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Abstract

Successful prevention of mother-to-child HIV transmission (PMTCT) programs have reduced the risk
of infant HIV infection in South Africa from 8% in 2008 to an estimated 1.4% in 2015, resulting in an
increasing population of HIV-exposed uninfected (HEU) children. However, the long-term effects of
HIV and antiretroviral therapy (ART) exposure on the developing brain is not well understood. While
HEU children perform better than their counterparts living with HIV, they continue to demonstrate
greater neurodevelopmental delay than HIV-unexposed uninfected (HUU) children. As a result,
neuroimaging studies have looked at the developing brain in this population, however there is little
consensus about typical exposure related effects. In addition, it is unclear whether previously reported
exposure-related results are directly related to in utero exposure to HIV, or indirectly via family and/or
environmental factors. Research focused on newborns allows one to eliminate possible contributions

from other factors, clarifying the influence of ART and HIV exposure on the developing brain.

This dissertation employs neuroimaging and neurocognitive data in a well-characterized infant cohort
to better understand the influence of maternal HIV infection on the uninfected brain. HEU infants
were exposed to ART in utero between 3 and 9 months, allowing for the study of potential ART
exposure effects of as well as HIV exposure. This dissertation will identify HIV and ART exposure effects
on brain structure. In addition, the relationship between neonate brain structural outcomes and
cognitive abilities at 9-12 months will be determined to identify potential functional consequences of

early structural abnormalities.

Chapter two presents an analysis of manually traced subcortical volumes in 120 unexposed uninfected
(HUU) and exposed uninfected (HEU) neonates. HEU neonates demonstrated significantly reduced
mean caudate volumes bilaterally and left mean putamen volumes relative to HUU neonates. Further
analysis revealed the observed differences in basal nuclei volumes were related to duration of ART in
utero. Infants exposed to ART throughout pregnancy had similar caudate and putamen volumes
compared to their HU counterparts. While infants exposed to ART post conception (from 3 —8 months
in utero) had significantly smaller mean caudate volumes bilaterally, and a trending smaller left

putamen volume compared to HUU infants.

Chapter three examines the potential functional consequences of HIV/ART volumetric reductions. We

modelled manually traced neonatal subcortical volumes with neuropsychological outcomes at 9 — 12



months. Among HUU infants, bilateral pallidum volumes predicted neuropsychological measures
across all domains. All volumes, with the exception of bilateral thalamus and vermis, predicted the
general quotient score in HUU infants. In contrast, among the HEU infants, volumes did not relate to
neuropsychological outcomes with the exception of the caudate, putamen and vermis predicting
locomotion scores in the preconception group. While no HIV exposure differences were present in
neuropsychological domains, HEU infants recruit alternative subcortical structures compared to

typically developing unexposed infants.

Chapter four presents a DTI-tractographic analysis of white matter connections between subcortical
structures manually traced. HEU demonstrate white matter alterations in two tracts — higher FA
between right putamen and left thalamus and higher MD between caudate and thalamus on the right
hemisphere. The WM alterations observed in HEU appear to be from roles of both HIV and ART
exposure. In contrast to ART dependent subcortical grey matter reductions, the observed white
matter alterations are independent of maternal treatment initiation. In addition, we also find
associations between unaltered white matter connections and both maternal immune health and ART
duration during pregnancy. These results suggest white matter is influenced to varying degrees by HIV

and ART exposure, as well as maternal health in pregnancy.

Chapter five looks at the possible functional consequences of the reported alterations in white matter
integrity. We modelled white matter connections between manually traced neonatal subcortical
volumes with neuropsychological outcomes at 9 — 12 months. Similar to chapter 3, within HUU infants,
we observed a number of white matter connections predictive of neuropsychological outcomes across
all domains. And almost no white matter tracts predicted neuropsychological measures in HEU infants.

These results again point to HEU infants recruiting different pathways to perform basic tasks.

In conclusion, the results documented in this thesis point to the influence of HIV exposure, ART
duration and maternal immune health on fetal brain development. However, these factors impact
grey and white matter differently. ART initiated pre-conception was protective of subcortical grey
matter volumes but did not protect two white matter connections. Despite few localized grey and
white matter alterations, HEU infants demonstrated a lack of structural associations with
neuropsychological outcomes later in infancy. While there were no exposure related differences
across neuropsychological domains, the long-term functional consequences of altered structural

recruitment is unknown. Finally, this thesis adds to the body of literature that early ART in pregnancy



is neuroprotective, and that HIV exposure related structural alterations are evident as early as 2 - 4

weeks after birth.
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CHAPTER ONE

1.1 introduction and problem identification

The increased availability of non-invasive imaging techniques has led to a better understanding of the
human brain in health and disease. Certain populations are more difficult to image, such as infants,
and more research is necessary to fill this gap. There is a particular need for research on typical
developing infants globally, to provide a benchmark of healthy development that is locally relevant.
There is a growing awareness of the long-term influence of maternal health during pregnancy on the
developing brain. As such, there is an interest in studying infant development through the lens of

maternal health.

Preventative efforts by scientists and policymakers worldwide have reduced perinatal transmissions
of the human immunodeficiency virus (HIV). Sub-Saharan Africa is the region most affected by the HIV
pandemic and has put much effort into programs focused on preventing HIV transmission. South
African National prevention of mother-to-child transmission of HIV (PMTCT) strategies have brought
the risk of infant HIV infection down from 8% in 2008 to 1.4% in 2015and below 1.0% in 2019 (National
Department of Health, 2019). Between 2010 and 2016 the South African PMTCT programme
prevented approximately 80 000-85 000 newborn babies yearly from early HIV infection (assuming 1
million live births, 31% infant HIV exposure and 30% MTCT in the absence of PMTCT interventions)
(SAMRC, 2016). The reduction in new perinatal infections was due to the continued promotion of
combination ART in pregnancy (van Schalkwyk et al., 2013, Aizire et al., 2013, Shetty and Maldonado,
2013, Phelps et al., 2013). One outcome of this achievement is an increasing population of HIV-
exposed-uninfected (HEU) infants. While perinatal HIV and antiretroviral therapy (ART) exposure are
not as damaging as HIV infection for the developing infant, research suggests there are possible long-
term exposure related developmental delays and damage especially in resource-poor settings (Le

Doare et al., 2012).

Neurocognitive studies provide an indirect assessment of the central nervous system through
measures of cognitive functions including behaviour and language acquisition. Neuroimaging studies
use direct quantitative measures of brain structure and function (Le Doare et al.,, 2012). In
combination, these methods can provide insight into the biological underpinnings of cognitive

abnormalities. To date, both imaging and neurocognitive studies report mixed findings on the effect



of HIV/ART exposure on neurodevelopmental outcomes. Of the forty-one neurocognitive studies
including HEU infants/children, fifteen report HIV/ART exposure related differences (Forehand et al.,
1998, Esposito et al., 1999, Dorsey et al., 1999, Sanmaneechai et al., 2005, Van Rie et al., 2009, Van
Rie et al., 2008, Boivin et al., 1995, Brahmbhatt et al., 2014, Alcock et al., 2016, Familiar et al., 2018,
Wou et al., 2018, le Roux et al., 2018, Wedderburn et al., 2019, Ntozini et al., 2020, Madlala et al., 2020).
Within these studies, HEU children had a lower mean score in at least one neuropsychological domain.
Seven of nine imaging studies reported subtle changes in metabolite levels and white matter integrity
across different brain regions, in HEU children compared to their HIV-unexposed uninfected (HUU)
counterparts (Cortey et al., 1994, Tran et al., 2016, Robertson et al.,, 2018, Graham et al., 2020,
Madzime et al., 2021, Jankiewicz et al., 2017, Yadav et al., 2020).

Previously reported HIV/ART exposure related neurodevelopmental changes in infants and children
are likely associated with clinical and developmental outcomes. Since the second and third trimester
of pregnancy and the first two years of postnatal life (Stile & Jernigan 2010) are critical periods of brain
development, it is important to monitor brain changes in HEU children. Neurodevelopment may be
influenced by exposure to the virus and ART in utero and postnatally. Other factors, like duration of

ART exposure and maternal immune health may be important drivers in utero and early postnatal life.

Given the lack of consensus among neurodevelopmental studies in infants and children exposed to
HIV and ART, more work is needed within this population. It is unclear whether previously reported
exposure-related results are directly related to in utero exposure to HIV, or indirectly via family and/or
environmental factors. Research focused on newborns allows one to eliminate possible contributions

from other factors, clarifying the influence of ART and HIV exposure on the developing brain.

This thesis involves neuroimaging and neuropsychological data from a birth cohort of 186 mother-
infant pairs. The thesis adds to the small body of literature on this topic. The work presented is unique
in that it includes both magnetic resonance imaging (MRI) of the brain and neuropsychological
measures in infancy. In addition, data is available on the length of ART exposure in utero allowing for
study of its effects independent of HIV exposure. Within the neonate brain, this thesis focused on
subcortical structures and cerebellum. The first analysis (chapter two) presents manually traced
neonate subcortical volumes (basal ganglia (caudate, putamen and pallidum), thalamus and
cerebellum including cerebellar vermis), performing statistical analysis to identify potential effects of

HIV and ART exposure. The second analysis (chapter three) examines the potential consequences of
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HIV associated volumetric changes by looking at relationships with neuropsychological outcomes at 9

months postnatal life. Chapter four builds on the first analysis (chapter two) by quantifying structural

connectivity among manually traced subcortical structures and cerebellum. Lastly, the fifth chapter

examines the potential consequences of HIV associated structural connectivity changes in neonates

by looking at relationships with neuropsychological outcomes at 9 months postnatal life.

1.1.1 Research questions:

1.

Does maternal HIV infection influence subcortical grey and white matter development in
newborns?

Does initiation of ARV before conception protect subcortical grey and white matter
development in newborns?

Do HIV and/or ART exposure associated subcortical grey and white matter changes in

newborns affect neurocognitive abilities at 9 months?

1.1.2 Hypotheses:

1.
2.

Compared to HUU neonates, HEU newborns will have smaller mean subcortical volumes.
Compared to HUU neonates, HEU newborns will have altered white matter connectivity
between exposure affected subcortical structures.

Maternal ART provides neuroprotection for the developing fetus. Duration of ART in
pregnancy will be positively associated with subcortical volumes in HEU newborns.

Smaller volumes and lower FA/higher MD will be associated with poor neuropsychological
outcomes scores at 9-month postnatal life. e.g. reduced basal ganglia volumes will be

associated with deficits in the measures of fine and gross motor abilities.

1.1.3 Specific objectives:

1.

Manual segmentation of subcortical structures (thalamus, basal nuclei — caudate nuclei,
putamen and pallidus, and cerebellar hemispheres and cerebellar vermis) from neonate
anatomical MRI data; assessment of relevant confounders for model building; use linear
regression models to identify HIV-exposure related differences in segmented subcortical
structures.

Pre/process DTl data; perform tractography using manually traced volumes as seeds;

statistical analysis to determine HIV-exposure group differences in DTI measures



Statistical modelling of relationship between neonate structural MRI outcomes (volumes, structural

connectivity) and neuropsychological tests performed at 9 months.

1.2 Background and literature
1.2.1 Typical human brain development

The human brain starts to develop shortly after conception and continues through adolescence until
early adulthood. The brain develops in a time dependent sequential pattern. The fetal brain begins to
develop during the third week of gestation starting with the appearance of neural progenitor cells
which then differentiate into neurons and glia — the two cell types that form the basis of nervous
system. The birth of new neurons and glia is referred to as neurogenesis and gliogenesis, respectively.
Neurons are responsible for communicating messages throughout the entire brain and glial cells
provide neurons with structural and chemical support (Stiles, 2008, Stiles and Jernigan, 2010, Martin,

2013).

The brain is small and smooth in appearance by the ninth week of gestation. As pregnancy progresses,
the growing brain forms the characteristics folds that designate distinct brain regions. Anatomical
changes reflect underlying alterations at the cellular level. At this stage, communication between
nerve cells is enhanced as neurons start to release chemical signalling molecules. This is therefore
followed by the formation of fibre pathways forming the brain’s communication networks. “Cells that
make up the neocortex — the part of the brain that coordinates sight, sound, spatial reasoning,

conscious thought, and language — begin to communicate” (Kostovi¢ and Jovanov-Milosevi¢, 2006).

Although the brain's foundation is assembled prenatally, its functional connectivity development
continues postnatally, underpinned by sensory input. The neural connectivity is remarkable in the first
years of life. “After age 2 years, the number of neural connections decreases. In a process known as
synaptic pruning, the brain organizes its connectome to perform more efficiently, removing inefficient
connections to maximize performance” (Innocenti and Price, 2005, Stiles and Jernigan, 2010, van den

Heuvel et al., 2015).

The sequelae of normal brain development from conception to birth and into early adulthood are: i)
neurulation and proliferation ii) neuronal migration iii) synaptogenesis and synaptic reorganisation iv)

pruning (neural regression) and v) myelination. Fig 1.1
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Figure 1.1 sequelae of brain development (Duke University, 2016).

1.2.2 Neurulation (neurons develop) and proliferation (neurons multiply)

Neurulation is the formation of the neural tube. The neural tube is the first brain structure to appear
during the third week of gestation, between embryonic day 20 — 27. Neurulation is preceded by
gastrulation (differentiation of neural progenitor cells) — the first step in brain development which
begins on embryonic day thirteen. The process of gastrulation is signalled by the appearance of a slit-
like opening in the upper layer of the embryo called the primitive streak. This development transforms
the embryo from a single layer of cells (blastula) to three primary germ layers (trilaminar embryo) —
endoderm, mesoderm, and ectoderm. The primary germ layers give rise to specific parts of the
organism. The cells of the ectoderm will be transformed into two types of ectodermal stem cells —
epidermal ectodermal stem cells which give rise structures such as skin, nails and sweat glands, while
neurectoderm stem cells (neural progenitor cells) give rise to the brain and central nervous system.
At the end of gastrulation, the cells along the midline of the upper layer of the embryo have
transformed into neural progenitor cells. Neural progenitor cells differentiate into neural progenitor
that will produce precursor cells for forebrain structures and for hindbrain or spinal cord structures

(Stiles, 2008, Stiles and Jernigan, 2010, Martin, 2013).

The next major step in brain development after the differentiation of neural progenitor cells involves

the formation of the first well-defined neural structure, the neural tube. The neural progenitor cells



have developed and are positioned along the rostral-caudal midline of the upper layer of the three-
layered embryo near the conclusion of gastrulation (Stiles and Jernigan 2010). The neural plate is the
part of the embryo that contains the neural progenitor cells on around embryonic day 21. Between
the two ridges are the brain progenitor cells. The ridges rise, invaginate, and merge over many days
to produce a hollow tube. Fusion starts in the growing tube's centre and moves in both rostral and
caudal directions. On embryonic day 25 and 27, the anterior neuropore at the tube's most rostral end
and the posterior neuropore at the caudal end are the last segments to close (Stiles and Jernigan
2010). The neural progenitors create a single layer of cells that lines the middle of the neural tube,
immediately adjacent to its hollow centre, after the neural tube is complete. The hollow centre of the
neural tube is cylindrical in the embryo, but as the brain grows larger and more sophisticated, the
shape of the hollow cavity changes as well, eventually producing the brain's ventricular system. The
"ventricular zone" is so named because neural progenitors are found in the region that will eventually
become the ventricles (VZ). The brain will be formed by neural progenitor cells located in the most
rostral portion of the neural tube, whereas the hindbrain and spinal column will be formed by cells

located more caudally. (Copp et al., 2003, Stiles, 2008, Stiles and Jernigan, 2010).

When the neural tube closes, the diameter of the ventral end of the tube increases, forming the three
major brain vesicles, or pouches. The "prosencephalon," which will create the future forebrain, is the
ventrally positioned embryonic brain vesicles. The "mesencephalon," which will become the future
midbrain, is in the middle, and the "rhombencephalon,"” which will become the hindbrain, is in the
back. These three segments progressively subdivide, resulting in five secondary brain vesicles by the
end of the embryonic stage. The prosencephalon is divided into "telencephalon" and "diencephalon,"
while the rhombencephalon is divided into "metencephalon" and "myelencephalon." The
mesencephalon does not divide any further. These five subdivisions are arranged along the embryo's
rostral-caudal axis. These five subdivisions are positioned along the embryo's rostral-caudal axis and
form the central nervous system's basic arrangement. (Stiles, 2008, Stiles and Jernigan, 2010, Martin,

2013) See table 1.1.



Table 1.1. Major subdivisions of the embryonic central nervous system with their associated mature

structures.
Neural Tube Primary Vesicles Secondary Adult Structures
Vesicles (week 5)
(Week 3) (Week 4)
neural plate Telencephalon Cerebral (cortex), basal ganglia,

neural groove

Prosencephalon

(forebrain)

hippocampus, amygdala, olfactory bulb,
rhinencephalon, pituitary, lateral ventricles

Diencephalon

Epithalamus, thalamus, subthalamus, pineal,

posterior commissure, pretectum, third

ventricle
neural tube
Mesencephalon Mesencephalon | Tectum, cerebral peduncle, cerebral
. ) aqueduct, pons
(midbrain)
Brai Rhombencephalon | Metencephalon Cerebellum, pons, upper part of 4" ventricle
rain
(hindbrain) Myelencephalon | Medulla oblongata, isthmus, lower part of 4"
ventricle

Spinal cord, pyramidal decussation, central canal

Adapted from Wikipedia. The bolded are the structures of interest.

