated the use of MWI to assess fetal guinea pig brain myelin content and
preliminary results have shown that MWEF is lower in growth-restricted fetuses, the next
step is to use MWI1 in a growth-restricted fetal guinea pig model for MWF comparison
with non-growth-restricted fetal guinea pigs; the sample size should be 60 to achieve a
power of 0.9. Furthermore, it was not surprising that BLWR and BLVR were found to
correlate well, and both classified the same fetuses as IUGR, providing additional support
that tissue volume quantification using MRI can help identify growth restriction in utero.
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3.4.1 Limitations

Luxol Fast Blue (LFB) is a histological stain commonly used to assess myelin
development and validate MWF maps. LFB staining is dependent on an acid-base
reaction where the phthalocyanine dye is soluble in alcohol and attracted by bases in the
myelin phospholipids [132]. Although LFB is an excellent stain for myelin in adult
human and GP brains [133, 162, 283], this stain has shown immense variability when
staining for myelin in fetal guinea pig brains. This staining variability is likely due to the
fetal brains having a higher water content than adult brains, making the lipid content
prone to variable and less stabilizing fixation in formalin [132, 137]. This makes it
difficult to conduct “regressive stains,” such as LFB, whose regression timing can differ
for each type of sample [137]; hence, these stains do not tend to have a single protocol,
which is not ideal for quantitative analysis and comparison. On the other hand, MBP
immunohistochemistry is not a regressive stain and, hence, has a singular protocol. Since
MBP in fetal brains was permanently stabilized via crosslinking, immunostaining
produced less variability [137]. Furthermore, MBP immunohistochemistry has previously
been used to validate MWF maps and as a marker of myelination in fetal guinea pig

brains [162], making it an ideal stain for this study’s histological validation.

Partial volume effects limit our MWF measurements. Although we only analyzed the
regions that we could accurately identify in the MWF maps, a possibility still exists that
the ROI placement extended outside the desired region due to its small size. Another
limitation is the lack of assessment of inter-observer reproducibility. Although the guinea
pigs were anesthetized, motion may have occurred between the T»-weighted acquisition
used for ROI placement and the DESPOT4/2 acquisition used to generate the MWF maps.
Hence, the ROIs may not have occupied the same voxels between the T>-weighted image
and the MWF map. In addition, it is possible that the placement of the ROIs on the MWF
maps differs from those on the MBP stains. Due to the discrepancy in the slice thickness
between the MWF maps and the MBP stains, the small size of the fetal structures, and the
limited resolution of the MR images, the priority was to correctly identify the fetal

structures, especially in the MWF maps.
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The study also looked at a single time point in the gestational period that was chosen late
in gestation since the amount of myelin in the brain would be at its highest for the fetal
stage to image; the next step would be to image earlier in gestation to assess the
development of myelin in different regions as a function of gestational age. Two
additional limitations were the long acquisition times and the use of anesthesia for
imaging, which will both need to be addressed when transitioning to human application.
Since the use of anesthesia would not be an option when imaging pregnant participants,
acquisition times for the DESPOT 1,2 scans would need to be reduced to mitigate both
maternal and fetal motion, such as by reducing resolution and acquiring 2D instead of 3D
images. Differences in myelination between sexes become noticeable after birth [292];
however, this study omitted sex as a variable in the analysis due to the low number of
fetuses and the singular timepoint in gestation.

3.4.2 Conclusion

This study successfully demonstrated that MWI may be used to quantify MWEF in the
fetal guinea pig brain for assessment of brain myelin content, as validated using an
immunohistological stain for MBP. MWF was found to correlate well with the MBP stain

intensity of the analyzed regions.



80
CHAPTER 4

4 Quantifying Myelin Water Fraction in a Guinea Pig Model of

Spontaneous Intrauterine Growth Restriction

4.1 Introduction

Intrauterine growth restriction (IUGR) is an obstetrical complication where a fetus
exhibits diminished growth below its programmed genetic weight and size potential [51].
According to the World Health Organization, a fetus with IUGR has an estimated weight
below the 10" percentile for their gestational age and a cut-off birth weight of 2500
grams at birth [69]. IUGR is a leading cause of perinatal morbidity and mortality, second
only to prematurity [53]. The incidence of IUGR is estimated to be approximately 3-10%
in the general obstetric population, although the incidence varies depending on the
analyzed population, geographic location, and the standard growth curves used as a
reference [295]. Most cases of IUGR are due to an inadequate supply of oxygen and

nutrients to the fetus due to placental insufficiency [85].

The neurological consequences of IUGR manifest as early as one year of age and persist
throughout adolescence into adulthood; these neurological effects range from reduced
cognitive skills and learning disabilities to neurological disorders such as autism
spectrum disorder and cerebral palsy [99]. The likelihood of the consequence depends on
the insult’s length, severity, and timing. A significant factor in the pathogenesis of these
disabilities is white matter injury characterized by multiple factors, including impaired
myelination. For example, a post-mortem study showed a notable decrease in myelin

content between control newborn infants and those with ITUGR [143].