1.2.3 Neuronal migration

Most neurons are birthed in the VZ and migrate radially from the centre of the brain out to the
developing neocortex. The migration of neurons into the developing cortex results in the formation
of an orderly six-layered structure. Most of these neurons migrate actively in a radial pattern along a
scaffold of glial cells such that earlier neurons form the deeper layers of the cortex while those of later
generations form successfully more superficial layers. The preplate is the first visible cortical layer,
formed by the first sets of migrating neurons around 5 to 8 weeks of gestation. Once the preplate is
established at 7 — 11 weeks of gestation, the next wave of migrating neurons splits the preplate into
two separate regions, the marginal zone (MZ) and subplate (SP). The neurons that split the preplate
begin to form a new region between the MZ and SP called cortical plate (CP). The cells that will form
cortical layer 6, the deepest layer of cortex, are the first to arrive in the CP, followed by migrating cells
that will form progressively more superficial layers of cortex — each new wave of neurons bypasses

the previous wave of neurons, assuming the most superficial position within the developing cortex.
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Neuronal migration along the radial scaffold is thought to be most likely regulated by complex
molecular interactions between neuronal and glial cells. Young neurons produce axons and dendrites
to become part of the information processing networks once they reach their target region of cortex.
Neurons communicate with each other via axons and dendrites. Dendrites are significant places for
receiving input from neighbouring neurons, while axons are the primary means of conveying signals
from the neuron. Each cell possesses a large number of dendrites that create thick "arbors" in the near
area, as well as a single axon that can reach a long distance out from the cell. An axon grows and
elongates as it follows molecular cues to its destination area. Synapses are generated between an
axon and its target cell once it reaches its target location. Synapses allow electrical information to be
transmitted between neurons in the brain, allowing for communication. (Supér et al., 1998, Hatten,

1999, de Graaf-Peters and Hadders-Algra, 2006, Stiles, 2008, Stiles and Jernigan, 2010).

1.2.4 Synapse formation (synaptogenesis)

Synaptogenesis is a crucial event in the neonatal cortex. Cellular differentiation and organisation of
the cortex occurs with increasing synaptogenesis. The moment a neuron arrived at its prescribed
location; it develops connections with other neurons. Developing axons are guided by their terminal
growth cones, which respond to chemoattractant or chemorepellent cues to form projections. Axons
may form shorter projections like in interneurons, or significantly lengthier connections, such as those
found in long-distance bundles — monoaminergic system, corpus callosum, or corticofugal pathways
(Judas et al., 2003). Dendritic tree development occurs during the first two trimesters, and accelerates
during the third trimester, with those of the subplate and deep cortical neurons maturing earlier than
the more superficial cortical dendrites (Judas et al., 2003). As the dendritic and axonal connections
develop, synaptogenesis increases. The first synapses form in the spinal cord during the sixth
gestational week (Shimizu et al., 1984), and in the cortex at around 7 weeks (Zecevic, 1998). Synaptic
density increases homogeneously in the cortex until around 22 weeks, after which it rapidly
accelerates in a region-specific manner until well after birth. Maximum synaptic density in the primary
sensory areas occurs at 3 postnatal months, while in the prefrontal cortex maximum density is not

reached until 15 months of age (Huttenlocher and Dabholkar, 1997).

1.2.5 Neural regression

The multiplication of neuronal components is the most common neurodevelopmental event.

However, in order to manage the population of neurons and glia cells, two crucial processes involving

8



significant loss of neural components are required. These two processes include naturally occurring
cell death, which involves the typical loss of half or more of the neurons in a brain region, and synaptic
exuberance and pruning, which involves tremendous excess connection formation followed by
systematic deletion of up to half of those connections. (Stiles and Jernigan, 2010). For shaping local
connection, synaptic pruning is critical. Neural apoptosis occurs during the prenatal period. Both
apoptosis and synaptic pruning are nonpathological phenomena that play a crucial part in the
formation of the developing brain's intricate network. (Rakic and Zecevic, 2000, Stiles and Jernigan,

2010).

1.2.6 Glial cells and Myelination

Glial cells are nonneural cells that develop from the same embryonic origin as neurons, forming from
neural progenitor cells. Within the CNS, neural stem cells generate neurons followed by most of the
central glia cells. Glial cells provide mechanical support and nutrition for neurons. The two main forms
of glial cells are the microglia and macroglia (de Graaf-Peters and Hadders-Algra, 2006, Martin, 2013).
Microglia penetrate the brain during the fifth week of pregnancy, colonizing and clustering in various
areas of the brain throughout the next few weeks. They are microphages and are responsible for
providing immunity for the brain (de Graaf-Peters and Hadders-Algra, 2006). Additionally, they are
involved in neuronal development, neuronal connection, neural vasculature, and axonal myelination
during development (Pierre et al., 2017). Glial cell apoptosis occurs over a long period of time, mostly

postnatally.

Macroglia is the general term used for glia cells other than microglia, including radial glia, astrocytes,
oligodendrocytes, and Schwann cells (Hill, 2022, February 9). The first three, including microglia, act
in the CNS and have common embryonic origin — neural progenitor cells (Liu and Rao, 2004). Schwann
cells have a different embryonic origin (neural crest cells) and act in the peripheral nervous system
(PNS)(Knobloch et al., 2008). The main forms of macroglia cells are astrocytes and oligodendrocytes.
Astrocytes are the most common glial cells in the brain. They are star-shaped and form an important
component of the BBB. They serve as conduit through which nutrients from the arterial blood riches
the neurons for optimum functionality. (Hill, 2022, February 9). Astrocytes help in extracellular
regulation, neurotransmitter removal and modulation of synaptic structure and function.
Oligodendrocytes develop after astrocytes and are responsible for the myelination of axons in the CNS

(Altman and Bayer, 1984). Schwann cells perform similar function in the PNS. Radial glia play an



important role in nervous system development, guiding newly formed neurons from their birth zone

outward to their destined adult position (de Graaf-Peters and Hadders-Algra, 2006).

Myelination is the process of close wrapping around a neural axon by a glia cell. Upon reaching its
destination, an oligodendrocyte progenitor cell begins to differentiate by extending processes and
increasing myelin protein expression. Microglia promote differentiation and maturation of
oligodendrocytes by interacting with it, via releasing a broad spectrum of cytokines especially IL-18
and IL-6 (Shigemoto-Mogami et al., 2014). Microglia has also been demonstrated to induce survival
and differentiation of oligodendrocyte progenitor cells and mature oligodendrocytes (Pang et al.,
2013). The processes then begin to form membrane wraps around nearby axons. Eventually the
oligodendrocyte forms tightly wrapped multi-layered sheaths from which most of the cytoplasm has
been extruded. Even though oligodendrocyte progenitors form during embryonic period (E8), their
proliferation and transformation into mature oligodendrocytes only begins at around E20 (Back et al.,
2001). Myelination is regionally dependent and based primarily on the hierarchy processing needs
within cortical connections —regions of cortex responsible for low-level processing mature earlier than

those involve in high-level and more complex functions (Paus et al., 2001, Sowell et al., 2002).

1.2.7 Region of interests (ROIs)

In this study, our regions of interest included cerebellum and select subcortical structures — thalamus
and basal ganglia (caudate nucleus, putamen and globus pallidus). Subcortical grey matter structures
are clusters of grey matter/nuclei embedded under the cortex of the brain. The subcortical grey matter
structures include the diencephalon (thalamus and hypothalamus), pituitary gland, amygdala and
hippocampus (limbic structures), and basal ganglia (caudate, putamen, globus pallidus, substantial
nigra, and subthalamic nucleus). Functions of these structures include complex activities such as
memory, emotion, and pleasure. They act as information hubs of the nervous system, relaying and

modulating information to different areas of the brain.

1.2.8 Anatomy and functions of the ROI structures
1.2.8.1 Cerebellum

The cerebellum “little brain”, develops from metencephalon, an upper derivative of
rhombencephalon. The cerebellum is located within the posterior cranial fossa, immediately inferior

to the occipital and temporal lobes. A tough layer of dura matter called the tentorium cerebelli
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separate it from these lobes. It lies at the same level of and posterior to the pons, from which it is

separated by the fourth ventricle.

Although the cerebellum is a tenth of the volume of the total brain, it contains as many as half of the
whole number of brain neurons. Anatomically, it is roughly divided into two hemispheres, vermis —a
narrow, worm-like midline area, and the flucculonodular lobe. Like other structures in the central
nervous system, the surface of the cerebellum consists of grey matter. It is tightly folded, forming the
cerebellar cortex. It also includes white matter, located underneath the cerebellar cortex. Embedded
in the white matter are the four cerebellar nuclei (the dentate, emboliform, globose, and fastigial

nuclei).

The cerebellum has three anatomical lobes (the anterior, posterior, and floculonodular lobes) and
three cerebellar zones (the vermis in the midline, intermediate zone on either side of the vermis, and
lateral hemispheres lateral to the intermediate zone). There is no difference in gross structure

between the lateral hemispheres and intermediate zones.

The cerebellum has three functional areas and this include 1) The cerebrocerebellum — It is the largest
of the three functional sections of the cerebellum. It is involved in movement planning and motor
control. It receives afferent signals from the cerebral cortex and pontine nucleus and transmits motor
fibres to the thalamus and midbrain red nucleus. 2) The spinocerebellum is comprised of the vermis
and intermediate zone of the cerebellar hemispheres. It forms part of proprioceptive pathways,
regulating movements of the body. 3) The vestibulocerebellum or flocculonodular lobe. It forms
pathway with the vestibular system, receiving fibres from this system and sending outputs to the
vestibular nuclei of the system. This division is associated with balance and ocular reflexes (Martin,

2013).

1.2.8.2 Thalamus

The thalamus is a large mass cylindrical-shaped grey matter structure that lies close to the third
ventricle. It is located deep in the forebrain between the brainstem and the telencephalon. It is the
largest subcortical structure. Its anterior part lies behind the interventricular foramen. The posterior
end is called the pulvinar. The pulvinar is superolateral to the superior colliculus of the midbrain.

Inferiorly, the surface of the thalamus is continuous with the tegmentum of the midbrain.
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The thalamus consists of mainly of grey matter and it’'s made up of three laminae: 1) The stratum
zonale — a thin layer of white matter that covers the superior surface of the thalamus. 2) The external
medullary lamina — covers the lateral surface of the thalamus. Lastly, the internal medullary lamina (a
Y-shaped white matter sheet) which divides the grey matter of the thalamus into three, the anterior,
medial and lateral parts. The anterior part of the thalamic-grey matter contains the anterior thalamic
nuclei. The mamillary nuclei, cingulate gyrus, and hypothalamus send input fibres to these nuclei,
which send output fibres to the cingulate gyrus and hypothalamus. The dorsomedial nucleus of the
thalamus is located in the medial region, and it receives and sends fibres to the prefrontal cortex,
hypothalamus, and thalamus. All other thalamic nuclei transmit and receive fibres through it. The
lateral part is grouped into dorsal and ventral tiers. Intralaminar nuclei, geniculate bodies — medial
and lateral, and reticular nuclei are the other types of thalamic nuclei. The interior medullary lamina
contains intralaminar nuclei. They receive information from the spinothalamic and trigeminal-
thalamic tracts and send them to other thalamic nuclei. Between the exterior medullary lamina and
the posterior limb of the capsule, there is a thin layer of reticular nuclei. They receive reticular
formation and cerebral cortex fibres and send efferent fibres to the other thalamic nuclei. A swelling
on the posterior surface of the thalamus, directly behind the pulvinar, is known as the medial
geniculate body. It's a component of the auditory system. It receives fibres from the inferior colliculus
via the inferior brachium to the auditory system. Another swelling right under the pulvinar is the
lateral geniculate body. It forms the visual pathway. It receives impulses from the optic chiasma and

transmits efferent fibres to the primary visual cortex(Memory, 2020)

The thalamic nuclei control a wide range of bodily processes, including sensory and motor signal
transmission, awareness, sleep, and alertness management. The thalamic nuclei in charge of this
functions are the relay nuclei, intralaminar nuclei, and the reticular nucleus. (Sherman, 2006, Tortora

and Anagnostakos, 1987, Sciacca and Jones).

1.2.8.3 Basal ganglia

The basal ganglia, also known as basal nuclei, are masses of grey matter nuclei embedded in the
cerebral cortex. The basal ganglia components include, caudate nucleus, putamen, globus pallidus,
substantia nigra and subthalamic nucleus. Functionally, the substantia nigra and subthalamic nucleus
are considered part of basal ganglia components — with the substantia nigra being a midbrain

structure, and subthalamic nucleus as part of the subthalamus fund in the thalamus.
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The putamen and caudate nucleus together are also known as the striatum, and they are separated
by a sheet of white matter called internal capsule — a white matter tracts connecting the thalamus and
cerebral cortex. The putamen and globus pallidus form the lentiform nucleus. The globus pallidus
consist of internal and external segments. Globus pallidus and substantia nigra give rise to the major

basal ganglia output projections.

1.2.8.3.1 Caudate nucleus

The caudate nucleus is C-shaped. It consists of the head, body, and tail. With its structures, it
participates in the construction of the lateral brain chambers. On the inside of the caudate nucleus is
the thalamus. Between these two structures is the stria terminalis, and the vein of the thalamostriata
is positioned above. The corpus callosum is positioned above the caudate nucleus. At the tip of
caudate nucleus is the amygdala. The anterior limb of the inner medulla separates the caudate nucleus

and lentiform nucleus.

1.2.8.3.2 Lentiform nucleus (Putamen and globus pallidus)

The lentiform nucleus is comprised of putamen and globus pallidus and is located medially from the
insular cortex. Although anatomically related, functionally they are different. The putamen forms the
lateral aspect of the lentiform nucleus. On its concave inner surface lies the most exterior structure of
the globus pallidus, GPe, and the most internal structure is the GPi. The putamen is separated from
the GPe by the lateral medullary lamina, and the medial medullary lamina separates the GPe and GPi.
Lateral to the putamen is another collection of white matter fibres known as the external capsule.
Lateral to the external capsule is a thin bundle of grey matter called the claustrum, historically
considered part of the basal ganglia. More lateral to the claustrum is the extreme capsule, which are

white matter tracts separating the claustrum from the insula cortex.

1.2.8.3.3 Components and functional connections of basal ganglia

The striatum (caudate, putamen, and nucleus accumbens), the subthalamic nucleus, the globus
pallidus (GPe and GPi), and the substantia nigra are all part of the basal ganglia (pass compacta and
pars reticulata). The limbic components of the basal ganglia circuitry are the nucleus accumbens and

the ventral section of the globus pallidus.

Extrinsic input to the basal ganglia is mostly received via the striatum. Almost all of the cerebral

cortices send excitatory signals to the striatum. Cortical input is carried by the neurotransmitter
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glutamate and is mostly terminated on the heads of medium spiny neurons' dendritic spines. Around
95% of all striatal neurons are medium spiny striatal neurons. They project outside the striatum and
receive a variety of inputs, the most notable of which are excitatory glutamatergic inputs from the
thalamus; cholinergic input from striatal interneurons; GABA-ergic input from adjacent medium spiny

neurons.

The primary basal ganglia output arises from GPi, a GPi-like component of ventral pallidum (VP), and
the substantia nigra pars reticulata (SNpr). The GPi and SNpr receive excitatory input from the
subthalamic nucleus (STN) and inhibitory input from the striatum. They also receive inhibitory input
from the GPe. The output from GPi, VP, and SNpr is inhibitory and uses the neurotransmitter GABA.
The primary output is projected to the thalamic nuclei which in turn project to the frontal lobes of the

cerebral cortex, with the strongest output going to the motor area.

Figure 1.2 shows basal ganglia circuitry involving two pathways — direct (D1) and indirect (D2)
pathways. In the direct pathway, the cerebral cortex sends excitatory projections to the striatum. The
striatum then sends inhibitory signals to the GPi and SNr. In turn, the GPi sends inhibitory signals to
the thalamus which is usually in an active state. This results in selective disinhibition of thalamocortical
neurons, and from the thalamus excitatory signals to the cortex where they affect the planning of
movement. In the indirect pathway, the cerebral cortex also sends excitatory projections to the
striatum but instead of sending axons directly to the GPi and SNr, they project to the GPe. GPi then
sends inhibitory impulses to the STN instead of sending directly to the thalamus (this is why this
pathway is called indirect). From the STN, signals are sent to the GPi and SNr and then continue as

the direct pathway. (Mink, 1996, Nambu et al., 2000, Mink, 2003).
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Figure 1.2. Diagrammatic representation of the major connections of the basal ganglia. The blue line
(D1) indicates the path of the direct pathway, while the red line (D2) indicates the path of the indirect
pathway is depicted by red lines. STN = subthalamic neuron; SNc = substantial nigra pars compacta;
SNr = substantial nigra pars reticulata; GPe = globus pallidus external segment; GPi = globus pallidus
internal segment. (Wikipedia)

1.2.9 Techniques for studying the developing human brain

Due to its complexity and ethical issues surrounding human research, tools, or technologies to
investigate the developing brain need to be non-invasive. Recent advancements in technology
resulted in improved techniques for mapping the human brain. Imaging and neuropsychological
methods provide complementary measurements related to the structure and functionality of the
brain. Combining both techniques in a single study is ideal as together they will provide more insights

into the link between pathology and developing cognition and behaviour.

1.2.9.1 Imaging techniques

Structural imaging provides static anatomical information whereas functional imaging provides
dynamic physiological information (Symms et al., 2004). Structural MRI and DTI are well-suited
modalities for studying brain structure. For brain function, functional MRI (fMRI), positron emission
tomography (PET), electroencephalography (EEG), magnetoencephalography (MEG), and trans-cranial

magnetic stimulation (TMS) provide relevant measures.
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1.2.9.1.1 Principles of MRI
The first commercial MRl scanners have been available since early 1980s. It is a powerful tool in clinical

and research because it is radiation free and non-invasive.

MRI is based on two principles. First principle, says that atoms with an odd number of protons or
neutrons in their nuclei have a non-zero magnetic-momentum/magnetisation (spin) that can interact
with a large static magnetic field (BO). The human body contains many such atoms that can serve as
good MR nuclei (1H, 13C, 19F, 23Na). The abundance of water molecules (each containing two
hydrogen atoms) makes hydrogen the most common MR imaging contrast. In a lack of external static
magnetic field (Figure 1.3a), spins in the body will be oriented randomly, cancelling out any net
magnetisation. In the presence of external static magnetic field (Figure 1.3b) protons will orient
themselves processing in a parallel and anti-parallel direction of that static magnetic field. The number
of anti-parallel and parallel spins isn’t equal (due to quantum-mechanical effects) creating an effective
net magnetisation vector. The second principle, says that protons which up to now processed along
direction of the BO field can be excited by radio-frequency (RF) pulses (emitted by a transmit coil),
effectively changing a direction of their net-magnetisation (Figure 1.4a). The RF pulse applied in a
direction perpendicular to the direction of the static-magnetic field BO causes longitudinal component
of the magnetization to diminish creating a transversal magnetization component. When the RF pulse
is switched off (Figure 1.4b), the protons have to release their excess of energy, by returning to their
ground state, this energy is released in a form of an RF signal that can be measured by a receiver coil.
This release of energy isn’t linear but inverse-exponential govern by two times constants T1 (as spin-
lattice relaxation time) and T2 (spin-spin relaxation). Mathematically, T1 is defined as a time that takes
longitudinal component of the magnetisation vector to return to 63 percent of its initial value (pre-
excitation by an RF pulse). T2 relaxation time is defined as a time needed for transverse component
of the magnetisation vector to decay exponentially to 37% of initial magnitude. What’s important is
the fact that these relaxation time constants uniquely characterise different tissue types. In an MRI
experiment, the RF pulse is being repeated multiple times to excite spins at different spatial locations

(this is accomplished with additional magnetic fields, called gradient fields).