Magnetic resonance imaging (MRI) is increasingly used for clinical and research
purposes to assess fetal neurodevelopment [296]. Myelin water imaging (MWI) is an
MRI-based technique that images the aqueous components associated with the myelin
sheath, specifically myelin water and intra-/extra-cellular water, to quantify myelin water

fraction (MWF) [114]. MWE is the ratio of the signal from myelin water to the signal
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from both myelin and intra-/extra-cellular water and is validated as a strong marker for
myelin lipid [114]. The feasibility of MW!1 in the fetal environment has been successfully
demonstrated by quantifying MWF in a fetal guinea pig model [2]. The preliminary
results from that work suggested that the MWF in the fetal corpus callosum and the

fornix was lower in the fetuses with IUGR than in control fetuses [2].

This study builds on the pilot study quantifying the difference in MWF in various brain
regions in a guinea pig model of spontaneous IUGR. Guinea pigs are an excellent model
of neurologic developmental programming for humans and, like humans, develop
spontaneous IUGR due to litter variations [155-157, 163, 165].

This study aims to determine whether MWF in various fetal brain regions differs in fetal
guinea pigs with spontaneous IUGR compared to control guinea pigs. We hypothesize
that MWF would be lower in the fetuses with IUGR than those without IUGR.

4.2 Materials and Methods

The institution's Animal Care and Ethics Committee reviewed, approved, and monitored
the imaging protocol. The sample consisted of twenty-two pregnant, chow-fed female in-
house bred Dunkin-Hartley guinea pigs (Charles River Laboratories) late in gestation
(59-64 days gestation, term = ~68 days) with a total of 73 fetuses. A spontaneous model
of IUGR was used where IUGR occurred naturally without artificial interventions.

4.2.1 Imaging

Before imaging, the guinea pigs were induced with 4.5% isoflurane with 2 litres/minute
O2 and maintained via nose cone with a 1.5-2.5% isoflurane with 2 litres/minute O>. All
imaging was performed with a 3.0 T MRI scanner (Discovery MR750, GE Healthcare,
Waukesha, W1) with a 32-element human cardiac coil array (In Vivo Corp., Gainesville,
FL). Anatomical T2-weighted *H images of the entire uterus, including all fetal guinea
pig brains, were acquired with a 3D spin-echo sequence: repetition time (TR)/echo time
(TE): 2002/218 ms, NEX: 2, field of view (FOV): 10-12 cm, voxel size: 0.6 x 0.6 x 0.6

mm; the T>-weighted acquisition was approximately 10 minutes long.
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Eight spoiled gradient echo (SPGR) volumes (TR/TE: 6.50/3.03 ms) for driven
equilibrium single pulse observation of T1 (DESPOT:) were acquired at varying flip
angles (a: 2° — 16°, increasing increments of 2°) in one acquisition [209]. Two sets of
eight balanced steady-state free precession (0SSFP) volumes (TR/TE: 6.7/3.4 ms) for
DESPOT, were acquired at various flip angles (a: 8° — 64°, increasing increments of 8°)
and at 0° and 180° phase increments in a separate, single acquisition [209]. The eight
DESPOT: and 16 DESPOT2 volumes were acquired in approximately 13 and 30 minutes,
respectively [209]. All DESPOT4/2 acquisitions had the following imaging parameters:
NEX: 1, FOV: 10-12 cm, voxel size: 0.6 x 0.6 x 0.6 mm, acceleration factor: 2x [ASSET
(DESPOT1) & ARC (DESPOT?)].

After imaging, the sows were monitored and kept on O until awake. The sows were
transferred to be kept under a heating lamp and monitored until they were fully awake

and mobile. The sows were then returned to their cages.
4.2.2 MWEF Map Reconstruction and MWF Quantification

Masks of the fetal guinea pig brains were manually generated from the T,.weighted
images using FSLeyes [285]. Using quantitative Imaging Tools [286], multi-component
DESPOT12 (mcDESPOT) was used to reconstruct the MWF maps of each fetal guinea
pig's brain [241].

3D Slicer (v. 4.11.0-2019-12-02) [265-267] was used to place four to six regions of
interest (ROIs) with a diameter of 0.5 mm and 1-2 pixels in the corpus callosum (CC),
fornix (FOR) and parasagittal white matter (PSW) of each fetal guinea pig brain. The
ROIs were placed on the T»-weighted images and then transferred to the MWF maps to
guantity the regions' MWF values. Images from Sethi et al. and Gareau et al. were used
for reference to identify the CC with the FOR and PSW located below and above the CC,
respectively [2, 287]. The ROIs placements were done blinded and prior to IUGR

determination.
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4.2.3 Animal Collection

The maternal sows were euthanized via CO inhalation 2-3 days after imaging (61-66
days gestation) [289]. All fetuses were removed from the sow, confirmed dead, and
weighed immediately. Fetal brains, fetal livers, and placentae were removed and weighed
immediately. The following IUGR weight markers and their IUGR cut-off values are
commonly used in literature for IUGR determination: body weight (BW), body weight of
each fetus to the average weight of the fetuses within the pregnancy ratio (BPrWR),
brain-to-liver weight ratio (BLWR), brain-to-placenta weight ratio (BPIWR), and brain-
to-body weight ratio (BBWR) [64, 67-70]. The IUGR cut-off value for each marker is as
follows: BW < 85 grams, BPrWR < 0.9, BLWR > 0.6, BPIWR > 0.6, and BBWR > 0.03.