In an MRI experiment we can control the contrast (emphasis) on different tissue types, by controlling

two basic MR sequence parameters parameters TR and TE. TR (repetition time) is the time between
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two consecutive excitation pulses. TE (echo time) is a time between RF excitation pulse and signal
echo, i.e., a time when the signal is measured. T1-weighted images are obtained with MR sequences
with a short TR and a short TE time. T2-weighted images are obtained with sequences with longer TR
and longer TE times. Short and long times are with respect to the T1/T2 values of a specific tissue.

Table 1.2 below depicts the appearance of central nervous system tissues in different MR images.

(@) (b)

Figure 1.3: In the absence of a strong magnetic field, hydrogen nuclei are randomly aligned as in (a).
When the strong magnetic field, By, is applied, the hydrogen nuclei process about the direction of
the field as in (b).
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Figure 1.4: (a) The RF pulse, By, causes the net magnetic moment of the nuclei, M, to tilt away from
Bo. (b) When the RF pulse stops, the nuclei return to equilibrium such that M is again parallel to Bo.

During realignment, the nuclei lose energy and a measurable RF signal. (Mackiewich, 2005)

Table 1.2. Relaxation times for tissue types of interest and their appearance for different contrast

weightings.
T1-weighted T2-weighted

T1 T2 Adult Infant Adult Infant
White Intermediate | Intermediate Bright Intermediate Dark Intermediate
matter
Gray Intermediate | Intermediate | Intermediate Bright Intermediate Dark
matter
Cerebros | Long Long Dark Dark Bright Bright
pinal
fluid
(CSF)

Adapted from (Xue et al., 2007, Hashemi et al., 2010)

1.2.9.1.2 Structural MRI: Imaging grey and white matter

With structural MRI, researchers can visually distinguish between grey and white matter because of

their compositional differences in water and fat, which have different magnetic properties (relaxation

times). Grey matter is where information processing happens as it contains the cell bodies and

dendrites of the neuron. White matter contains axons, which transmits electrical impulses between
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neurons and their myelin sheaths. Myelin sheaths have a high fat content and act as insulator for

axons.

Structural imaging has been used for decades in both clinical and research settings to describe the
anatomy of the human brain in health and diseases as well as the effects of aging. Structural MRI is
based on T2-and T1-weighted images. High resolution T1-and T2-weighted images have been used to
measure local or regional brain volumes and/or assessing structural changes in HIV (Randall et al.,
2017, Chang and Shukla, 2018, Yu et al., 2019), and other diseases/disorders such as epilepsy (Alvarez-
Linera Prado, 2012, Peng et al., 2014, Huang et al., 2015, Avalos et al., 2019), Alzheimer’s disease

(Marzban et al., 2020), and Parkinson’s disease (De Micco et al., 2018).

1.2.9.1.3 Principle of Diffusion Tensor Imaging

MRI can be used to measure the diffusion of water — that is, the random motion of water molecules.
This advanced MRI technique is known as diffusion tensor imaging (DTI). Water molecules exhibit
constant random motion due to heat energy. In the brain tissue, movement of water molecules is
mostly restricted. We can measure diffusion of water molecules by modifying MR sequence with and
additional components called diffusion gradients. If diffusion encoding gradients are applied, the MR
signal in the presence of diffusion experiences attenuation of amplitude. Acquiring images with
diffusion weighting (known as diffusion-weighted imaging, DWI) allows the diffusion coefficient to be
measured. By repeating the experiment with different strengths of the diffusion gradients we can
measure components of the diffusion tensor, which leads us to DTI. Despite the promise of DTI, some
of its methodological challenges makes its clinical usefulness limited. These challenges include its
dependency on noise and on the inaccurate assumption that water molecules obey Gaussian diffusion
in biological tissues (Inglese & Bester 2010). A major important challenge of DTl is the DT model failure
to describe the formation of voxel that contain multiple fibre with different orientations (such as
crossing fibres). This is because DTl is independent of the tissue architecture, the diffusion properties

of each voxel are always average by a single diffusion ellipsoid.

Diffusion in brain tissue (e.g. CSF) can be isotropic i.e., water can diffuse equally in each direction, or
it can be anisotropic, such as white matter tracts where diffusion is less restricted along the long axis
of the white matter tract than it is in direction perpendicular to the tract (Symms et al., 2004). it has
also been thought that grey matter of the cortex in adults also exhibit isotropic diffusion (Pierpaoli
and Basser, 1996, Shimony et al., 2006). Overall, diffusion is more restricted along white matter
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bundles than in grey matter. Therefore, DTI uses anisotropy to estimate the axonal organisation of the
brain. There are four scalar parameters which are used in DTI to estimate and determine axonal
integrity. Namely, fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD) and radial
diffusivity (RD). The four scaler (FA, MD, AD and RD) parameters are calculated from the eigenvalues
(A1, A2, A3) of the diffusion tensor (O'Donnell and Westin, 2011). Each eigenvalue corresponds to one
of the eigenvectors (e, e;, e3). Geometrically, the diffusion tensor forms all ellipsoid with three main
axes oriented in that directions (defined by the eigenvectors) that translate to the extent (defined by

eigenvalues) of diffusivity in that direction (O'Donnell and Westin, 2011).

A

':L-;".'_

Figure 1.5. The diffusivity in three dimensions is modelled as an ellipsoid whose orientation is
characterised by the eigenvectors e, e; and e3, and whose shape is defined by the eigenvalues A3, A,
and As. Completely isotropic diffusion within a voxel is modelled by a perfect sphere (A), while
anisotropy is shown by the eccentricity of the ellipsoid (B). (Jellison et al., 2004).

Even though FA and MD are the most used DTl scalers as earlier mentioned, analysis of WM integrity
will not be complete without including the other two indices (AD and RD). This is because examining
diffusivity along the principal axis (AD) and the diffusion in orthogonal/perpendicular directions
(RD) complement FA and MD and because they provide more in-depth interpretation of FA and
MD related changes. FA, which is used as index of diffusion anisotropy (O'Donnell and Westin, 2011,
Dietrich et al., 2010, Hagmann et al., 2006), is generally used as an indicator of WM integrity (relating
to axon myelination, the diameter of axons, and/or the density); increase FA is an indication of WM
maturation, increase myelination and dense axonal packing. Lower FA may be an indication of axonal

damage and/or de(dys)myelination (Tromp, 2016, Hoeft et al., 2007). MD, which is independent of

20



anisotropy, demonstrates the average movement of water within the WM voxel and can be
interpreted as a general indicator of WM maturation and/or injury (Basser and Pierpaoli, 1996). In
contrast to FA, decreases in MD relate to WM maturation, increased myelination, and denser axonal
packing whereas its increase may affect WM maturation, decrease myelination, and reduce axonal
packing density. Even though FA and MD are both individually sensitive to microstructural changes,
their interpretation alone is not enough to determine axonal and myelin related changes —
interpretation of FA and MD in relation to AD and RD provide an in-depth interpretation of FA and
MD. AD is related to WM maturation and axonal damage and it complement FA in these regards.
Increase AD points at WM maturation while its decrease is related to axonal damage. AD has not been
shown to be related to myelination or axonal density (Tromp, 2016). RD describes the amount of
diffusion perpendicular to the WM axons and may affect neurons in the way MD does (Tromp, 2016).
Myelin, which surrounds an axon, hinders perpendicular diffusion. Thus, high RD values indicate WM

damage due to de(dys)myelination (Feldman et al., 2010).

The second objective of this study was to determine and compare the diffusion indices of the tracts
connecting the ROIs of HEU and HUU infants. Diffusion indices such as MD is a measure of cellular
state, while diffusion anisotropy give insights about the structure of white matter. Overall, DTI
measures describe the structural organization of white matter of the brain. DTI has been used to study
brain development from as early as first trimester (Feldman et al., 2010), through postnatal period —
childhood to adulthood (Lebel et al., 2008). It has been used to demonstrate localized white matter
differences in HEU infants and children as compared to their uninfected peers (Jankiewicz et al., 2017,
Tran et al.,, 2016, Madzime et al., 2021). Over the years, DTl has been an effective modality in studying
brain injury disorders such as acute stroke (Chen et al., 2008), multiple sclerosis (Sbardella et al., 2013,

Kolasa et al., 2019) and epilepsy (Leyden et al., 2015).

1.2.9.1.4 Tractography

Diffusion tensor tractography is a technique for tracking white fibre bundles that is non-invasive. It
connects distant locations by integrating voxel-by-voxel orientations into a pathway (Garcia and Anaya
2016). Tractography can be considered a subtype of DTI (Anaya Garcia et al., 2015). The basics of both
techniques are the same, though tractography is a further step to DTl —the tensors of cerebral white

matter can be reconstructed to track 3-dimensional (3D) macroscopic fibre orientation in the brain.

21



Therefore, tractography provides information that cannot be achieved by conventional anatomical

MRI.

The translation of the long axis of the tensor (v1) (figure 1.6, 1.7 and 1.8) into neural trajectories can
be achieved by various algorisms. These algorisms are broadly classified into two, deterministic and
probabilistic. Deterministic is the most used of the two algorithms. Mori et al created one of the first
deterministic algorism, the FACT (fibre assignment by continuous tracking) (Mori et al., 1999, Xue et
al., 1999). These are also called line propagation or streamline techniques (fig 2.7) (Yamada et al.,
2009). Neural connections are mapped by designating at least 2 arbitrary regions of interest (ROI) in
3D space. Tracking is terminated when a pixel with low FA or predetermined trajectory curvature
between two contagious vectors is reached (figure 2.8). These are often called “stop criteria”.
Probabilistic algorism is based on global energy minimization to find the most favourable energetic

pathway between two pixels (Mori and van Zijl, 2002).

The main application of tractography is the 3D visualization of white matter trajectories, particularly
in relation to brain pathology (Alexander et al.,, 2007, Catani and Thiebaut de Schotten, 2008).
Tractography has been used in research settings to study both developing and aging brains, which has
help clinicians to detect abnormalities in the brain and to diagnose neurological conditions such as

epilepsy, metabolic disorders, mental ilinesses, and brain tumors (Anaya Garcia et al., 2015).

A1 v

A1= 42> 13

Figure 1.6. Diffusion constants of a given ellipsoid are shown. A1 represents diffusivity in the longest
axis of this tensor. V1 represents the vector orientation of A;
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Figure 1.7. Tracking starts at a pixel (or region of interest [ROI]). The fibre assignment by continuous
tracking (FACT) program tracks the ellipsoids as long as the adjacent vectors are strongly aligned.
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Figure 1.8. (Left) tracking between two neighbouring voxels. Stop criteria: When diffusion vectors of
neighbouring voxels become random or meet predefined set of conditions, as quantitatively
established by an inner product of these diffusion vectors, tracking is terminated (middle). The
algorithm also terminates when the diffusion ellipsoids approach as a spherical shape (right).

1.2.9.2 Neuropsychological techniques

Neuropsychological tests measure a psychological function associated with a brain structure or
pathway (Boyle et al., 2012). These tests are used in research and clinical settings to learn more about
brain function and diagnose brain impairments. The principle of neuropsychological assessments or

tools is to generate a hypothesis about a region or area of the brain (of interest) that is involved in a
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particular behaviour or function and then apply an appropriate behavioural or cognitive test(s) to
evaluate the hypothesis (Sciences, 2000). The tests usually involve the systematic administration of
clearly defined tasks. Ideally, it is possible to dissociate one behaviour from another (for example,
explicit from implicit memory) by using a cluster of tasks or applying such tasks to both normative and
clinical populations. Data from a normative population are usually stratified by age, level of education,
and ethnicity, especially when empirical evidence has proven that these factors affected the
performance of a particular test. Controlling for these factors allows for a person’s performance to be
compared to a suitable control group and thus provide a fair assessment of their current cognitive

function. (Seidman, 1998, Habben and Millberg, 2009, Lezak et al., 2012).

Neuropsychological tests can be categorized into different forms based on the type of brain function
they assess (Lezak et al., 2012). No brain part or region works in isolation. Most forms of cognition
usually involve multiple functions working in unison. However, some tests are organized to
predominantly assess specific cognitive functions such as intelligence, memory, language, executive
function, visuospatial, etc. Others are designed to measure multiple cognitive functions, such as those

used to measure neurodevelopment.

Different types of neuropsychological tools are available depending on the age strata under study (see
table 1.3). These tools have been adapted and normalized for Africans. Of the 42 related studies listed
in table 1.3, Bayley Scales of Infant Development (BSID) (both as a stand-alone or in combination with
other neuropsychological tools) appears to be the widely used tool overall. BSID is the most used test
in North American and African (table 1.3). BSID was first developed in 1933 for assessing infant
behaviour and predict later development. The first edition of these scales only provided test
procedures and scores for the first 18 months, which is why the scales did not comply with important
psychological testing pre-requisites. It was re-standard in 1993 to assess children between ages one
and four months (BSID II) (Bayley, 1993). Bayley Il assesses a child in five developmental domains -

cognitive, language, motor, social-emotional and adaptive behaviour (Bayley, 2006).

1.2.10 Disruptions of typical brain development

The fetal and early neonatal period involves critical processes in the developing brain. Brain
maturation is controlled by complex interactions among signalling receptors, genetic/epigenetic
factors, and environmental influences. The sequence of brain development during the gestational
period are — neurulation (weeks 3 — 4), porencephalic development (months 2 — 3), neuronal
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proliferation (3 — 5 months), neuronal organization (5 months postnatal period) and myelination
(begins in the second trimester, spike in in the immediate neonatal period, and continues postnatally
into adulthood) (Cordeiro et al 2015). Disruption of this developmental processes during this critical

period may result in irreversible brain damage or even death.

Maternal health plays an important role in healthy brain development in utero during pregnancy.
Maternal infections (viruses, bacterial, parasites) have been linked to the disruption of normal brain

development.

1.2.11 Infections and brain development

Several independent studies provide empirical evidence of the link between infections during
pregnancy and altered brain development. Viral infections such as influenza (Ellman et al., 2009,
Parboosing et al., 2013), HIV (Msellati et al., 1993, Nozyce et al., 1994, Nozyce et al., 2014), Hepatitis
(Salemi et al., 2014), and cytomegalovirus (Fowler et al., 1992, Nigro et al., 2005) are the most
reported. Infections cause disruptions or alterations in normal brain development via the activation
of inflammatory cascades, leading to the release of proinflammatory markers and ultimately structural
and functional changes. For the scope of this study, we will limit our review to the impact of maternal

HIV infection and antiretroviral (ARV) treatment on fetal brain development in HEU children.

1.2.12 HIV/ART exposure and brain development

It is difficult to dissociate the effects of HIV and ARVs on the developing brain of HEU children since
ART is widely used to protect both the mother and the fetus. ART programs for pregnant women and
their infants are designed to improve maternal health and reduce vertical transmission, as well as
prevent negative effects of HIV infection on the developing fetus. The impact of this
treatment/prevention program is evidenced by the dramatic reduction in vertical transmission and
the increased population of HEU children. However, some pharmacovigilant studies have shown that
ART is not completely safe for the fetus. Some of the adverse effects reported include prematurity,
growth retardation and metabolic disturbances (Powis et al., 2011, Jao and Abrams, 2014, Hofer et
al., 2016). Mitochondrial abnormalities (Blanche et al., 1999, Barret et al., 2003, Brogly et al., 2007)
and delay in language acquisition (Sirois et al., 2013, Rice et al., 2013, Himes et al., 2015, Desmonde
et al., 2016) have also been documented. Overall, it is safe to say that the benefits of ART in the
prevention of vertical transmission outweighs its adverse effects because the reported adverse effects

are subtler in HEU than in children living with HIV.
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Researchers, clinicians, and policy makers have grown more interested in HEU infants and children
because studies suggest this growing population experience developmental delays (Wu et a., 2018).
Since it is difficult to separate the effects of HIV and ART exposure on fetal brain development in the
current era, the next few paragraphs will focus on how HIV/ART impact on the developing fetal brain.
Prenatally, HEU children are exposed to HIV virus and may be exposed to ART. Postnatally, HEU infants
may be exposed to ART through breastfeeding (Le Doare et al., 2012). Since HEU children are exposed
to HIV/ART but not infected by HIV virus, it is important to monitor their developmental milestones
to be able to detect any developmental disorder or delay involving cognitive abilities including

behaviour, learning and language acquisitions as it affects their day-to-day life endeavours.

The methods employed in the study of human brain development include indirect methods, which
measure cognitive functions, and direct methods, such as imaging techniques which quantify aspects
of brain structure and function. Both methods have been used, separately or in combination, to gain
more understanding about HIV/ART exposure effects on fetal/infant brain development and/or

impairment.