4.2.4 1UGR Determination

Although weight markers are commonly used in animal studies for IUGR determination,
this study employed each weight marker’s corresponding volume marker instead for
human translational purposes. Furthermore, the demonstration of the strong correlation
between weight and volume, as determined by MRI in Chapter 3, provided further
support for using volume markers. Hence, fetal body, brain, liver, and placental volumes
were quantified using the T»-weighted images. The corresponding five fetal volume
markers were quantified for IUGR determination: body volume (BV), body volume of
each fetus relative to the average volume of the fetuses within the pregnancy ratio
(BPrVR), brain-to-liver volume ratio (BLVR), brain-to-placenta volume ratio (BPIVR),
and brain-to-body volume ratio (BBVR).

Linear regression was performed between each volume marker and its respective weight
marker to acquire the linear equation describing the correlation between a volume and its
respective weight marker, resulting in five different linear equations. The IUGR cut-off
value for each volume marker was then calculated using the above-mentioned IUGR cut-
off value for its respective weight marker and the respective linear equation. For instance,
the BV cut-off value was calculated using the BW cut-off value, i.e., 85 grams, and the

linear equation describing the correlation between BW and BV. The calculated IUGR
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cut-off values for the volume markers are as follows: BV < 37 cm?, BPrVR < 0.9, BLVR
> 0.6, BPIVR > 0.42, and BBVR > 0.068. A fetus was determined to have IUGR if it met

at least three of the five volume markers.
4.2.5 Statistical Analysis

A simple linear regression analysis was performed between the following for all three
regions separately: BV v. MWF, BPrVR v. MWF, BLVR v. MWF, BPIVR v. MWF, and
BBVR v. MWF. F-tests were also conducted to determine if the slopes of the above-
mentioned comparisons for all three regions were significantly different from zero (o =
0.05). Incorporating a linear mixed model, a one-way analysis of variance (ANOVA) was
performed to compare the mean MWF of IUGR and non-IUGR fetuses for all three
analyzed regions separately, with the sex of the fetus being a co-variate (o = 0.05). The
linear mixed model was incorporated to consider litter effects as fetuses within a litter

experience genetic and environmental similarities and, hence, are not independent [297].

The one-way ANOVA analysis incorporating the linear mixed model was performed
using RStudio Team (2020). RStudio: Integrated Development for R. RStudio, PBC,
Boston, MA URL http://www.rstudio.com/. The simple linear regression analysis and F-

tests were performed using GraphPad Prism version 9.3.1 for Windows, GraphPad

Software, San Diego, California, USA, www.graphpad.com.

4.3 Results

No adverse events occurred in the maternal guinea pigs during imaging. MWF maps were
successfully generated for each fetal guinea pig's brain. Two of the 73 fetal guinea pigs
imaged were deceased at collection; data from those two fetuses were excluded. Of the
71 fetal guinea pigs analyzed, 19 were determined to have IUGR as determined by

meeting at least three of the five criteria, comprising 27% of the sample (Tables 1 & 2).


http://www.rstudio.com/
http://www.graphpad.com/

Table 4.1. Characteristics of Fetal Guinea Pigs
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Characteristic Non-lIUGR (N =52) IUGR (N =19)
Sex of Fetus
Male 22 12
Female 30 7
Body Volume
<37cm? 3 12
>37 cm? 49 7
Body-to-Pregnancy Volume
Ratio
<0.9 1 8
>0.9 51 11
Brain-to-Liver Volume
Ratio
>0.6 7 19
<0.6 45 0
Brain-to-Placenta VVolume
Ratio
>0.42 11 16
<0.42 41 3
Brain-to-Body Volume
Ratio
>0.068 4 16
<0.068 48 3
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Table 4.2. Distribution of Fetal Guinea Pigs Within Maternal Guinea Pigs

Maternal Guinea Pig Non-IUGR (N =52) IUGR (N =19)
1 1 0
2 1 2
3 3 2
4 3 0
5 2 2
6 2 0
7 3 1
8 2 0
9 1 2
10 2 1
11 3 0
12 1 2
13 3 0
14 4 0
15 4 0
16 3 1
17 4 1
18 3 2
19 3 0
20 0 2
21 2 1
22 2 0

Note. — Maternal guinea pig #22 had two fetuses that were deceased before collection and

are not reported in the table.