Tables 1.3 and 1.4 below summarize the studies using indirect and direct methods to study the impact
of ART and HIV exposure on the brain in HEU as compared to HUU children. Overall, the findings are
inconsistent, which may be due to variations in age, study designs, study location, socioeconomic
status, ARV regimens, and other factors. In table 1.3, a total of 41 studies using neuropsychological
methods were included — we excluded studies with subjects above the age of 12 years as teenage
period is marked with dramatic changes in neural activities. Of these 41 studies, 27 (66.0%) were
performed in Africa (Boivin et al., 1995, Drotar et al., 1999, Bagenda et al., 2006, Van Rie et al., 2008,
Van Rie et al., 2009, Ngoma et al., 2014, Chaudhury et al., 2017, Springer et al., 2018, le Roux et al.,
2018, Wedderburn et al., 2019, Boivin et al., 2019, Msellati et al., 1993, Kandawasvika et al., 2011,
Laughton et al., 2012, Brahmbhatt et al., 2014, Alcock et al., 2016, Familiar et al., 2018, Kacanek et al.,
2018, Debeaudrap et al., 2018, Laughton et al., 2018, Springer et al., 2020, Rotheram-Borus et al.,
2019, White et al., 2020, Strehlau et al., 2020, Gruver et al., 2020, Ntozini et al., 2020, Madlala et al.,
2020), seven (17.0%) from North America (Mellins et al., 1994, Forehand et al., 1998, Culnane et al.,
1999, Dorsey et al., 1999, Alimenti et al., 2006, Williams et al., 2010, Sirois et al., 2013) with two studies
each appearing to be with the same group from Africa (Van Rie et al., 2008, Van Rie et al., 2009) and

North America (Forehand et al., 1998, Dorsey et al., 1999) respectively. Four (10.0%) studies from Asia
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(Sanmaneechai et al., 2005, Wu et al., 2018, Kerr et al., 2014, Rajan et al., 2017), two (5.0%) from
South America (Gomez et al., 2009, Spaulding et al., 2016), and one (2.0%) from Europe (Esposito et
al., 1999). In all, fifteen (about 40%) studies reported lower scores in at least one measure of the
assessed domains — HEU children have deficits in cognition, motor function, expressive and receptive
language, and behavior (Boivin et al., 1995, Forehand et al., 1998, Dorsey et al., 1999, Esposito et al.,
1999, Sanmaneechai et al., 2005, Van Rie et al., 2008, Brahmbhatt et al., 2014, Alcock et al., 2016,
Familiar et al., 2018, Wu et al., 2018, le Roux et al., 2018, Wedderburn et al., 2019, Ntozini et al., 2020,
Madlala et al., 2020). Lower scores on reading and various aspects of language are common to HIV
affected children in African countries (Van Rie et al., 2009, Brahmbhatt et al., 2014, Alcock et al., 2016,
Wedderburn et al., 2019, Ntozini et al.,, 2020). Table 1.4 summarize studies using brain imaging
methods in HEU and HUU infants and children. To date only nine studies have used imaging in the
context of HEU. Six (67.0%) studies were conducted in South Africa. And seven (78.0%) reported subtle
brain changes in HEU compared to HUU children (Cortey et al., 1994, Tran et al., 2016, Jankiewicz et
al., 2017, Robertson et al., 2018, Graham et al., 2020, Madzime et al., 2021, Yadav et al., 2020).

Neuroimaging measures provide detailed information on the structure and biology of the CNS.
However, imaging outcomes do not provide much insight into the consequences of observed
abnormalities. Taken together, a combination of neuroimaging and neuropsychological measures may

provide greater insight into the consequences of HIV/ART exposure on the infant brain.
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Table 1.3 Neuropsychological studies on the effects of HIV/ART exposure on HEU children’s brain

Ref Country Study type Scale ART Received Neurodevelopmental Sample Size Mean score difference
(MD);
by the pregnant Assessment
p-Value
Woman Age (months) HEU HUU
(Msellati et al., Rwanda DDST Not reported 6-24 133 193 No difference HEU vs
1993) HUU
(Mellins et al., USA Cross-sectional DDST Not reported 2-30 30 23 p=ns
1994)
BSID
(Boivin et al., Zaire Cross-sectional K-ABC Not reported 3-18 20 16 HEU had poorer global
1995) cognitive scores on K-
ECSP Over 24 ABC
(Forehand et al., USA Cross-sectional ABS Not reported 72-132 87 132 MD = 1.87; p<0.05
1998)
CBCL HEU had difficulty in all
domains of psychological
CDI, PRS . psy g
adjustments.
WRAT-R
(Drotar et al., Uganda Cross-sectional BSID Not reported 0-24 234 115 MD=-1.5; p=ns
1999)
PDMS
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(Culnane et al., USA Cross-sectional BSID-II AZT 30 64 73 MD=,0.2; p=0.84
1999)
No significant difference
(Dorsey et al., USA Cross-sectional ABS, CBCL Not reported 72-132 87 132 MD=not reported;
1999) p<0.05
CDI
HEU children had
behavioural difficulties
(Esposito et al., Italy Cross-sectional ABS, CBCL Not reported 72-132 39 78 P<0.05. HEU had worse
1999) scores in most of the
CDI . .
behavioural domains
(Sanmaneechai et Thailand Cross-sectional CBCL ZDV 36-60 30 35 MD=n/s; p= 0.03. HEU
al., 2005) had lower cognitive
TIA i
function
(Alimenti et al., Canada Cross-sectional BSID-II AZT, 3TC, NVP, 18-36 39 24 MD-=-3.2; p=not
2006) NFV reported. p=ns
(Bagenda et al., Uganda Cross-sectional K-ABC Not reported 72-144 42 37 p=ns
2006)
(Van Rie et al., DRC Cross-sectional BSID Il, SON, Not reported 18-72 35 90 HEU had poorer motor
2008) PDMS and expressive language
(Van Rie et al., DRC Cross-sectional BSID Not reported 18-71 35 90 p< 0.001 at 6 and 12
2009) months
SON

HEU had poorer motor
scores
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(Gomez et al., Colombia Longitudinal BSID Il AZT, 3TC, NVP, 3,6,9,12,18, 24 7 6 MD=-7.0; p=0.90
2009) LPV/r, NFV
No significant difference
(Williams et al., USA and Longitudinal BSID Il AZT 6,12, 18, 24, 30, 36 169 146 MD=-5.0; p=0.82
2010) Puerto Rico
No significant difference
(Kandawasvika et Zimbabwe - BINS Not reported 12 188 287 No difference HEU vs
al., 2011) HUU
(Sirois et al., USA Cross-sectional BSID 111 AZT, 3TC, TDF, 9-15 309 62 MD= 0.4; p=0.82
2013) ATV, LPV/r, NFV
(Laughton etal.,,  South Africa Cross-sectional GMDS cART 10-12 28 34 No difference HEU vs
2012) HUU
(Ngoma et al., Zambia Cross-sectional FSDQ AZT, LPV/r, NVP 15-36 97 103 No difference, MD=4.7;
2014) p= Not reported
(Brahmbhatt et Uganda Cross-sectional MSEL AZT/cART 0-6 105 108 HEU had poorer
al., 2014) receptive language
(Kerr et al., 2014) Thailand Cross-sectional WISC-11I, WPPSI- Not reported 24-132 160 167 HEU had lower score in
&Cambodia 111, Beery VMI, FSIQ (MD =-5.07;
CBCL p=0.03), Verbal 1Q (MD =
-6.09; p= 0.004), and
Bead memory (MD = -
3.78; p=0.01
(Alcock et al., Kenya Cross-sectional Kilifi CDI Not reported 8-30 14 161 HEU had poorer
2016) language
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(Spaulding et al., Latin Cross-sectional Neurological 1, C ART 6 1400 - No neurological
2016) America motor clinical abnormalities observed
examination
Brazil,&Carib
Bean
(Chaudhury et al., Botswana Cross-sectional BSID 111 AZT, 3TC, FTC, 24 313 357 MD= 0.59; No difference
2017) TDF, EFV
HEU had lower cognitive
score, and expressive
language (p=0.09)
(Rajan et al., India - DAC-I c ART 6—18 50 9 No difference
2017)
(Familiar et al., Uganda - MSEL cART 6-12 75 140 HEU had lower cognitive
2018) scores
(Springer et al., South Africa Cross-sectional BSID I cART or AZT 12 58 38 No significant difference,
2018) p=ns
(Wu et al., 2018) China Cross-sectional BSID I CART 6-30 250 250 HEU had lower cognitive
and adaptive scores
(le Roux et al., South Africa Cross-sectional BSID IlI TDF, FTC, EFV 11-18 215 306 HEU and HUU had

2018)

similar scores in all
domains, but HEU
children had higher odds
of been diagnosed with
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cognitive delay and
motor development.

(Kacanek et al., Botswana Prospective DMC, BSID Il cART 24 197 - No abnormalities
2018) cohort
(Debeaudrap et Cameroon Prospective K-ABC Il, SDQ Not reported 24-36 101 110 No difference HEU vs
al., 2018) cohort HUU
(Laughton etal.,,  South Africa Prospective GMDS-ER, CBCL, cART 24-36 34 39 No difference HEU vs
2018) cohort Beery HUU
(Springer et al., South Africa Prospective BSID Il cART or AZT 30-42 32 27 No significant difference,
2020) cohort p=ns
(Wedderburn et  South Africa Prospective BSID-II TDF, FCT, EFV 6,24 61 199 HEU had higher
al., 2019) cohort proportions with
expressive (p=0.02) and
receptive language
(0.03) delays
(Boivin et al., Uganda & Prospective MSEL, KABC-II TDF, FCT, EFV 12, 24, 48, 60 199 146 No significant difference
2019) Malawi cohort between HEU and HUU
at all timepoint
(Rotheram-Borus  South Africa Prospective BSID, CBCL, SDQ, Not reported 2 weeks, 6, 18, 36 345 732 No difference HEU vs

et al.,, 2019)

cohort

K-ABC

HUU
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(White et al., South Africa  Prospective/cross- GMCD Not reported 4-12,12-20 wks 14 8 p=ns
2020) sectional
No difference was
reported
(Madlala et al., South Africa Longitudinal ASQ Not reported 12-24 355 - HEU delayed
2020) development in gross
and fine movement. p-
value not reported
(Strehlau et al., South Africa Cross-sectional BSID I Not reported 12 49 - No developmental delay
2020) found in HEU children
(Gruver et al., South Africa Cross-sectional GCS, K-ABC I, R- Not reported 4 -6 years 257 627  No different across all
2020) DLS I domains between HEU
and HUU
(Ntozini et al., Zimbabwe - MDAT, CDI, A- Not reported 24 205 HEU lower total child
2020) not-B test, self- 1175 development and

control task

vocabulary scores

AZT—zidovudine; 3TC—Ilamivudine; NVP—nevirapine; NFV—nelfinavir; LPV/r—lopinavir/ritonavir; TDF—tenofovir; ATV—atazanavir; EVF—evaferenze. BSID-Il—Bayley
Scales of Infant Development second edition; BSID-Ill—Bayley Scales of Infant Development third edition; FSDQ— Full-Scale Developmental Quotient; CBCL — Aggressive
Behavioural Subscale; CDI — Children’s Depression Inventory; WRAT — Wide Range Achievement Test; PDMS — Peabody Development Motor Scale; PRS — Parent Rating
Scale; ECSP — Early Childhood Screening Profile; K-ABS- Kaufman Assessment Battery for Children; DDST — Denver Development Screening Test; GCMD — The Guide for
Monitoring Child Development; ASG — Ages and Stages Questionnaire; R-DLS — Reynell Developmental Language Scales; GCS — Grover-Counter Scale of Cognitive
Development; MDST — Malawi Developmental Assessment Tool; DAC-I — Developmental assessment scale for Indian infants; GMDS — Griffiths Mental Developmental

Scale.
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Table 1.4 MRI brain imaging studies on the effects of HIV/ART exposure in HEU children

Ref Country Study type Imaging ROIs ART in Age at Sample Size  Findings suggestive of neurodevelopmental
modality pregnancy scans alterations in HEU children
HEU HUU
(Cortey et al., USA Cross- MRS parietooccipital Not reported 1-10 days 5 5 choline-to-creatine ratio is higher (p=0.001)
1994) sectional white matter in HEU; NAA/creatine ratio is lower in HEU
(WM) (p=0.01)
(Jahanshad et Thailand Cross- DTI Whole WM, Not reported  2-15 years 30 33 No group differences
al., 2015) sectional Corpus Callosum
South Cross- DTI Cerebral, HEU had Higher FA in middle cerebella
Africa sectional brainstem and peduncles (p=0.003)
(Tranetal., Not reported  2-4 weeks 15 22
cerebellum WM
2016) bundles
(Jankiewicz et South Cross- DTI AZT, NVP 7 years 19 27 HEU had increases in FA in a cluster of
al., 2017) Africa sectional corticospinal tracts
(Holmes et al., South Longitudinal MRS MFGM, basal AZT, NVP 5,7and 9 29 35 No group differences
2017) Africa ganglia and years
peritrigonal WM
(Robertson et South Cross- MRS Basal ganglia AZT, NVP 7and 9 14 21 At age 7yrs, no group differences
al., 2018) Africa sectional years
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At age 9yrs, HEU had lower NAA, glutamate,
/ choline, and creatine (p < 0.05)

(Graham et al., South Cross- MRS Basal ganglia, AZT, NVP 11 years 30 30 HEU had lower levels of NAA and Glu in the
2020) Africa  sectional MFGM, PWM MFGM, and NAA and NAA where low in
PWM compared to HUU

(Yadav et al., India Cross- DTI Multiple brain Not reported 10 years 8 22 HEU had lower FAs; increased/decreased
2020) sectional regions MDS

(Madzime et al., South Cross- DTI Default mode AZT, NVP 7 years 19 27 HEU had Higher FA than HUU
2021) Africa sectional network, visual,
somatosensory
network,
salience,
auditory, basal
ganglia

AZT—zidovudine; NVP — nevirapine; MRS—magnetic resonance spectroscopy; DTI—diffusion tensor imaging; magnetic resonance imaging; WM —white matter; MFGM—
midfrontal grey matter; PWM — peritrigonal white matter; FA—functional anisotropy.
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1.2.13 HIV/ART exposure and breastfeeding

Optimal breastfeeding practices have been shown to favor cognitive outcomes (Horta et al., 2015), as
well as intelligence, educational attainment, and income (Horta et al.,, 2015). At the same time,
breastfeeding is one of the common routes through which HIV can be transmitted from mother-to-
child. However, when taken during pregnancy and after giving birth, ART reduces vertical transmission
of HIV through this route and other common routes like during pregnancy, labour, or delivery. While
PMTCT has been promising in the fight against vertical transmission, it is not completely safe for
mothers living with HIV to breastfeed their infants. For example, in the United States, where there is
access to clean and portable water, and affordable infants’ formula, the CDC and the American
Academy of Pediatrics recommend that HIV-infected mothers completely avoid breastfeeding their
infants, regardless of ART and maternal viral loads, this may be because there still a small risk of
transmission. This can also be said of the rest of the developed world. In contrast, in resource-limited
settings such as some parts of Africa, WHO recommend that HIV-infected mothers should breastfed
exclusively for six months of life (starting as early and within 1 hour after birth), and continue for at
least 12 months, with the addition of complementary foods. The benefits of breastfeeding outweighed
the risks of transmission as it has been shown that suboptimal breastfeeding is linked to morbidity
and mortality especially in resource-limited settings (Victora et al., 2016). Examining neuroimaging
measures a few weeks after birth has the advantage of identifying the effects of maternal HIV/ART
exposure before parenting differences and/or breast versus formula feeding may confound brain

outcomes.

1.2.14 Changes in brain structure and functions from birth to early infancy

Investigating normative brain trajectories from early postnatal life onward is especially important in
identifying deviations from typical development. Structural and/or functional alterations may be

associated with cognition and language development.

Since the earliest periods of postnatal development are the most dynamic (Gilmore et al., 2007), much
research has been focused on understanding typical changes in the brain during this period. Deviation
from typical maturation may indicate cognitive, psychological and/or behavioural disorders. MRl is
one of the most reliable and safest tools to longitudinally investigate healthy brain development.

Before imaging techniques emerged, clinicians relied on approaches such as measuring head
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circumference as surrogate for brain development (C TE, 1967, World-Health-Oganization, 2007,

Daymont et al., 2010).

Structural MRI allows one to study the anatomical development of the brain, structural properties
such as cortical thickness and gyrification as well as structural connectivity (Haartsen et al., 2016). A
neonate brain weighs between 380 to 420g (Huppi et al., 1998), which is one-fourth to one-third of its
matured volume. At 2 to 4 weeks postnatal life, total brain volume is approximately 36%, and it is
about 72% of adult volume at 1 year of age (Knickmeyer et al., 2008). The rate of cerebral growth
slows down after age 2, reaching 80% of its adult size at 3 years and approaches 90 to 92% at 9 years
(range 7 to 11 years) (Caviness et al., 1996a, Caviness et al., 1996b, Caviness et al., 1996c). Overall,
intracranial volume increases by about 300 mL between 3 months and 10 years (Pfefferbaum et al.,
1994). Sexual dimorphism has been documented, with males having a larger average cerebral volume

than females (Holland et al., 2014, Choe et al., 2013, Lenroot et al., 2007).

Regional structural growth rates have also been demonstrated. Choe and colleagues (2013) computed
subcortical grey matter growth rates from three-months postnatal age to 13-month at three different
age groups and intervals: 3 -to- 4 -months, 6 -to-7 -month and 12 -to- 13 -months ages groups. The
rate of thalamic growth was steady for the entire assessment periods — 3.8 % increase between the
first and second assessment periods and 5.0% between the second and third assessment periods, even
though the interval between the second and third assessment periods is twice (6 months) that of
interval between the first and second assessment periods (3 months). Conversely, growth rates of
basal ganglia structures (caudate, putamen and globus pallidus) were higher between the first and
second assessment periods. With regards to laterality, globus pallidus, cerebrum and cerebellar
hemispheres were reported to be significantly larger on the left whereas caudate, hippocampus and
ventral diencephalon were rightward symmetry for all ages combine (i.e. 3 -to- 13 month) (Choe et
al., 2013). At age 3 months, thalamus, putamen, globus pallidus and hippocampus were larger on the
right (Holland et al., 2014). Choe et al (2013) reported larger thalamus and putamen on the left
hemisphere in the 3 -to-4 -month age group. In the 6-to-7 -month age group, cerebrum, globus
pallidus, lateral ventricles, and cerebellar hemisphere larger on the left than on the right, while
caudate, hippocampus and ventral diencephalon were larger on the right than on the left. At 3-month,
male infants have larger cerebellum, thalamus, caudate, putamen and amygdala than female infants.