The one-way ANOVA showed the mean MWF of the IUGR guinea pigs to be
significantly lower than the mean MWF of non-1UGR guinea pigs for all three regions (p
<0.05) [Figures 1 & 2].
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Non-IUGR . #Non-IUGR

Figure 4.1. (A) Coronal T>-weighted image of a fetal guinea pig brain with no
intrauterine growth restriction (IUGR) at 62 days gestation. (B) A 50% transparent
myelin water fraction (MWF) map of the same guinea pig brain overlaid on the
corresponding anatomical image shown in A. The fetus did not meet any of the IUGR
criteria. (C) Coronal To-weighted image of a fetal guinea pig brain with JUGR at 61 days
gestation. (D) A 50% transparent MWF map of the same guinea pig brain overlaid on the
corresponding anatomical image in C. The fetus met four of the five IUGR criteria. A
colour scale for the MWF maps is shown for reference. In all four figures, regions of
interest are placed in the CC (yellow), FOR (white), and PSW (red).
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Figure 4.2. Box-and-whisker plot comparing the mean MWF of non-lUGR and IUGR
fetal guinea pigs in the (A) CC, (B) FOR, and (C) PSW. The guinea pigs comprising the
IUGR group met three or more of the five IUGR criteria. The guinea pigs comprising the
non-1IUGR group met two, one or zero of the five IUGR criteria. In all three regions, the
mean MWF of the IUGR group was significantly lower than the mean MWF of the non-
IUGR group, indicated by the black asterisk (*) [p < 0.05].

The simple regression results for all three regions between MWF and each IUGR volume
marker are shown in the following figures: BV v. MWF (Figure 3), BPrVR v. MWF
(Figure 4), BLVR v. MWF (Figure 5), BPIVR v. MWF (Figure 6), and BBVR v. MWF
(Figure 7). The F-test results showed that the slope between MWF and each IUGR
volume marker for every region analyzed significantly differed from zero (p < 0.05).
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Figure 4.3. Linear regression line and 95% confidence intervals between BV and MWF
of fetal guinea pigs' (A) CC (red triangles), (B) FOR (blue circles), and (C) PSW (purple
squares). The black dotted vertical line in all three graphs indicates the cut-off point for
IUGR classification of a BV < 37 cm®. The red triangles, blue circles, and purple squares
that are semi-transparent with a grey outline represent the MWF of the CC, FOR, and
PSW, respectively, of the fetal guinea pigs with IUGR as determined by the IUGR
criterion. The coefficient of determination (R?) of BV with MWF of the three fetal
regions are as follows: 0.42 (CC), 0.35 (FOR), and 0.20 (PSW). A black asterisk (*)
indicates that the slope of the line is significantly different from zero as determined by an
F-test (p < 0.05).
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Figure 4.4. Linear regression line and 95% confidence intervals between BV and MWF
of fetal guinea pigs' (A) CC (red triangles), (B) FOR (blue circles), and (C) PSW (purple
squares). The black dotted vertical line in all three panels indicates the cut-off point for
IUGR classification. of a BPrVR < 0.9. The red triangles, blue circles, and purple squares
that are semi-transparent with a grey outline represent the MWF of the CC, FOR, and
PSW, respectively, of the fetal guinea pigs with IUGR as determined by a set criterion.
The coefficient of determination (R?) of MWF of the three fetal regions with BPrVR are
as follows: 0.17 (CC), 0.20 (FOR), and 0.14 (PSW). A black asterisk (*) indicates that
the slope of the line is significantly different from zero as determined by an F-test (p <
0.05).
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Figure 4.5. Linear regression line and 95% confidence intervals between BLVR and
MWEF of fetal guinea pigs' (A) CC (red triangles), (B) FOR (purple squares), and (C)
PSW (blue circles). The black dotted vertical line in all three panels indicates the cut-off
point for IUGR of a BLVR > 0.6. The red triangles, purple squares, and blue circles that
are semi-transparent with a grey outline represent the MWF of the CC, FOR, and PSW,
respectively, of the fetal guinea pigs with IUGR as determined by a set criterion. The
coefficient of determination (R?) of MWF of the three fetal regions with BLVR are as
follows: 0.40 (CC), 0.38 (FOR), and 0.27 (PSW). A black asterisk (*) indicates that the

slope of the line is significantly different from zero as determined by an F-test (p < 0.05).
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Figure 4.6. Linear regression line and 95% confidence intervals between BPIVR and
MWEF of fetal guinea pigs' (A) CC (red triangles), (B) FOR (blue circles), and (C) PSW
(purple circles). The black dotted vertical line in all three panels indicates the cut-off
point for IUGR) classification of a BPIVR > 0.42. The red triangles, blue circles, and
purple circles that are semi-transparent with a grey outline represent MWF of the CC,
FOR, and PSW, respectively, of the fetal guinea pigs with IUGR as determined by a set
criterion. The coefficient of determination (R%) of MWF of the three fetal regions with
BPIVR are as follows: 0.08 (CC), 0.13 (FOR), and 0.09 (PSW). A black asterisk (*)
indicates that the slope of the line is significantly different from zero as determined by an
F-test (p < 0.05).
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Figure 4.7. Linear regression line and 95% confidence intervals between BBVR and
MWEF of fetal guinea pigs' (A) CC (red triangles), (B) FOR (blue circles), and (C) PSW
(purple squares). The black dotted vertical line in all three panels indicates the cut-off
point for IUGR classification of a BBVR > 0.068. The red triangles, blue circles, and
purple squares that are semi-transparent with a grey outline represent MWF of the CC,
FOR, and PSW, respectively, of the fetal guinea pigs with IUGR as determined by a set
criterion. The coefficient of determination (R%) of MWF of the three fetal regions with
BBVR are as follows: 0.45 (CC), 0.47 (FOR), and 0.34 (PSW). A black asterisk (*)
indicates that the slope of the line is significantly different from zero as determined by an
F-test (p < 0.05).
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4.4 Discussion

This study quantified and compared MWF in the brains of fetal guinea pigs with and
without IUGR. In all three regions analyzed — CC, FOR, and PSW — the MWF was
significantly lower in the guinea pigs with IUGR. This study also determined the
correlation between the MWEF of all three regions with the IUGR markers of BV, BPrVR,
BLVR, BPIVR, and BBVR. All three regions were found to have the highest correlations
with BBVR, and all had the lowest correlations with BPIVR.

Among the non-ITUGR and IUGR fetuses, the FOR had the highest MWF, with the PSW
being second and the CC having the least. These results are consistent with previously
published results where MBP staining was the highest in the FOR, second in the PSW,
and the lowest in the CC in guinea pigs of the same gestational age, supporting our
results [162]. In guinea pigs, myelination begins in the first half of gestation in the FOR
and the second half in the CC [166]. The largest difference in mean MWF between non-
IUGR and IUGR guinea pigs was in the CC, followed by the PSW and then the FOR.

Like the feasibility study, this study employed mcDESPOT as the technique for MWI.
Hence, this study's imaging protocol was based on the protocol in the feasibility study,
with the main difference being a decrease in voxel size to 0.6 mm?® from 0.7 mm? [2].
Since this study looked at fetal and not maternal brains, the decrease in the field of view
to only the uterus allowed increased resolution and improved identification of fetal brain
structures. Consequently, we could identify and include the analysis for the PSW, whose
myelin content is affected by IUGR as validated by histology, instead of just analyzing
the CC and FOR, which was the case in the feasibility study [2]. Since MWI was already
conducted in fetal guinea pigs, this study continued to use this animal model, especially
since the decrease in brain myelin content from IUGR was previously demonstrated in

fetal guinea pigs of the same gestational age [2, 162].

In previous animal studies, IUGR was found to be induced using models of maternal
malnutrition, chronic hypoxia, and endocrine alterations to mimic the human conditions

that can induce IUGR [150]. A common technique to induce IUGR is uterine artery
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ligation (UAL) [298]. Although its effects are evident within hours of the procedure, this
surgery has numerous limitations and is not guaranteed to induce ITUGR as collateral
blood flow can compensate to meet the fetus' growth requirements [152-154]. Guinea
pigs can also demonstrate spontaneous IUGR due to their large litter sizes, and this model
has been successfully used in other studies [155-157]. Hence, this study opted for the
spontaneously occurring IUGR model, with cases of placental insufficiency occurring

naturally in the population similar to humans.

BW, BPrWR, BLWR, BPIWR, and BBWR have all been previously used in clinical and
animal studies as markers for IUGR [64, 67-70]. Instead of using weight markers, the
study employed the volume equivalent of these markers for clinical translation purposes.
Since IUGR fetuses weigh below the 10" percentile, BV is used as a marker for IUGR.
BPrVR is also used because, in the majority of pregnancies with IUGR fetuses in our
sample, not every fetus within the pregnancy has IUGR. Among the remaining three
volume markers, the common denominator is the brain. IUGR fetuses have a higher value
for these markers than non-IUGR fetuses due to a phenomenon called brain sparing. In
situations of hypoxia and nutrient deprivation, such as in the case of IUGR, the fetus
redistributes its cardiac output to maximize oxygen and nutrient supply to the brain [294].
The fetus does this by vasoconstricting the peripheral vascular beds and vasodilating the
cerebral arteries so that the cardiac output favours the left ventricle. Since the left
ventricle supplies blood to the upper body and brain, blood supply towards the brain is
enhanced while supply to the organs in the lower half, such as the liver, is reduced due to
the constriction of the peripheral vascular beds [299, 300]. Consequently, the brain is
proportionally larger than other organs in IUGR fetuses than in non-IUGR fetuses. Since
most cases of IUGR are due to placental insufficiency, the placenta is likely to be

proportionally smaller in volume, along with impaired function [61, 85].