Globus pallidus and hippocampus were larger in females than in male infants (Holland et al., 2014).
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It has been established that the growth rates of cortical thickness and cortical surface area differ
across brain regions (Lyall et al., 2015), with cortical thickness maturing earlier than cortical surface
areas in most brain regions. Though both cortical thickness and surface area are larger during the first
year of postnatal life than in the second year. At age 2 years, the cortical thickness approaches 97% of
adult values, whereas the cortical surface area only reaches 69% of adult values at this age (Haartsen
et al., 2016). Cortical gyrification is also age dependent, with larger folding rates at age 1 year than at

age 2 years (Moeskops et al., 2015).

Regional brain connectivity also follows developmental trajectory. White matter tracks or fibre
bundles/networks structurally connect brain regions with each other to allow for communication of
various modalities for optimum functioning of the CNS. Tractography imaged by diffusion DTl is used
to trace these connections (Ball et al., 2013, Brown et al., 2014, Huang et al., 2015). In utero, it has
been shown that connections in the frontal and occipital lobes were higher than in the other regions
(Brown et al., 2014). These connections are part of networks that are already highly efficient and
clustered at term age, but show increased efficiency, clustering and small-worldness with increasing
age (Haartsen et al., 2016). Brain regional connectivity increases with age suggesting an increased in

white matter tracts with higher fractional anisotropy values (Huang et al., 2015).

1.3 Study introduction

Between 2017 and 2021, 226 Xhosa-speaking women (144 living with HIV; 82 uninfected controls), 18
years or older, with low-risk pregnancies were recruited at < 31 weeks of gestation from community
antenatal clinics in Cape Town, South Africa where HIV sero-prevalence approaches 30% (SANAC,
2018). Of the pregnant women living with HIV (PWLH), 78 had initiated ART before conception,
exposing the fetus to ARVs for the entire pregnancy, while 66 started ART after conception of the

current pregnancy (Figure 1).

Study exclusion criteria were underlying chronic disorders (e.g. diabetes, epilepsy, tuberculosis,
hypertension), poor obstetric history (e.g. any previous second trimester miscarriage, stillbirth,
neonatal deaths, hypertension, gestational diabetes, previous premature delivery), active tuberculosis
or a known tuberculosis contact, current pregnancy related medical conditions (e.g. hypertension or
diabetes); medication other than required pregnancy supplements (ferrous sulphate, folic acid,
calcium carbonate) or ART, cotrimoxazole or isoniazid; among women with HIV poor adherence to
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ART, non-standard ART regimens or nondisclosure of HIV status to family members; alcohol
consumption > 7 drinks per week or >4 drinks per occasion, illicit drug use, or language criteria not

met.

All women enrolled provided written informed consent in person in their preferred language before
enrolling into the study. The study was conducted according to protocols that had been approved by
the Health Sciences Human Research Ethics Committees of Stellenbosch University (M16/10/041) and
the University of Cape Town (UCT; 801/2016). Mothers also provided consent for their infants to

participate in the study.

At enrolment demographic information was recorded. Women had monthly study visits to coincide
with planned routine antenatal clinic visits at the same site. Study visits included health monitoring
(co-infections and concomitant medications). Mothers were also interviewed at each clinic visit
regarding their smoking (cigarettes/day), alcohol and drug use using the timeline follow-back
approach (Jacobson et al., 2008, Jacobson et al., 2002). Urine was tested for recreational drug use
(cannabis, methamphetamine and methaqualone) at study visits closest to 20 and 33 weeks of
gestation. Gestational age (GA) was estimated by a combination of date of last menstrual period,
fundal height and early antenatal ultrasound performed at the clinic. Following delivery, the GA at
antenatal time points were adjusted according to the GA estimate at birth, taking into consideration

the above factors and repeat ultrasound examination.

For women living with HIV, VL and CD4 counts within 6 months of pregnancy and delivery were
obtained from clinic records. As per standard care for all pregnant women in South Africa, HIV status
is confirmed at the antenatal clinic mostly using HIV Rapid test. VL and CD4 counts are measured yearly
in previously diagnosed PWLH, and during pregnancy for those newly diagnosed. Only PWLH on fixed
drug combination ART (Tenofovir/ Efavirenz/Emtricitabine) were included in the study. An ART

adherence questionnaire was administered at each study visit by an adherence counselor.
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Figure 1.9 Enrolment summary

Infants born to PWLH were given Nevirapine if considered low risk and Zidovudine added if high risk
of vertical transmission of HIV. Infants were considered at high risk if maternal VL >1000 copies/mL at

32 weeks gestation.

Infant exclusion criteria included preterm delivery <36 weeks GA, neonatal hospital admission, birth
weight <2500g, positive on HIV-1 PCR, or conditions that could influence neurodevelopmental
outcomes, such as severe congenital malformations or chromosomal abnormalities, neonatal
asphyxia, persistent hypoglycaemia, or severe neonatal jaundice. Details of pre- and post-delivery

exclusions are provided in Figure 1.9

After exclusions, 186 mother-infant pairs were enrolled in the study, of which 67 infants were HUU,
65 HEU with ART exposure throughout gestation (HEU-pre), and 54 HEU but exposed to ART for only

part of their gestational period (HEU-post).
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1.3.1 MR data acquisition

New-borns and their mothers were transported to the Cape Universities Body Imaging Centre (CUBIC)
located adjacent to the UCT Faculty of Health Sciences in Cape Town, South Africa for MRI at a mean
GA of 41.6 weeks (range 39 — 45 weeks). A paediatrician, blind to HIV and ART exposure status,
weighed, examined, and administered the Dubowitz Infant Neurological Examination (Dubowitz et al.,
2005) roughly one hour before the scheduled scan. Infants were then fed, had their diaper changed,
sponge earplugs inserted in their ears which were then covered with mini-muffs and a beanie, and a
pulse oximeter attached to one of their feet to monitor oxygen saturation. They were tightly swaddled,
put to sleep supine on an MRI-compatible vacuum cushion containing Styrofoam beads (Vac Fix®, S&S
Par Scientific, Houston, TX) in the Siemens 16-channel paediatric head and neck coil, and imaged
without sedation on a 3 T Skyra MRI (Siemens, Erlangen, Germany). The protocol included a high-
resolution T1-weighted 3D echo-planar imaging (EPI) navigated multi echo magnetization prepared
rapid gradient echo (MEMPRAGE) acquisition (FOV 192x192 mm?, TR 2540 ms, Tl 1450 ms, TE’s =
1.69/3.55/5.41/7.27 ms, bandwidth 650 Hz/px, 144 sagittal slices, 1.0x1.0x1.0 mm?3; GRAPPA factor
2). Two diffusion-weighted imaging (DWI) sets with opposite (Anterior-Posterior, Posterior-Anterior;
AP/PA) phase encoding directions were acquired with a multi-band (Setsompop et al., 2012) twice
refocused spin-echo EPI sequence: TR 4800 ms, TE 84 ms, matrix 62 axial slices of 96x96 voxels (each
voxel 2x2x2 mm?3), 6/8 partial Fourier encoding, BW 1628 Hz/px, with slice-acceleration factor 2 and
GRAPPA factor 2. Each acquisition contained six b =0s mm (b0) reference scans and 30 DW gradient

directions with b = 1000 s mm™.

Of the 186 enrolled infants, 184 visited CUBIC (2 HEU-pre infants missed their visit) and 165 (58 HEU-
pre; 48 HEU-post; 59 HUU) provided imaging data. Scans were visually inspected for image quality and

a subset of 120 high-quality scans selected for manual tracing.

1.3.2 Manual segmentation of target ROIs

The caudate nucleus, putamen and globus pallidus of the basal ganglia, thalamus, cerebellar
hemispheres, and cerebellar vermis (Figure 1.10) were manually traced using Freeview software
(FreeSurfer v7.1.0 image analysis suite, http://surfer.nmr.mgh.harvard.edu/) on a Lenovo ThinkPad
Yoga370 tablet. Each ROI structure contour was manually traced in the coronal plane and corrected
on axial and sagittal planes on a slice-by-slice basis by a single expert neuroanatomist (Al). The tracer

was blinded to participants’ exposure status. Traced volumes were visually checked and verified by a
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senior neuroanatomist (FW). Total intracranial volume (ICV) for each subject was calculated using an
in-house script adapted from FreeSurfer. Manual tracing was preferred over automated segmentation
because of difficulty in segmenting neonate brains. Automated tools cannot clearly demarcate
between grey and white matter at this early stage as the brain is still undergoing rapid changes and

development.
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Figure 1.10 Coronal view of neonatal brain showing the manually segmented structures: Basal
ganglia (caudate (sky blue), putamen (magenta), pallidum (dark blue)), thalamus (green), cerebellar
hemispheres (yellow), and cerebellar vermis (purple). The slices shown here are from one of the
HUU infants’ images (slices 80 to 124).
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1.3.3 Image processing for DTI

Structural and DWI data were converted from DICOM format to NiFTi format using AFNI's
dcm2niix_afni tool. All diffusion-weighted volumes from both AP and PA acquisitions were visually
inspected. Any volume with slices showing distortion or signal drop-out was removed from both the
AP and PA acquisitions of that subject. Only subjects with at least 15 remaining diffusion directions,
and at least one b0 image, were retained for further analyses. DIFF_PREP and DR_BUDDI tools within
TORTOISE v3.1.0 (Pierpaoli et al., 2010; lefanoglu et al., 2015) were used to correct for motion and
eddy distortions and DWI distortion, respectively. We used the fat_proc_dwi_to_dt function in AFNI
for an estimating the diffusion tensor and DTI parameters (FA, MD, etc). The masks of the traced
volumes (with tracings performed in the structural space) were aligned to the diffusion space, using
12 parameter affine transformation performed in AFNI’s 3dAllineate. This was possible because
TORTOISE postprocessing step the DW were distortion-free and non-linear warping of the structural

to diffusion space was unnecessary. Finally, the ROls were inflated by 2mm using 3dROIMaker.

1.3.4 Tractography analyses

Full-probabilistic tractography was performed using 3dTrackID in AFNI (Taylor and Saad, 2013) with
the following stop criteria (section 1.2.15.1.5): angle threshold of 60 degrees, a mask of FA > 0.01, as
proxy for white matter in infants (Dubois et al., 2006), minimal streamline length threshold of 15mm,
number of seeds per voxel Monte Carlo iteration set to 5, number of Monte Carlo iterations = 1000.
Finally, tracks with a minimum of 5 streamlines connecting a pair of GM seeds were kept and
interpreted as a WM-tract. Only WM-tracts common to the entire set of subjects were kept for further
analyses. The DTl parameters FA, MD, AD, and RD for each of the WM-tracts were exported into R

statistical software (R Core Team, 2019) for further analyses.
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Figure 1.11. Top row (A, B, C): Manually traced structures used as seeds and targets for probabilistic tractography. A
= axial view; B = sagittal view; C = coronal view. Bottom row (D, E, F) = Axial, sagittal and coronal views of white
matter tracts from probabilistic tractography that connect the manually traced seeds/targets. Seeds/targets: 1)
caudate; 2) putamen; 3) pallidum; 4) thalamus; 5) cerebellar hemisphere; 6) cerebellar vermis. Regions are

numbered in one hemisphere only but were traced bilaterally.
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1.3.5 Neurodevelopmental assessments

The Griffiths Mental Developmental Scales (GMDS) assesses all developmental areas of child

development. The GMDS extended revised version (birth to age 2 years) was performed in the cohort

at 9 to 12 months. The GMDS assesses neurodevelopment on the subscales: locomotor, personal

social, language, eye & hand coordination, and performance (Table 1.5). A separate raw score was

allocated to each subscale. The raw scores of the various subtests were added up and processed to

obtain quotients. Obtaining scores for each subscale allowed one to determine the section of the

subscale of the measuring instrument the infant is demonstrating delay. Standardized translations

into IsiXhosa were used. We converted raw scores into age equivalents using standardized norms and

calculate a quotient as a percentage of each infant’s chronological age, using the United Kingdom

norms with a mean of 100 and standard deviation of 15. A quotient of less than 70 signifies

developmental delay.

Table 1.5 Griffiths mental developmental scales

Subscales

Description of abilities assessed

Locomotor

Balance, co-ordinate and control movements - crawling, sitting, standing,

pulling itself up by using furniture, and walking.

Personal social

Independence and personal-social development - inter alia, smiling,
holding a spoon, drinking from an open cup, reaction to strangers, finger

feeding, giving affection and playing interactive games.

Language

Receptive and expressive language - babbling, singing of tunes, the

number of words the infant can utter, identifying and naming of objects.

Eye & hand coordination

Co-ordination between eyes and hands and its ability to skilfully
manipulate objects - holding of objects, throwing of objects, pointing with
the index finger, the holding of pencil as if to mark on paper, and pushing

cars along.

Performance

Skills regarding manipulation, speed and precision - manipulation of more
than one object, reacting to paper, rattling of box, open lid of box, and

completion of form boards

General Quotient

Average of the 5 subscales above
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1.3.6 Statistical analysis

All statistical analyses were performed in R statistical software (R Core Team, 2019). Student’s t-
test/ANOVA and chi-square test for continuous and categorical variables, respectively, were used to

compare sample characteristics between unexposed and HEU groups.

We used linear regression models to examine group differences: HUU vs HEU, HUU vs HEU-pre, and
HUU vs HEU-post. To determine the most salient confounders for each model, we calculated Pearson
correlation coefficients between potential confounders and outcome volumes. Possible confounders
included 4 maternal indices (age at delivery, weight change per week, absolute alcohol consumption
per day averaged across pregnancy, and education), infant sex and 3 infant indices at scan (GA, weight,
and head circumference). Potential confounders related at p<0.10 to any outcome were included in
regression models with that outcome. Pearson correlation and linear regression were also used to
examine associations of regional brain volumes among HEU infants with maternal clinical and

treatment variables. We used false discovery rate (FRD) for multiple comparisons.
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CHAPTER TWO

Maternal HIV/ART exposure and neonate subcortical volumes

2.1 Introduction

Maternal HIV likely contributes to developmental delays in HEU infants and children through changes
to the mother’s immune system during pregnancy. While ART keeps the virus at bay by increasing
CD4+ T cells, it may also be neurotoxic to the fetus (Lanman et al., 2021). Human and animal models
provide evidence that maternal viral infections influence fetal and infant brain development (Choi et
al., 2016, Salemi et al., 2014, Bauman et al., 2014, Parboosing et al., 2013, Visentin et al., 2012, Ellman
et al., 2009), and an increased inflammatory response has been posited as a possible mechanism
(Sappenfield et al., 2013). As it is still not well understood how viruses — including HIV — affect the

developing fetus, it is important to monitor brain maturation in HEU infants.

While neuroimaging has been used to identify the effects of HIV exposure in infants and children, little
work has focused on anatomical changes. The only previous study to examine HIV exposure-related
structural brain changes was conducted in 10-year-old children and did not find any volumetric
differences using tensor-based morphometry (Jahanshad et al., 2015). In addition, little work has
examined subcortical structures. While most HIV-exposure imaging studies use DTI to study white
matter, an MRS study reported altered metabolite levels in the basal ganglia in 9-year-old HEU
children [reference Frances’ paper here]. This result suggest in utero exposure alters subcortical
development, at least in the basal ganglia. Segmentation of the basal ganglia may help refine the

location of regional effects of HIV exposure.

This is the first study to examine regional brain volume changes in early infancy within an HEU
population. Previous studies have demonstrated the vulnerability of basal ganglia in HIV infected and
exposed subjects. This vulnerability is attributed to the proximity of basal ganglia to the ventricular
system of the brain (Sarma et al., 2014, Castelo et al., 2007). We also include the thalamus and
cerebellum because they are equally proximal to the ventricular system of the brain. While basal
ganglia nuclei are proximal to the lateral ventricles, the thalamus and cerebellum are proximal to the

third ventricle and fourth ventricle, respectively (Martin, 2013).

The basal ganglia and cerebellum are also involved in motor control and coordination. HEU infants

have been found to have poorer fine and gross motor scores compared to their HUU counterparts.
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We hypothesized smaller volumes in the basal ganglia and cerebellum in HEU neonates compared to
HUU. Since no effect of ART initiation timing was previously seen on gross and fine motor function
(Madlala et al., 2020), we hypothesized that volumes would not be impacted by duration of in utero

ART exposure.

2.2 Results

We present volumes for 120 infants (79 HEU; mean age at scan + standard deviation =41.5 + 1.0 weeks
GA; 59 female). Of the 79 HEU infants, 40 were exposed to ART throughout gestation (HEU-pre) and
39 only for part of their gestational period (HEU-post). Post-conception mothers initiated ART at a
mean GA of 15.4 (+5.7) weeks. Sample characteristics are summarized in Table 2.1. Overall, maternal
and infant indices were similar across groups, except that mothers in the HIV pre-conception group
were roughly 3 years older than their post-conception and HIV-negative counterparts. Mothers in the
HIV pre-conception group had higher CD4+ cell counts and lower VLs within 6 months of enrolment
than the post-conception mothers. There were only 10 mothers with positive drug tests — 4 for
cannabis (3 HUU; 1 HEU-pre), 5 for methamphetamine (3 HUU; 2 HEU-post) and 1 methaqualone in
the HUU group. Only 1 HUU mother reported smoking. Approximately 50% of mothers across groups

reported very low levels (all < 0.10 oz AA/day) drinking during pregnancy.

Figure 2.1 shows regional volumes by group, together with results from pairwise group comparisons
using independent two-tailed Student’s t-test. Associations of potential confounders with regional
volumes are summarized in APPENDIX (supplementary analysis 1 Table 2). In no regions were volumes

associated with infant sex, maternal age at delivery or maternal education.

In Table 2.2 we present regression coefficients for the effect of group on regional volumes, controlling
for potential confounding by covariates weakly related to the volumetric outcome being examined.
As a group, HEU infants demonstrated significantly smaller left putamen compared to HUU. However,
this difference falls below conventional levels of significance within each of the HEU sub-groups when
compared separately to HUU. In contrast, we observe smaller caudates bilaterally in infants in the
HEU-post group compared to HUU, which are not seen in the HEU-pre group, nor when comparing all
HEU infants combined to HUU. Both left and right caudate surviving FDR correction for multiple
comparisons, while the significant difference observed in the left putamen does not remain after

correction.
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In the APPENDIX (Supplementary analysis 1 table 3 and figure 1) we present associations of regional
volumes among HEU infants with maternal clinical and treatment variables. In both the left and right
caudate, increasing duration of ART exposure is associated with increasing volume (figure 2.2), effects
that remain significant after control for potential confounding by infant weight. Moreover, higher
maternal CD4 within 6 months of enrolment is associated with larger left caudates. Although we do
not find association of volumes with maternal VL in any of the regions studied here, either among
mothers with detectable VL or all mothers living with HIV, infants in the HEU-post group with
detectable VL demonstrate smaller left thalamic volumes than those with undetectable VL (mean +
sd, detectable VL = 4225.8+369.2; undetectable VL = 4513.0+329.7; p = 0.02). Although below
conventional levels of significance, a similar result is seen in the right thalamus (detectable VL =
4322.6%£318.3; undetectable VL = 4554.8+376.1; p = 0.06) (APPENDIX: Supplementary analysis 1 table
4 and figure 2).
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Table 2.1 Sample characteristics (N = 120)

HUU HEU (n = 79)
(n=41) Pre-conception ART (n = 40) Post-conception ART (n = 39)
Mean1SD Range MeantSD Range MeantSD Range X’ort P (for
orF X%ort
orF
Maternal indices
Age at delivery (years) 28.2+5.7 19.6-44.1 314+54 20.6 -46.3 285+4.8 19.6 -40.9 4.45 0.01
GA at enrolment (weeks) 19.7+5.5 8.1-28.0 209+6.1 7.1-35.1 21.3+6.1 9.1-30.7 0.83 0.44
Highest school level completed (n, %)
Grade 6 0(0) - 1(2.5 %) - 0(0) -
Grade 8 2(4.9%) - 1(2.5 %) - 0(0) -
Grade 9 0(0) - 3(7.5%) - 1(2.6 %) -
Grade 10 1(2.4 %) - 3(7.5%) - 4(10.3 %) - 11.47 0.32
Grade 11 12(293%) | - 15 (37.5 %) - 14 (35.9 %) -
Grade 12 26 (63.4%) | - 17 (42.5 %) - 20 (51.3 %) -
CD4 within 6 mo of enrolment N/A N/A 576 £ 172 108 — 887 436 + 195 52-913 3.33 0.001
(cells/uL)?
VL within 6 mo of enrolment
Undetectable (n, %) N/A N/A 31(77.5 %) - 25 (64.1 %) -
1.13 0.29
Detectable (n, %) N/A N/A 9(22.5 %) - 14 (35.9 %) -
VL (copies/mL)? Median [IQR] | N/A N/A 30 [27 - 55] 26-238 259 [45-443] 22 -16787 7.99 0.009
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Substance use across pregnancy

Alcohol (n; %) 20 (48.8%) - 18 (45.0%) - 22 (56.4%) - 1.07 0.59
AA/day (0z)® 0.04 £ 0.03 0.057 x103-0.096 | 0.03 +0.02 0.012 -0.072 0.04 +0.02 0.009 -0.072 0.79 0.46
Cannabis (n; %)* 3(7.3%) - 1(2.5%) - 0 (0) - 3.45 0.18
Methamphetamine (n; %)* 3(7.3%) - 0(0) - 2(5.1%) - 2.85 0.24
Methaqualone (n; %)* 1(2.4 %) - 0(0) - 0(0) - 1.94 0.38
Smoking (n; %) 1(2.4%) - 0(0) - 0(0) - 1.94 0.38
Infant indices
Sex (n Female; %) 21 (51.2%) - 19 (47.5%) - 19 (48.7%) - 0.12 0.94
Delivery route:
Vaginal (n, %) 35(85.4 %) - 30 (75.0 %) 26 (66.7 %) -
3.84 0.15
Caesarean (n, %) 6 (14.6 %) - 10 (25.0 %) 13 (33.3 %) -
Birth indices:
GA (weeks) 39.8+1.2 36.7-42.1 39.7x1.4 36.6-42.1 39.7+1.5 36.9-42.3 0.04 0.96
Weight (g) 3265 + 388 2575-4180 3235 £ 347 2575 —4255 3241 + 387 2500 -4230 0.07 0.93
Crown-to-heel length (cm) 499+2.7 45.0-58.0 49.6+2.2 44.0-54.0 50.1+2.8 43.0-56.0 0.29 0.75
Head circumference (cm) 341+1.2 32-37 340+1.2 31-36 33.5+1.5 31-39 2.09 0.13
ART exposure length (weeks) N/A N/A 39.7+14 36.6-42.1 24.8+5.7 14.0-35.6 16.1 <0.001
MRI indices:
GA Equivalent (weeks) 41.6+0.9 40.0-43.9 41.3+1.0 39.0-44.4 415+1.2 39.0-434 0.50 0.61
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Weight (g)° 3491 + 405 2500 - 4250 3440 £ 421 2700 — 4500 3465 + 397 2750 - 4450 0.15 0.86
Head circumference (cm)® 35.0+1.3 32-37 35.5+1.3 33-37 349+1.2 31-36.5 2.48 0.09
Total ICV (x 10° mm3) 4.95+0.71 3.84-7.55 5.28 +0.59 3.99-6.41 5.07+0.74 3.44-7.68 1.69 0.19

1CD4 count missing for 2 mothers who started ART pre-conception; 2Based only on mothers with detectable VL levels (9 mothers who started ART pre-conception; 14

mothers who started ART post-conception); 3Based only on mothers who consumed alcohol; 1 oz absolute alcohol (AA) is equivalent to 2 standard drinks; “Numbers based
on urine tests; 5Data missing for 1 infant in the pre-conception group and 2 HUU infants. Bold indicates significance at p< 0.05. °Fisher exact test.
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Figure 2.1. Comparison of regional volumes by group. The HEU group comprised exposed uninfected infants born to mothers
who had either initiated ART pre-conception or during gestation (post-conception); HUU are unexposed uninfected controls.
Hourglasses show median and interquartile ranges; whiskers are upper and lower extremes. Values above and below the
whiskers are outliers, defined as data points more than 1.5 times the interquartile range above (or below) the upper (or

lower) quartile. p values from independent one-tail student t-tests.
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Table 2.2 Comparison of regional volumes between infants who had (HEU) and had not (HUU) been exposed to HIV
prenatally. We also separately compare infants who had been exposed to ART either throughout gestation (pre-
conception ART) or for a shorter period (post-conception ART) to unexposed infants. Values are unstandardized
regression coefficients (B) and standard errors (SE).

HUU vs HEU HUU vs HEU pre- HUU vs HEU post-
Region conception ART conception ART
B (SE) p B (SE) p B (SE) p

Left caudate? -65.8 (44.2) 0.14 18.1 (48.7) 0.71 -149.4 (48.7) 0.003
Right caudate? -54.5 (45.0) 0.22 22.2 (50.4) 0.66 -131.0(50.1) 0.01
Left putamen?®3* -91.3 (46.3) 0.05 -89.1 (53.7) 0.10 -93.5 (55.6) 0.08
Right putamen?3 -40.1 (44.1) 0.45 -12.8 (52.0) 0.81 -64.6 (50.6) 0.20
Left pallidum? 3.4 (27.6) 0.90 21.9(32.2) 0.50 -14.2 (31.8) 0.66
Right pallidum3* -3.9(27.6) 0.89 -2.0(32.7) 0.93 -4.7 (31.8) 0.88
Left thalamus? -52.7 (83.2) 0.53 -35.0 (96.4) 0.72 -70.5 (96.3) 0.47
Right thalamus?? -55.8 (82.0) 0.51 -53.8 (96.4) 0.58 -56.4 (96.1) 0.56
Left cerebellum?3 328.9 (265.5) 0.22 531.4 (305.8) 0.09 128.9 (304.8) 0.67
Right cerebellum?3 211.9 (265.3) 0.43 472.6 (304.0) 0.12 -45.5 (303.1) 0.88
Vermis?3 63.1 (69.6) 0.37 29.7 (80.4) 0.71 96.9 (80.7) 0.23

The model includes potential confounders related to the outcome at p<0.10: 1 = equivalent GA of infant at MRI; 2
= infant weight at MRI; 3 = infant head circumference at MRI; 4 = maternal weight change per week;. Bold
indicates significance at p<0.05.
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Figure 2.2. plots showing associations of the regional volumes among infants with maternal clinical and treatment

variables.
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2.3 Discussion

To our knowledge, this is the first study to quantify the influence of maternal HIV infection and
prenatal ART exposure duration on subcortical and cerebellar volumes in uninfected newborns. We
found HIV exposure-related volume reductions in the left putamen and bilateral caudates. The fact
that the reductions in caudate volumes were evident only in infants from the HEU-post group,
suggests that maternal ART protects the caudates of the developing fetal brain from HIV-related
damage. This is further supported by the associations between caudate volumes and duration of
prenatal ART exposure. The observed fetal neuroprotection may be related to maternal immune
health, as maternal CD4 count was positively associated with left caudate volumes. However,
reductions in the left putamen were not related to ART duration or maternal immune health during

pregnancy suggesting different mechanisms are involved.

Exposure to maternal HIV infection

The reduction in the left putamen volume among HEU neonates suggests that HIV infection, even with
ART, still influences the developing fetal brain. Exposure to maternal infection likely impacts the fetal
brain indirectly via maternal inflammation cascades at the level of placentation. Proinflammatory
cytokines secreted from maternal decidua immune cells are elevated in pregnant mothers living with
HIV compared to their uninfected counterparts (Vyas et al., 20213, Lee et al., 2001). The increasing
number of proinflammatory cytokines may disrupt immune equilibrium at the maternofetal interface.
The maternal and fetal immune systems synergistically interact during pregnancy to support typical
fetal development and prevent adverse outcomes (Arck and Hecher, 2013). The maternal aggravated
immune response to HIV infection may skew immune responses toward inflammation, and this may
provoke the fetal part of the placenta to initiate its own responses. HEU infants demonstrate an
increased frequency of activated T cells compared to HUU. (Bunders et al., 2014a, Vigano et al., 2007,

Clerici et al., 2000).

A study in rhesus macaque found reduced grey and white matter volumes in offspring whose mothers
were infected with influenza virus. The authors show that the virus had not entered the fetal
compartment nor elicited a primary response. Further, MRI at 1 year demonstrated reductions in most
of the grey matter volumes and decreased white matter volume in the parietal cortex compared to
controls. The authors posit that fetuses did not need to be directly infected with the virus before it
impacts their brains. The atrophy reported appeared to be the consequence of secondary mediators

generated by the maternal immune response (Short et al., 2010).

Therefore, neural abnormalities in uninfected neonates may be a result of a maternal immune

response rather than directly from fetal primary responses. Studies in rodents and mice mimicking
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inflammation in pregnancy demonstrate the impact of increasing proinflammatory cytokines on the
placenta with subsequent effects on fetal neurodevelopment (Meyer, 2014, Smith et al., 2007).
Proinflammatory cytokines IL6 can enter the fetal circulation via amniotic fluid by disrupting the
functions of the placenta (Smith et al., 2007). Cytokines generated in the placenta can in turn excite
the synthesis of fetal cytokines (Gilmore et al., 2003, Urakubo et al., 2001). Both cytokines and
circulating leucocytes can permeate the developing blood-brain barrier (BBB) and brain parenchyma
leading to neurodevelopmental dysfunctions (Meyer et al., 2006, Rees and Harding, 2004). However,
the exact mechanisms underlying the basal ganglia volume reductions observed in this study are

unclear.

The sequence of events leading to grey matter atrophy following the entrance of cytokines and
circulating leucocytes into these regions in HEU populations is lacking. A large body of literature has
linked structural atrophy to inflammation and gliosis (Cavaliere et al., 2020, Guzman-Martinez et al.,
2019, Walker, 2018, Bachiller et al., 2018, Pekny and Pekna, 2016). A substantial number of studies
have implicated basal ganglia in HIV infection with the majority of studies reporting grey matter
atrophy (Li et al., 2018, Becker et al., 2011, Kuper et al., 2011, Di Sclafani et al., 1997, Aylward et al.,
1993). A few studies reported hypertrophy in these HIV affected regions, and attributed these
increased volumes to increased accumulation of HIV-infected mononucleated cells and toxins in the
structures closer to the ventricular system due to easier penetration (acute), and slow metabolic
waste removal (due to chronic exposure) in more distal regions such as putamen and nucleus

accumbens (Randall et al., 2017, Sarma et al., 2014, Castelo et al., 2007).

Juxtaposing with studies reporting grey matter reductions above, the mechanism underpinning the
basal ganglia reduction in HEU babies is likely similar to children living with HIV. The common
preconditioning denominator is inflammation. However, the cascades of events leading to
neuroinflammation in both cases are different. While the primary response to HIV infection triggers
the release of proinflammatory cytokines in children living with HIV, neuroinflammation in HEU is due

to a secondary effect from the maternal primary response.

Exposure to maternal HIV infection and variable ART duration

We find significantly reduced caudate volumes in the HEU post-conception group compared to HUU
infants. In addition, HEU infants’ caudate volumes were positively associated with in utero ART

exposure duration.

Despite evidence of improved prevention of vertical transmission of HIV among mothers who initiated
ART preconception compared to those who started ART during pregnancy (Agabu et al., 2020,

Mandelbrot et al., 2015), pre-conception ART has been linked with increased risk of still births,
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preterm delivery (PTD), small for gestational age or low birth weight infants (Snijdewind et al., 2018,
Uthman et al., 2017, Chen et al., 2012). However, we are not aware of any studies that have reported
negative effects of longer prenatal ART exposure on infant neurodevelopmental outcomes. In contrast
to the poorer birth outcomes reported in the above studies, the numbers of miscarriages/fetal
anomalies among mothers enrolled in our study were similar across groups, as were the number of
infants excluded due to PTD, low birth weight or a medical diagnosis (8.0% HUU; 9.6% HEU-pre; 9.5%
HEU-post). Moreover, all infant indices at birth were similar across groups. Discrepancies with
previous studies may be attributable to optimised ART regimens in the current study, where all women

living with HIV were on a fixed drug combination ART (Tenofovir/ Efavirenz/Emtricitabine).

To date, it is not clear what the optimal period and timing of ART treatment during pregnancy is to
minimise HIV-related damage to the fetus. A cell line study by Divi and colleagues examining
mitochondrial pathology in cultured human cells exposed to zidovudine over a protracted period,
found a transient zidovudine-induced abnormal proliferation of mitochondria in cells exposed to
zidovudine for half of the experimental period (early to mid-passages). In contrast, cells of the later
passages showed irreversible wide-spread mitochondrial morphological damage and severe
mitochondrial DNA depletion (Divi et al., 2007). Extrapolating to the whole human organism, this
suggests that exposure to ART from conception to mid-pregnancy might be sufficient to prevent HIV-
related neural damage even in zidovudine-based combination therapy where concerns have been

raised regarding its safety to developing fetus (Zuena et al., 2013).

Since the development of neurons and glial cells (responsible for providing nutrients, support and
protection) is accelerated during the first trimester when the foundation of brain structures and
functions are laid (Tiwari et al., 2018, Reemst et al., 2016, Stiles and Jernigan, 2010), any disturbances
over this period may have severe long-term consequences. Pre-conception ART may mitigate HIV-
related neural damage by lowering maternal viral loads and preventing an aggressive aggravated
maternal immune response (Maharaj et al., 2017). Conversely, in women who start ART later during
pregnancy, elevations of proinflammatory cytokines in the placenta and eventually in the fetal brain
during early pregnancy may trigger or precipitate brain mal-development and related aberrations in
cognition and behaviour later in life. Indeed, epidemiological data suggest that maternal infection
during early-to-mid human pregnancy is more likely to be associated with long-term developmental
brain and behavioural abnormality in the offspring (Brown et al., 2004, Rodier and Hyman, 1998,
Mednick et al., 1988)Meyer 2006). Corroborating with the postulated theory of easier penetrability of
certain debris (foreign substances) including infected microphages and circulating leucocytes via the

BBB into structures that are in close proximity with the ventricular system of the brain (Andronikou et
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al., 2014), suggests why caudate is heavily impacted. The invasion of the caudate nuclei by these
proinflammatory cytokines possibly elicits the volume reductions found in these structures via
inflammation and gliosis. The precursors of basal ganglia, the lateral and medial ganglionic eminences
first appear at embryonic stage 14. The basal ganglia, however, assumes its adult shape at embryonic
stage 21. The caudate and the future nucleus accumbens area appear first at stage 19 while putamen
and pallidum appear at stage 20 (Nunta-aree et al., 2001). This may suggest why the caudate is more
susceptible. The introduction of ART at any stage during pregnancy would prevent a further crossing
of these proinflammatory cytokines into the fetal brain thereby preventing the exacerbation of its
sequelae and in turn averting further damage to the developing brain. Notably, the timing of maternal
inflammation has been shown to impact the cytokine response in the fetal brain, as well as the

pathological consequences on brain and behaviour (Meyer et al., 2006, Rees and Harding, 2004).

Effects of maternal immune health

Maternal health is crucial for optimal fetal development. Pregnant women experience physiological
changes that are necessary to allow for implantation and subsequent fetal development. These
changes in maternal physiology are in tandem with maternal immune suppression, though this altered
immune system in pregnancy was recently reported to be timed (Aghaeepour et al., 2017). Mothers
living with HIV may be more vulnerable during pregnancy compared to HIV-uninfected mothers since
they face HIV-related immunocompromise in addition to pregnancy-related immune alteration (Vyas
et al.,, 20214, Pfeifer and Bunders, 2016, Abu-Raya et al., 2016b). Fetuses of HIV-infected mothers may
therefore be at greater developmental risk with or without maternal ART. In this study, we profiled
maternal CD4" cell count and viral loads during pregnancy as a measure of maternal immune health.
We found a positive association of the left caudate volume with maternal CD4* cell count (table 5,
figure 4). This is not unexpected as lower CD4* counts have been linked with weak immune health
(Battistini Garcia and Guzman, 2021), and compromised maternal immune health may indicate higher
decidual inflammatory cytokines. These in turn can passively be delivered to the fetus and may disrupt
the fetal innate immunity (Dzanibe et al., 2019, Clerici et al., 2000, Rich et al., 1997), with consequent
impact on the developing brain. We did not find an association between viral loads and volumes in
any of the regions studied —this may be due to the time at which the viral loads are measured. Further,
we stratified post-conception neonates into those whose mothers had detectable viral loads and
those whose mothers had undetectable viral loads to determine whether neonates born to mothers
who had undetectable viral loads had better volumetric outcomes. Within the postconception group,
we found significantly lower left thalamic volume in neonates whose mothers have detectable VL
relative to their counterparts whose mothers had undetectable VL (figure 2). Overall, this may point

to a potential role maternal wellness may play in the developmental outcomes of HEU children.