As previously mentioned, the MWF of guinea pigs with IUGR was significantly lower
than control guinea pigs in all three regions. Similar results have been observed in
humans and guinea pigs, as validated by histology [143, 162]. The mechanism behind the
IUGR-related myelin reduction is likely due to the chronic hypoxia and oxidative stress

of IUGR [301]. Both effects are known to inhibit oligodendrocyte differentiation and,
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hence, myelination. Oligodendrocyte differentiation is controlled by a combination of
inductive and repressive factors, with the main one being bone morphogenetic proteins
(BMPs) [145-147]. Of the 20 BMPs, BMP4 has the most significant role in inhibiting
oligodendrocyte differentiation, especially as oligodendrocyte precursors are particularly
vulnerable to oxidative stress due to their low endogenous glutathione levels, high iron
content, and high oxidative metabolism [144, 147, 148]. Elevated BMP4 signalling has
been demonstrated in multiple animal models of IUGR. Thus, it is likely that increased
BMP4 signalling due to the hypoxic environment of IUGR leads to a decrease in

oligodendrocyte differentiation and, hence, myelination.

Although the weight and volume markers for IUGR are used clinically, they are not
always perfect in identifying growth-restricted fetuses. IUGR often manifests in small for
gestational age fetuses that weigh below the 10" percentile; however, some fetuses are
genetically programmed to be small and, hence, are just small for gestational age but not
growth-restricted. Conversely, some fetuses above the 10" percentile for weight are not
growing to their prescribed genetic potential and are growth-restricted. Although not
meeting the classical definition of IUGR, this group is still negatively impacted
neurologically, as evidenced in Burger et al. where birth weight was found to positively
correlate with educational performance at 12 years of age [108]. The ratios involving the
brain are better identifiers for IUGR than just weight and/or volume alone due to brain
sparing, but they are also not perfect markers for IUGR. One of the benefits of using
MWF as a marker for IUGR is that it is a functional marker. As previously mentioned,
one of the neurological consequences of IUGR is a reduction in brain myelin content.
Since myelin content is independent of size, myelin content should be reduced in IUGR
fetuses whether the fetal weight falls below the 10" percentile. The use of MR, in
conjunction with ultrasound, to assess fetal development is increasing in frequency,
allowing the IUGR-related reduction in myelin content to be quantified along with the
already established weight markers. In short, the established size markers for IUGR are
easily accessible and work well. However, we can use functional markers like MWF

alongside size markers to better identify true IUGR fetuses.
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4.4.1 Limitations

The study had multiple limitations, with the first being partial volume affecting our MWF
measurements. Due to the small features of the analyzed regions, a possibility exists that
the ROI placement extended outside the desired region due to its small size. Although the
number of ROIs placed in each region varied between animals to ensure the ROIs were
only being placed in the desired region, the limitation was likely not completely avoided.
Furthermore, this study lacked inter-rater reliability as only one individual conducted the
ROI placement and the tissue segmentations. Another limitation is motion between the
T»-weighted acquisition used for ROI placement and the DESPOT 1,2 acquisitions used to
generate the MWF maps. Hence, the ROl may not have occupied the same voxels
between the T»-weighted image and the MWF map. The study only looked at the
development of myelin in IUGR late in gestation; the next step would be to image earlier
in gestation and determine whether IUGR-related reductions can be identified and
assessed earlier in gestation. Although the acquisition time for the DESPOT 1,2 volumes
was reduced compared to the feasibility study [2], the acquisition times are still
substantially long. They must be dramatically reduced when transitioning to human fetal

imaging, especially since using anaesthesia for human imaging would not be an option.
4.4.2 Conclusion

This study showed that MWF is reduced in the CC, FOR, and PSW in fetal guinea pigs
with [JUGR compared to non-lUGR fetuses. The correlations between each IJUGR marker
and MWF was significant in all three regions as BBVR and BPIVR had the strongest and

weakest correlations, respectively.
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CHAPTER 5

5 Conclusions

5.1 Thesis Summary

The thesis demonstrates the successful use of MR relaxometry and MWI, an extension of
MR relaxometry, in the fetal environment. Relaxometry isolates the contributions of
individual contrast mechanisms and generates maps, which have a physical interpretation
often expressed in absolute units. Now that fetal tissue relaxation times are quantified,
they can provide an unbiased metric for comparing MR images and use the relationships
between the contrast mechanisms and physiology to provide an in utero surrogate for
biopsy and histology. The successful use of MR relaxometry to quantify Ty and T2
relaxation parameters of various fetal tissues as a function of GA in the third trimester
was first made in Chapter 2. In addition to demonstrating the feasibility of MR
relaxometry in the fetal environment, the study showed that the T relaxation times of the
analyzed tissues do not vary with GA, while only the T2" of the fetal spleen, liver and
muscle vary in the third trimester. It is important to note that the relaxation times were
quantified as a function of GA, which is an important variable to consider in fetal
research, as fetal development is a dynamic process. Although the relaxation times did
not significantly vary in the third trimester, they will likely change earlier in the

gestational period when tissues differentiate and develop.