60



Despite maternal ART, HEU infants demonstrate smaller basal nuclei volumes compared to HUU.

However, these volumetric changes are largely driven by the timing of maternal ART initiation.

61



CHAPTER THREE

Neonate subcortical volumes predicting cognitive ability at 9-12 months
3.1 Introduction

In the previous chapter, we reported reduced bilateral caudate nuclei volumes in HIV exposed
neonates dependent on ART exposure duration and HIV exposure reductions in the left putamen
regardless of ART exposure duration. A body of evidence has shown that individuals with delayed

structural developmental milestones are at risk of cognitive impairments at later ages (Melillo, 2011).

Decreased cerebral and cerebellar GM volumes have been associated with poorer cognitive scores
during normal aging (Ramanoél et al., 2018).While structural MRI can identify the parts of the brain
impacted by HIV/ART exposure, it provides limited insight into the consequences of altered volumes.
Neuropsychological studies give information about functional abilities. Research combining both are
ideal for linking neural alterations to potential functional consequences. However, little work has been
done using both techniques within HEU populations. To date, two studies have examined the
association between imaging outcomes and neurodevelopmental outcomes (Yadav et al., 2020, Tran
etal., 2016). They report lower scores in HEU compared to HUU, with associations between DTI metric
and children (at age 10 years) and infants’ cognitive battery respectively (Yadav et al., 2020, Tran et

al., 2016).

Several neurodevelopmental studies have reported deficits or delays in several functional domains in
HEU infants and children (Ntozini et al., 2020, Wedderburn et al., 2019, Madlala et al., 2020). Grey
matter is the central processing unit of the brain, and consists of neural cell bodies, dendrites,
unmyelinated axons, glial cells, synapses, and capillaries (Purves et al., 2008). In HIV, reduced basal
ganglia volumes are associated with neurocognitive impairments (Qi et al., 2021, Yadav et al., 2017,
Wright et al., 2016) and dementia (Hestad et al., 1993). Hypertrophy of basal ganglia volume is also
associated with cognitive impairment (Castelo et al., 2007). With growing evidence of association
between altered grey matter volumes and neurocognitive impairment in patients living with HIV (Kato
et al., 2020, Lewis-de los Angeles et al., 2017), it is important to examine this relationship in the
context of HIV exposure. Examining the associations between basal ganglia volume and
neurocognitive outcomes in infants will contribute to our understanding of how HIV exposure-related

structural alterations may affect cognitive functions at later ages.

Basal ganglia are involved in motor control and learning. Its dysfunctions have been implicated in many
motors related impairments. Beyond the known motor role of basal ganglia, a number of studies have
provided evidence linking basal ganglia to other functional domains, such as cognition, linguistic ability

and reasoning. Itis also involved in emotion and reward systems via its connection to the limbic system
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(Leisman et al., 2014). The input components of the BG circuit include caudate nuclei, putamen, and
nucleus accumbens. These structures receive excitatory input from the cortex. The input components
then project mainly inhibitory signals to the intrinsic BG components — the external segment of globus
pallidus, subthalamic nucleus, and pars compacta of the substantial nigra of the midbrain. The major
BG output nuclei are the internal segment of the globus pallidus and pars reticulata of substantial
nigra of the midbrain. The output component of BG project to the thalamus for subsequent
projections back to the cortex for the modulation of motor activity (Lanciego et al., 2012, DeLong and
Wichmann, 2010, Wichmann and Delong, 2007). Atrophy or hypertrophy of these structures may
contribute to the underlying causes of motor and cognitive dysfunctions in non-imaging studies among
HIV exposed children and infants. Specifically, in adults, atrophy involving putamen and caudate nuclei
have been implicated in Parkinsonism —a movement disorder. Since the focus of this chapter is on the
components of basal ganglia volumes and its prospective associations with neurodevelopmental

outcomes, looking at typically developing infants’ will provide a benchmark of healthy development.

This chapter aimed to examine prospective associations between subcortical volumes in the neonatal
period and subsequent neuropsychological scores at 9-12 months. Neuropsychological outcomes
were determined using the GMDS. The GMDS have been used previously in the South Africa context
(Amod et al., 20073, Cockcroft et al., 2008, Laughton et al., 2010, Molteno et al., 2014). In South Africa
and within the context of HIV exposure, Laughton and colleagues have used GMDS for two different
studies to assess the neurodevelopment of HIV and HEU children at ages 10 - 12 months (Laughton et
al., 2019) and 5 years (Laughton et al., 2018). Out of these two studies, only one included HEU children
(Laughton et al., 2018). Scores were similar on GMDS, however HEU children scored lower relative to

HUU on the Beery visual perception scale.

Based on our findings reported in the previous chapter, and the role of basal ganglia in motor and
cognitive functions, we hypothesized lower volumes would be associated with poorer

neuropsychological scores in HEU infants.

3.2 Results
A total of 84 newborn infants had manually segmented subcortical volumes and successfully
underwent neuropsychological testing at 9-month (56 HEU; mean age at neuropsychological

assessments + SD = 9.8 + 1.2 months GA; 28 female).

Of the 56 HEU infants, 26 were exposed to ARV throughout gestation (HEU-preconception), and 30
only for part of their gestational period (HEU-postconception). Mothers in the post-conception group
had initiated ART at a mean GA of 15.4 (+5.7) weeks. Sample characteristics are summarized in Table

3.1. Overall, maternal and infant indices were similar across groups, except that mothers in the HIV
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pre-conception group were roughly 3 years and about 5 years older than their post-conception and
HIV-negative counterparts respectively. Not surprisingly, mothers in the HIV pre-conception group
had higher CD4+ cell counts and lower VLs within 6 months of enrolment than the post-conception
mothers. There were 7 mothers with positive drug tests. Five of the seven were HIV uninfected — 2
tested positive for cannabis, 3 for methamphetamines and 1 for methaqualone. Two mothers living
with HIV tested positive for Methamphetamine. None of the mothers reported smoking. Half of

mothers across groups reported very low levels of drinking in during pregnancy (all < 0.04 oz AA/day).

Neuropsychological outcome scores were similar for all infants across all domains assessed at an

average range.

In table 3.2 and figure 3.1 we present the associations of the infants’ subcortical volumes at one-
month, and GMDS scores at 9- to 12-months postnatal life. Our analysis finds significant associations

primarily in the HUU infants.

In typically developing infants (HUU), we found several negative associations between subcortical
volumes with neuropsychological domains. Specifically, locomotor scores were negatively associated
with bilateral pallidal volumes. Personal social scores were negatively associated with bilateral
caudate and pallidum and left cerebellar volumes. Language scores were negatively associated with
bilateral pallidal and right cerebellar volumes. Eye & Hand coordination scores were negatively
associated with bilateral pallidum, left cerebellum and right caudate and putamenal volumes.
Performance scores were negatively associated with left pallidal volumes and at trending level with
right pallium. General quotient scores were negatively associated with bilateral caudate, putamen,
pallidum, and cerebellum. None of the observed significant associations of structural volume scores
with neuropsychological subscales survive FDR correction for multiple comparisons except
associations between Personal Social scores with bilateral caudate and bilateral pallidum. In addition,

the observed significant association of Eye & Hand coordination also survived FDR correction.

In HEU infants, within the preconception group locomotor scores were positively associated with
bilateral caudate and putamenal volumes, and vermis. However, none of these associations survived

FDR correction for multiple comparisons.
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Table 3.1 Sample characteristics (N = 84)

HUU HEU (n = 56)
(n=28) Pre-conception ART (n = 26) Post-conception ART (n = 30)
MeantSD Range MeantSD Range MeantSD Range X?ort | P(forX?
orF ortorF)
Maternal indices

Age at delivery (years) 27554 19.6-42.4 32.2+55 20.6 -46.3 289+4.7 20.5-40.9 -0.97 0.34
GA at enrolment (weeks) 20.2+5.2 10.7-28.0 19.5+6.8 7.1-351 21.4+6.0 9.3-30.7 0.75 0.48
Highest school level completed (n, %)

Grade 6 0 (0) - 1(3.8%) - 0(0) -

Grade 8 1(3.6 %) - 0(0) - 0(0) -

Grade 9 0(0) - 2(7.7 %) - 1(3.4 %) - 19.57 1 0.14

Grade 10 0 (0) - 0(0) - 4(13.3 %) -

Grade 11 8 (28.6 %) - 10 (38.5 %) - 13 (43.3 %) -

Grade 12 19 (67. 8%) - 13 (50.0 %) - 12 (40.0 %) -
CD4 within 6 mo of enrolment N/A N/A 581 + 193 108 — 887 411 +£199 172 -814 3.38 0.001
(cells/uL)*
VL within 6 mo of enrolment

Undetectable (n, %) N/A N/A 17 (65.4 %) - 18 (66.7 %) -

0.02 0.89
Detectable (n, %) N/A N/A 9 (34.6 %) - 9(33.3 %) -
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VL (copies/mL)?>  Median®[IQR] | N/A N/A 30 [27 - 55] 26-—238 259 [45- 443] 22 -16787 7.99 0.009
Substance use across pregnancy
Alcohol (n; %) 16 (57.1 %) - 10 (38.5 %) - 16 (53.3 %) -
AA/day (0z)® 0.04 +0.02 0.06 x103 - 0.090 0.03 £0.02 0.014-0.072 0.04 £0.02 0.01-0.072 0.92 0.41
Cannabis (n; %)* 2 (7.1 %) - 0 (0) - 0 (0) - 4.09 0.13
Methamphetamine (n; %)* 3(10.7 %) - 0(0) - 2 (6.7 %) - 2.81 0.24
Methaqualone (n; %)* 1(3.6 %) - 0(0) - 0(0) - 2.02 0.36
Smoking (n; %) 0(0) - 0(0) - 0(0) - - NA
Infant indices
Sex (n Female; %) 16 (%) - 12 (%) - 16 (%) - 0.67 0.71
Delivery route:
Vaginal (n, %) 23 (82.1 %) - 20(76.9 %) 21 (70.0 %) -
1.19 0.55
Caesarean (n, %) 5(17.9 %) - 6 (23.1 %) 9 (30.0 %) -
Birth indices:
GA (weeks) 395+1.2 36.7-41.6 39.5+15 36.6-41.6 39.8+1.3 36.8—-42.3 0.24 0.79
Weight (g) 3249 £ 400 2575-4180 3147 £ 312 2575-3750 3244 + 407 2500 -4230 0.62 0.54
Crown-to-heel length (cm) 498+2.1 45.0-53.0 49.8+2.0 46.0-54.0 50.1+2.38 43.0-56.0 0.10 0.90
Head circumference (cm) 342+13 32-37 339+13 31-36 33.6+£1.6 31-39 1.31 0.27
ART exposure length (weeks) N/A N/A 39.5+1.5 36.6-41.6 249+55 14.0-35.6 13.07 <0.0001

MRI indices:
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GA Equivalent (weeks) 41.5+0.9 40.0-43.8 41.3+0.8 39.0-42.7 415+1.1 39.3-43.1 0.59 0.56
Weight (g)° 3539 +395 2700 —-4250 3391 + 405 2700 -4200 3468 £ 394 2800 — 4450 0.90 0.41
Head circumference (cm)® 35.1+1.2 33-37 35.5+1.3 33-37 347+1.3 31-36.5 2.16 0.12
Total ICV (x 10° mm3) 4.80+0.50 3.84-5.86 5.00 £ 0.60 3.99-6.40 5.06 £ 0.82 42.2 -7.65 1.12 0.33
Age at Neuropsychological 9.64+1.09 8.60-13.10 9.79+1.25 8.96 — 13.50 10.14+1.41 8.70-13.0 1.20 0.31
examination
Neuropsychological mean scores

Locomotor 104.7+14.1 71-126 106.2+11.7 84 -122 102.1+14.0 76 —-126 0.64 0.53
Personal Social 112.1+16.2 87 -150 106.2+11.8 76 -125 107.5+12.8 75-130 1.38 0.26
Language 107.0+12.4 85-138 107.0+11.9 77-131 107.6+12.6 89 -138 0.02 0.98
Eye & Hand Coordination 107.8+16.2 74 - 150 106.7+15.3 78 -133 102.9+13.5 78 -133 0.86 0.42
Performance 91.6+14.4 67 -133 92.1+12.2 72-120 91.7+15.1 50-110 0.01 1.00
General Quotient 108.0+17.9 82-177 104.948.9 86-125 103.6+10.1 82-124 0.90 0.41
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Table 3.2 Associations grey matter volumes with GMDS neuropsychological scores

Locomotion Personal Social
HUU HEU-preconception HEU-postconception HUU HEU-preconception HEU-postconception
B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.) p
L caudate -0.012 (0.010) 0.23 0.020 (0.009) 0.02 0.006 (0.009 0.65 -0.022 (0.009) 0.02 2.463 (8.583) 0.97 0.003 (0.013) 0.76
L putamen -0.008 (0.009) 0.37 0.022 (0.011) 0.05 0.004 (0.012) 0.69 -0.011 (0.008) 0.18 -0.012 (0.010) 0.21 2.607 (1.127) 0.99
L pallidum -0.028 (0.013) 0.04 0.013 (0.017) 0.46 0.032 (0.023) 0.17 -0.037 (0.012) 0.004 -0.003 (0.016) 0.82 -0.033 (0.021) 0.11
L thalamus 0.004 (0.005) 0.38 0.002 (0.005) 0.66 0.004 (0.006) 0.54 -7.0.29 (4.927) 0.88 -3.129 (4.987) 0.95 -9.796 (6.383) 0.87
L cerebellum -0.003 (0.001) 0.07 1.438 (1.460) 0.32 1.394 (2.186) 0.52 -0.003 (0.001) 0.02 -5.618 (1.352) 0.67 1.504 (2.024) 0.94
R caudate -0.016 (0.010) 0.10 0.019 (0.009) 0.04 0.006 (0.012) 0.62 -0.027 (0.009) 0.004 -0.002 (0.008) 0.78 0.013 (0.011) 0.24
R putamen -1.112 (9.199) 0.23 0.021 (0.010) 0.04 0.016 (0.010) 0.10 -0.008 (0.008) 0.33 -0.010 (0.010) 0.32 0.001 (0.009) 0.85
R pallidum -0.028 (0.014) 0.05 0.027 (0.014) 0.06 0.042 (0.025) 0.10 -0.039 (0.013) 0.005 -0.005 (0.013) 0.67 -0.012 (0.024) 0.61
R thalamus 0.006 (0.004) 0.21 0.001 (0.005) 0.74 0.004 (0.007) 0.55 -0.000 (0.004) 0.88 -0.004 (0.005) 0.45 0.001 (0.006) 0.78
R cerebellum -0.003 (0.002) 0.08 0.0012 (0.002) 0.46 0.0006 (0.0020) 0.80 -0.002 (0.015) 0.10 -0.0004(0.001) 0.30 0.0005 (0.0019) 0.80
Vermis 0.004 (0.006) 0.46 0.019 (0.008) 0.02 0.008 (0.009) 0.36 0.003 (0.006) 0.55 0.005 (0.007) 0.44 0.007 (0.008) 0.40

Language Eye & Hand coordination
HUU HEU-preconception HEU-postconception HUU HEU-preconception HEU-postconception
B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.) p
L caudate -0.012 (0.009) 0.20 -0.007 (0.008) 0.41 -9.727 (1.343) 0.94 -0.022 (0.011) 0.06 2.402 (1.053) 0.99 -0.018 (0.016) 0.24
L putamen -0.005 (0.008) 0.54 -0.013 (0.010) 0.18 0.014 (0.011) 0.18 -0.012 (0.010) 0.26 -0.007 (0.012) 0.54 -0.002 (0.013) 0.84
L pallidum -0.024 (0.012) 0.05 -0.020 (0.016) 0.21 -0.012 (0.022) 0.57 -0.040 (0.015) 0.01 -0.021 (0.020) 0.29 0.013 (0.026) 0.62
L thalamus 0.006 (0.004) 0.21 -7.546 (4.892) 0.87 0.004 (0.006) 0.49 -0.002 (0.005) 0.66 0.004 (0.006) 0.50 -0.007 (0.007) 0.34
L cerebellum -7.455 (1.634) 0.65 -6.358 (1.387) 0.64 -9.356 (2.077) 0.65 -0.004 (0.001) 0.02 2.944 (1.648) 0.85 -0.002 (0.002) 0.34
R caudate -0.020 (0.009) 0.03 -0.007 (0.008) 0.38 0.012 (0.011) 0.27 -0.029 (0.011) 0.01 -3.165 (1.061) 0.76 -2.598 (1.460) 0.85
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R putamen -0.004 (0.008) 0.59 -0.007 (0.010) 0.46 0.008 (0.009) 0.41 -0.012 (0.010) 0.25 -0.007 (0.012) 0.57 -0.011 (0.012) 0.35
R pallidum -0.030 (0.013) 0.03 -0.012 (0.013) 0.37 0.017 (0.024) 0.47 -0.035 (0.017) 0.03 -0.014 (0.017) 0.41 -0.010 (0.030) 0.72
R thalamus 6.348 (4.402) 0.15 -0.002 (0.005) 0.64 6.451 (6.581) 0.33 -0.001 (0.005) 0.72 0.001 (0.006) 0.77 -2.393 (8.270) 0.97
R cerebellum -0.0004 (0.001) 0.79 -0.001 (0.001) 0.85 -0.002 (0.002) 0.37 -3.508 (1.881) 0.06 -1.535 (1.822) 0.99 -3.323 (2.329) 0.15
Vermis 0.006 (0.006) 0.31 7.361 (7.840) 0.92 -6.804 (8.679) 0.93 0.011 (0.007) 0.11 0.009 (0.009) 0.30 -0.013 (0.010) 0.20

Performance General quotient

HUU HEU-preconception HEU-postconception HUU HEU-preconception HEU-postconception