As opposed to solely quantifying fetal tissue relaxation times, relaxometry can also be
used to quantify biological parameters, such as myelin content. Myelination is integral to
the normal functioning of the human brain and begins in the fetal stage. Fetal myelination
has always been an area of interest not only for analyzing fetal neurodevelopment but
also to understand the effect of pathology on the fetal brain, including IUGR. Although
ultrasound is the standard imaging modality for assessing fetal development, it cannot
visualize fetal myelin. Fortunately, we can visualize and quantify myelin content with
MRI and relaxometry. In Chapter 3, MR relaxometry was taken a step further in MWI,

where the T1 and T relaxation times of both myelin and intra-/extra-cellular water were
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used to quantify MWF to assess myelin brain content in a guinea pig model late in
gestation. The work presented in Chapter 3 is likely the first-recorded successful
demonstration of MWI in the fetal environment. Following the successful completion of
the work in Chapter 3, MWI was applied in an IUGR guinea pig model to show that
IUGR-related reduction in brain myelin in utero for the first time, as demonstrated in
Chapter 4.

IUGR has numerous consequences on fetal neurodevelopment, including impaired fetal
myelination, and MRI is an excellent modality to assess this impairment non-invasively
in utero, as demonstrated in Chapter 4. Although the primary focus of Chapter 3 was to
demonstrate the feasibility of MWI in the fetal environment, preliminary results from the
study showed decreased brain MWF in fetal guinea pigs with IUGR. Following these
promising results, a study designated to assess and quantify differences in brain MWF
between non-IUGR and IUGR guinea pigs was designed. The results of this study show
that MWF is reduced in various brain regions in IUGR guinea pigs when compared to
non-lIUGR guinea pigs, which is presented in Chapter 4. This is especially important for
assessing the utility of MWF as a functional marker for IUGR.

Overall, this thesis demonstrates the use of in utero MR relaxometry for fetal tissue
development late in gestation. Relaxometry was first used to provide insight into fetal
tissue development in uncomplicated pregnancies late in gestation. Following the
successful completion of this work, an extension of relaxometry — MWI — was used to
quantify MWEF in the fetal brain to assess myelin content in first a control and then a
growth-restricted population. Although MRI was first used to visualize the pregnant
anatomy in 1983 and is being increasingly used to image the fetal environment, its
applications to fetal development in a clinical environment are still limited due to its high
cost and low accessibility; however, the presented work shows MRI’s, particularly MR
relaxometry’s, capability to provide structural and functional information about fetal

tissue development non-invasively.
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5.2 Thesis Significance and Impact

The work described in Chapter 2 showed the quantification of various fetal tissues' T1
and T," relaxation times as a function of GA in uncomplicated pregnancies in the third
trimester at 1.5 T. To our knowledge, this work was the first demonstration of
quantifying fetal tissue relaxation times as a function of GA. These tissues can provide
insight into fetal tissue development by providing information related to tissue
microstructure and how they potentially can change throughout late gestation.
Furthermore, quantifying tissue relaxation times can improve the comparison of fetal MR
images longitudinally and between individuals to make better-informed decisions when

choosing parameters for fetal imaging.

Chapter 3 demonstrates, for the first time, the conduction of MWI in the fetal
environment. Since human myelination begins during fetal development, assessing
myelin in utero can provide insight into fetal neurodevelopment and the changes in
myelination due to pathology. Furthermore, the successful completion of this work
further highlights the benefits of MRI in assessing fetal neurodevelopment, specifically

fetal myelination.

The findings presented in Chapter 4 further show that myelination is reduced in fetuses
with IUGR. Although this finding has already been published in humans and guinea pigs,
it has been determined and validated only through post-mortem histology and staining
[143, 162]. On the other hand, the work in Chapter 4 has not only shown the difference in
myelin content but also quantified the difference non-invasively in utero. This work will
especially be useful in identifying fetuses impaired by placental insufficiency but do not
meet the conventional makers for IUGR. The ideal next step of this work is to potentially
determine a cut-off value and further investigate the utility of MWF as a functional
marker for JUGR.

In summary, the work presented in this thesis demonstrates the benefits of using MR
relaxometry to assess fetal tissue development throughout late gestation. MR relaxometry

was first used to quantify fetal tissue relaxation times before assessing fetal myelination
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in an IUGR model. Hopefully, this work inspires further use of MR relaxometry and

MWI in the fetal environment.
5.3 Future Directions

5.3.1 Studies at Different Time Points in Pregnancy

As detailed in the introductory chapter of the thesis, fetal development is a significant
period of human tissue development that prepares the fetus to survive outside the uterus.
Due to this period of rapid development, it is important to conduct the studies at different
points in pregnancy. The work presented in Chapters 2, 3, and 4 was conducted late in
pregnancy for different reasons. Chapter 2 looked at the third trimester because
subcutaneous AT undergoes rapid development mid-late gestation, and these changes can
be detected by MRI [269]. The relaxation times of the remaining analyzed tissues did not
vary during the studied gestational period as these tissues became well-differentiated
before the third trimester. Hence, it is important to quantify their relaxation times earlier
in pregnancy to acquire more information about their structural and functional
development. Furthermore, all the reasons for quantifying fetal tissue relaxation times,
including longitudinal and cross-sectional comparison, improving imaging parameters,
and identifying pathology, are valid for all time points in pregnancy and not just the third

trimester.

As indicated in Chapters 3 and 4, MWF was quantified late in gestation in guinea pigs
because we wanted to maximize the chances of acquiring sufficient SNR to image myelin
as myelin content would be the greatest at that time point in pregnancy. Furthermore,
differences in myelination due to IJUGR would be most evident late in gestation due to
the prolonged duration of the insult; however, if myelin is to be used as a functional
marker of IUGR, it is important to quantify myelin earlier in gestation to determine at
what point the IUGR-related reduction in myelin first becomes evident and potentially
determine a cut-off point for IUGR. Hopefully, with this information, clinicians can

determine the appropriate prognosis for the affected fetus.
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5.3.2 Translation to Human Studies

The population in Chapter 2 was pregnant women with uncomplicated pregnancies in
their third trimester. Although the intention is to conduct MWI1 in humans eventually,
there were some reasons why an animal model was used instead for the work presented in
Chapters 3 and 4. Firstly, the protocol has a prolonged acquisition time, which is not
feasible for fetal imaging as it is not ideal to have pregnant women be scanned for long
periods. Furthermore, anesthesia is not an option for pregnant women, making fetal
motion a challenge. The protocol in Chapter 2 consisted of two 16-20 second breath-hold
acquisitions. Even so, a few acquisitions had to be repeated due to motion from the
mother or the fetus. Hence, running a protocol that takes 40-50 minutes without

anesthesia will be extremely challenging, making an animal model ideal.

In addition to the challenges with human fetal imaging as described above, there are
numerous benefits of using the guinea pig as the animal model, which were discussed in
the introductory chapter; however, there are also disadvantages of using a guinea pig
model, such as a smaller brain relative to humans. Although the guinea pig is a great
model for studying neurologic developmental programming because they are intelligent
developers and undergo rapid myelination in the latter half of gestation like humans [163-
165], there are some physiological differences compared to humans. For instance, guinea
pigs tend to carry multiple fetuses per pregnancy, while humans typically have one fetus
per pregnancy, which may result in differences in the allocation of nutrients and oxygen
during gestation [168]. Also, the guinea pig brain is at a more advanced stage of
functionality at term than the human brain, making the outcomes of intrauterine insults
more pronounced in guinea pigs than in humans [292]. Guinea pig and human placentas
share similarities, such as a discoidal, haemomonochorial structure and fetal/maternal
transport barrier; however, despite these similarities between the two placental structures,
there are differences, such as the guinea pig’s labyrinthine structure that facilitates more

effective oxygen and nutrient exchange compared to the human placenta [164, 168].

The eventual goal of this work is to apply MWI in humans to acquire more accurate

information on human in utero myelination and to use myelin as a potential identifier of
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fetuses with IUGR. The animal experiments discussed in Chapters 3 and 4 were
performed using a commercial clinical 3.0 T MRI, simplifying translation to humans.
MW!1 has also been successfully conducted in clinical studies to assess and quantify
MWEF in adults, young adults, children, and neonates, showcasing the methodology’s
potential to be used in the fetal environment [114, 242, 243]. It is important to note that
the current acquisition time of ~40 minutes presents an obvious challenge to translating
the work presented in Chapters 3 and 4 to humans; however, the protocol can be altered
by reducing the acquisition time, incorporating free-breathing approaches, or
compensating for both maternal and fetal motion to make the protocol feasible for human
imaging. Hence, translation of this technique to clinical studies is possible and may
enable us to learn more about changes in fetal myelination and potentially lead to
improvements in the treatment of IUGR pregnancies.

5.3.3 Improve ldentification for IUGR

The markers used for IUGR identification in Chapter 4 are all dependent on the size of
the fetus. Although these markers are clinically used for IUGR identification, the markers
alone or combined are not always perfect in identifying growth-restricted fetuses [64, 67-
70]. For the majority, [IUGR manifests in fetuses being SGA, placing them in the 10
percentile for weight; however, some fetuses are genetically programmed to be small,
causing them to be SGA but not growth-restricted. On the other hand, some fetuses are
above the 10" percentile for weight but are not growing to their genetic potential, making
them growth-restricted despite their size. Although the volume ratios involving the brain
are better identifiers for IUGR than body volume alone due to brain sparing, they are not
perfect identifiers for IUGR.

One of the benefits of using MWF as an IUGR marker is that it is a functional marker.
Since myelin content is independent of size, it should be reduced in IUGR fetuses
compared to GA-matched non-IUGR fetuses, regardless of whether the fetal weight falls
below the 10" percentile. As the use of MRI, in conjunction with ultrasound, to assess
fetal development is increasing in frequency, the use of fetal myelin content along with

the established size and other functional markers, such as P1 of the MCA, can improve
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the identification of IUGR [302]. The established size markers for IUGR are easily
accessible and work well; however, we can use functional markers like MWF to

complement the size markers to better identify true IUGR fetuses.
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