B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.)
L caudate -0.014 (0.011) 0.22 0.007 (0.010) 0.43 0.010 (0.015) 0.51 -0.025 (0.009) 0.01 0.005 (0.008) 0.48 -8.752 (1.307) 0.94
L putamen -1.277 (1.011) 0.21 -0.009 (0.011) 0.41 -1.295 (1.302) 0.32 -0.024 (0.008) 0.005 -0.004 (0.010) 0.66 3.114 (1.093) 0.97
L pallidum -0.036 (0.014) 0.01 -0.018 (0.019) 0.34 -0.021 (0.025) 0.39 -0.050 (0.012) <0.0001 -0.009 (0.015) 0.53 -0.002 (0.020) 0.92
L thalamus 4.060 (5.649) 0.99 0.001 (0.005) 0.85 -0.007 (0.007) 0.34 -0.004 (0.004) 0.33 8.303 (4.960) 0.86 -0.001 (0.006) 0.87
L cerebellum -1.751 (1.880) 0.35 0.001 (0.001) 0.41 -0.010 (2.390) 0.67 -0.003 (0.001) 0.01 2.154 (1.349) 0.87 -6.313 (2.020) 0.75
R caudate -0.018 (0.011) 0.10 0.002 (0.010) 0.83 0.017 (0.013) 0.22 -0.035 (0.008) 0.0001 0.003 (0.008) 0.70 0.009 (0.011) 0.38
R putamen -0.001 (0.010) 0.89 -0.005 (0.011) 0.62 -0.012 (0.011) 0.26 -0.017 (0.008) 0.04 -0.001 (0.010) 0.89 9.352 (9.811) 0.92
R pallidum -0.027 (0.016) 0.09 -0.003 (0.016) 0.84 0.005 (0.028) 0.85 -0.045 (0.013) 0.001 -5.131 (1.353) 0.96 0.006 (0.023) 0.79
R thalamus -6.027 (5.181) 0.90 6.922 (6.366) 0.91 -0.008 (0.007) 0.28 -0.003 (0.004) 0.38 -0.001 (0.005) 0.82 0.002 (0.006) 0.75
R cerebellum -0.001 (0.001) 0.30 0.001 (0.001) 0.47 -5.912 (2.248) 0.79 0.003 (0.001) 0.02 -1.323 (1.488) 0.92 -1.060 (1.902) 0.57
Vermis 0.007 (0.006) 0.28 0.008 (0.008) 0.35 -0.007 (0.009) 0.44 0.006 (0.006) 0.28 0.008 (0.007) 0.29 -1.371 (8.663) 0.98
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3.3 Discussion

In this chapter, we examined the associations between grey matter volumes in the neonatal period
with neuropsychological outcomes at late infancy. We hypothesized that smaller subcortical grey
matter volumes would be associated with poorer neuropsychological scores. We observed positive
associations between locomotor scores and caudate, putamen and vermis volumes in HEU infants in
the pre-conception group. In line with our hypothesis, measures of locomotion are positively related
to components of the basal ganglia and cerebellum. And, HEU infants had reduced mean left putamen
volumes compared to their uninfected peers, and these reductions are related to lower locomotion
abilities. However, we expected to observe these associations within the post-conception group as

well.

Also contrary to our hypothesis, typically developing infants (HUU) demonstrated numerous negative
associations across volumes and neuropsychological domains. Pallidal volume was negatively
associated across all GMDS domains of, pointing at the involvement of pallidum in a wide range of

neurodevelopmental functions in early infancy.

Associations in typically developing infants

Bilateral pallidal volumes were related to all GMDS subscales. Most associations were significant and
would survive multiple comparison corrections. In addition to research linking the pallidum with
motor function (Graves et al., 2017; Lanciego et al., 2012), there is growing evidence showing its
involvement in cognition, behavior, and emotion (Aristieta and Gittis, 2021, Karube et al., 2019, Gillies
et al., 2017). Our findings support the involvement of the pallidum in motor functions as well as other

functional domains.

Typically developing infants’ caudate nuclei was also related to personal social, eye & hand
coordination and language scores. The associations with personal social were bilateral while the
associations with language and eye & hand coordination was right hemispheric domiciled. These
results suggest that the developing infants’ prospective associations of neonatal caudate with
personal social and eye & hand coordination domains at infancy is right hemispheric dominant.
However, the lateralization of these functional domains in relation to caudate volumes may be
transient as the brain continue to undergo remarkable changes until about 2 years postnatal life
(Alimenti et al., 2006). Further, these results may be counterintuitive since 90% of the population are

right-handed, and that brain sides control the opposite sides of the body (Guy-Evanas, 2021).
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Associations in HEU infants

Bilaterally, we found a positive association between caudate, putaminal and vermis volumes and
locomotor scores only in infants who were exposed to ART throughout pregnancy. In typically
developing infants, the only structure associated with locomotor scores is the pallidum. Our findings
suggest HEU infants may recruit different subcortical structures for locomotor function. It is
interesting that HUU infants rely on the pallidum only, while the pre-conception HEU infants recruit

caudate, putamen as well as the vermis.

Given the reduced putamen volumes in pre-conception infants, the finding that volumes predict
locomotor scores is expected. However, the lack of volume reductions in the caudate and vermis in
pre-conception neonates is surprising and suggests these structures may have altered development

between the time of scan and neuropsychological testing.

The volumetric associations with GMDS subscales in typically developing infants were missing in their
HIV/ART exposed counterparts. This result is particularly unexpected considering that HEU infants
performed similarly across all neuropsychological domains. These findings suggest HEU neonates
adequately recruit different structures to achieve the developmental milestones tested. It also
suggests the volume reductions observed in the previous chapter in HEU pre and post conception

neonates do not lead to delayed development in the domains tested at 9- to 12-months.

In conclusion, HUU infants demonstrate associations between structural volumes and
neuropsychological outcomes. Whereas, within HEU neonates we do not observe similar associations.

The lack of association may be due to the effect of HIV, ART or combination of both.
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CHAPTER FOUR

Maternal HIV/ART exposure and white matter integrity

4.1 Introduction

The period between the second trimester of pregnancy and the first two years of postnatal life is
critical for brain development. Fundamental processes of neurodevelopment including neuronal
migration, cellular organization, cortical layering, and myelination are remarkable from second and
third trimesters. These processes laid the structural foundation for efficient neural connectivity
required for optimal cognitive functions (Stile & Jernigan 2010). Since maternal HIV likely contributes
to developmental delays in HEU infants and children, studying the properties of white matter in early
infancy gives us a window into the influence of in utero HIV/ART exposure on myelin and axonal

maturation.

Common DTI metrics include FA and MD. FA is an indicator of WM integrity (relating to axon
myelination, the diameter of axons, and/or the density). MD can be interpreted as an indicator of WM
maturation and/or injury (Basser and Pierpaoli, 1996). In addition, AD and RD are frequently studied
alongside FA and MD to aid with interpretation. AD is related to WM maturation and axonal damage

and RD is related to myelination and dysmyelination or demyelination (Feldman et al., 2010).

Deviations from typical development due to HIV and ART exposure have been reported using DTI
(Madzime et al., 2021, Yadav et al., 2020, Jankiewicz et al., 2017, Tran et al., 2016, Jahanshad et al.,
2015). With only one of these studies using tractography (Madzime et al., 2021). Three of these studies
reported higher FA (Madzime et al., 2021, Jankiewicz et al., 2017, Tran et al., 2016) , and one reported
lower FA (Yadav et al., 2020). And the other reported no group diffreneces in HEU relative to their
unexposed counterparts (Jahanshad et al., 2015). However, none of these studies included the effects
of ART exposure in addition to HIV. Further, the only study that examined WM abnormalities using
DTl in infancy has small sample size compared to our study’s (Tran, 2016). They reported higher FA in

the middle cerebellar peduncle.

In our cohort, we previously reported volume reductions in putamen and caudate nuclei in HEU
compared to HUU children. Based on these findings, we hypothesized decreased FA and increased MD
in the tracts connecting caudate and putamen to other ROIs in HEU neonates compared to HUU. Since
the volume reductions we found in the first analysis is attributable to shorter in utero exposure to
ART, we hypothesized that increased FA would be attributable to shorter duration of in utero ART

exposure.
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4.2 Results

DTI pre- and post-processing was successful in 86 of the 120 infants whose structural images had been
manually traced. The remaining 34 subjects did not pass the quality control of both structural and DTI
postprocessing. Of the 34 subjects that did not pass the quality control, 16 did not have a minimum
15 diffusion directions while in 18 subjects, mask of their traced volumes does not align to their
respective diffusion space. A total of 30 WM tracts between seeds and targets were common to all

the 86 subjects.

A total of 86 infants (57 HEU; mean age at scan + SD =41.5 + 1.0 wks GA; 42 female) were included in
this analysis. Of the 57 HEU infants, 29 were exposed to ARV throughout gestation (HEU-pre), and 28
only for part of their gestational period (HEU-post). Mothers in the post-conception group had
initiated ART at a mean GA of 15.4 (+5.7) weeks. Sample characteristics are summarized in Table 4.1.
Overall, maternal and infant indices were similar across groups, except that mothers in the HIV pre-
conception group were roughly 3 years older than their post-conception and HIV-negative
counterparts; and pre-conception infants had slightly larger head circumferences at the time of their
scan than their post-conception and HUU counterparts. As expected, mothers in the HIV pre-
conception group had higher CD4+ cell counts and lower VLs within 6 months of enrolment than the
post-conception mothers. There were only 6 mothers with positive drug tests, and all were HIV
uninfected — 3 tested positive for cannabis, 2 for methamphetamines and 1 for methaqualone. None
of the mothers reported smoking. More than 40% of mothers across groups engaged in very low levels

of drinking in pregnancy (all < 0.08 oz AA/day).

Figure 4.1 depicts WM tracts between the manually traced seeds and targets. APPENDIX
(Supplementary analysis 2 Figure 1) shows WM tracts by group, together with results from pairwise
group comparisons using independent one-tailed student t-tests. Associations of potential
confounders with FA, MD, AD and RD in WM tracts are summarized in the APPENDIX, Supplementary
analysis 2 Tables 2.1a, 2.1b, 2.1c and 2.1d.

In Tables 4.2 and 4.3 we present regression coefficients for the effect of group on DTI parameters in
the WM tracts connecting our manually traced structures, controlling for potential confounding by
covariates weakly related to the volumetric outcome being examined. As a group, HEU infants
demonstrate significantly higher FA in the commissural connection between right putamen and left
thalamus, although with no significant corresponding AD and RD was observed. The observed
significant difference in FA survived FDR correction for multiple comparison at trending level (peor =
0.06). Within HEU, the observed higher FA was significant for both subgroups when compared

separately to HUU with none of these surviving FDR correction for multiple comparisons.
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Similarly, as a group, compared to HUU, HEU infants demonstrate higher MD in the ipsilateral tract
between caudate and thalamus in the right hemisphere with corresponding higher AD and RD, and
higher MD in diagonal bundles of the left putamen and right pallidum with corresponding higher RDs
only. When comparing each HEU subgroup to HUU, the higher MD in the right caudothalamic tract
remain significant for both HEU subgroups with corresponding significant RDs and trending ADs. None
of the observed significant values (both between and within groups) survive FDR correction for

multiple comparisons for all the DTI metrics — MD, AD and RD.

In tables 2.2a, 2.2b and 2.2c (APPENDIX Supplementary analysis 2) we present associations of WM
tracts among HEU infants with maternal clinical and treatment variables (2.2a = CD4 counts, 2.2b =
VL, 2.2c = infant ART exposure duration). In none of the tracts where we found group differences in
both FA and MD were associated with maternal clinical and treatment variables. However, we found
tracts correlating with maternal clinical and treatment variables in other tracts. Left-putamen to right
caudate tract’s FA, AD and RD were all correlated with CD4 counts (figure 4.2). Left caudoputamen’s
FA and RD, left caudopallidum’s MD and RD, and FA of the tracts connecting left putamopallidum, left
putamen/right caudate, and left putamen/right thalamus were all correlated with maternal VL. MD,
AD and RD of tract connecting right and left thalamus, right thalamocerebellar FA and right
thalamovermis AD were all associated with ART exposure duration. Details in APPENDIX

(Supplementary analysis 2 table 2.2c).

In the APPENDIX supplementary analysis 2, we stratified HEU combined into detectable and
undetectable VL arms Table 2.3a, and in Table 2.3b, we stratified each of the HEU subgroups (pre and
post conceptions) separately into detectable and undetectable VL arms. Within HEU combined, in
none of the tracts did infant demonstrate group differences in FA. In contrast, infants on the
detectable VL arm demonstrate higher MDs with corresponding increased ADs and RDs in the right-
putamopallidum and interthalamic tracts. Within HEU pre-conception subgroup, in one tract
connecting left-putamen to right-caudate, infants on the detectable VL strata demonstrate higer FA,
lower MD and corresponding lower RD. More also, within preconception subgroup, infants in the
detectable VL strata demonstrate higher FAs in four tracts (left-caudate-right thalamus, left putamen-
right thalamus, left-pallidum-right thalamus and right-caudate-left thalamus) within the extrinsic basal
ganglia connections, albeit with no corresponding significant ADs and RDs. In contrast, within the post-
conception subgroup, infants in the detectable VL strata demonstrate higher MD with corresponding

higher AD and higher RD in the fiber connection between right-putamen and left thalamus.
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Table 4.1 Sample characteristics (N = 86)

HUU HEU (n = 57)
(n=29) Pre-conception ART (n = 29) Post-conception ART (n = 28)
MeantSD Range MeantSD Range MeantSD Range X2or | P (for X?
torF |ortorF)
Maternal indices
Age at delivery (years) 28.8+6.0 19.7-44.1 31.5¢5.8 20.6-46.3 28.315.4 19.6 -40.9 2.58 0.08
GA at enrolment (weeks) 20.0+6.2 8.1-28.0 20.9+6.4 7.1-35.1 21.616.4 9.3-30.7 0.44 0.64
Highest school level completed (n, %)
Grade 6 0 - 1(3.4%) - 0 -
Grade 8 1(3.4%) - 1(3.4%) - 0 -
Grade 9 0 - 1(3.4%) - 1(3.6%) -
9.66 0.47
Grade 10 0 - 3(10.2 %) - 3(10.8 %) -
Grade 11 9(31.1 %) - 11 (38.0 %) - 12 (42.8 %) -
Grade 12 19 (65.5 %) - 12 (41.6 %) - 12 (42.8 %) -
CD4 within 6 mo of enrolment N/A N/A 542.9+165.0 108 — 832 425.5+209.9 52-913 2.32 0.02
(cells/uL)*
VL within 6 mo of enrolment
Undetectable (n, %) N/A N/A 22 (75.9 %) - 18 (64.3 %) -
0.44 0.50
Detectable (n, %) N/A N/A 7 (24.1 %) - 10 (35.7 %) -
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VL (copies/mL)? Median [IQR] | N/A N/A 34 [26 —59] 26-—238 259 [48 —398] 22 -16787 -0.92 | 0.008
Substance use across pregnancy
Alcohol (n; %) 13 (44.8 %) - 12 (41.4 %) - 14 (50.0 %) - 0.43 0.80
AA/day (0z)® 0.03+0.02 0.001-0.076 | 0.03+0.01 0.016 - 0.052 0.04+0.02 0.02-0.072 0.87 0.42
Cannabis (n; %)* 3(10.3 %) - 0(0) - 0(0) - 6.11 0.05
Methamphetamine (n; %)* 2 (6.8 %) - 0(0) - 0(0) - 4.02 0.13
Methaqualone (n; %)* 1(3.4%) - 0(0) - 0(0) - 2.0 0.37
Smoking (n; %) 0(0) - 0(0) - 0(0) - N/A | N/A
Infant indices
Sex (n Female; %) 15 (51.7 %) 15 (51.7 %) 12 (42.8 %) - 059 |0.74
Delivery route:
Vaginal (n, %) 25 (86.2 %) - 22 (75.9 %) 19 (67.9 %) -
2.70 0.26
Caesarean (n, %) 4 (13.8 %) - 7 (24.1 %) 9(32.1 %) -
Birth indices:
GA (weeks) 39.7+1.2 37.0-42.1 39.7+1.4 36.6-42.1 39.7+1.5 36.8—-42.3 0.02 0.98
Weight (g) 3256.4+415.9 2575-4180 3286.9+291.2 2775 - 4055 3265.9+417.8 2500 -4230 0.05 0.95
Crown-to-heel length (cm) 49.7+2.4 45 -54 49.9+2.1 44 -54 50.5+2.5 47 - 56 0.95 0.39
Head circumference (cm) 34.0£1.3 32-37 34.1+1.3 31-36 33.5%£1.5 31-39 1.58 0.21
ART exposure length (weeks) N/A N/A 39.7+1.4 36.6—42.1 24.9+6.0 14.0-35.6 12.9 <0.0001

MRI indices:
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GA Equivalent (weeks) 41.6x1.0 40.0-43.8 41.4+1.0 39.1-44.4 41.6+1.1 39.3-434 0.40 0.67
Weight (g)° 3495.4+419.1 2500 - 4025 3525.2+408.3 2775 -4200 3558.9+384.2 2850 - 4450 0.19 0.83
Head circumference (cm)® 35.0+1.3 32.0-37.0 35.8+1.1 33.5-37.0 35.0+1.3 31.0-36.5 4.50 0.01
Total ICV (x 10° mm3) 4.98+0.70 4.16-7.55 5.07+0.45 4.10-6.05 5.28+1.15 3.44-7.68 0.93 0.39

1CD4 count missing for 1 mother who started ART pre-conception; 2Based only on mothers with detectable VL levels (7 mothers who started ART pre-conception; 10
mothers who started ART post-conception); 3Based only on mothers who consumed alcohol; 1 oz absolute alcohol (AA) is equivalent to 2 standard drinks; “Numbers based
on urine tests; >Data missing for 1 infant in the pre-conception group and 2 HUU infants. Bold indicates significance at p< 0.05.
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Figure 4.1. Schematic showing WM tracts connecting manually traced gray matter seeds and targets. WM tracts have been grouped into three networks: (i) intrinsic basal ganglia network comprising tracts that connect basal ganglia structures, (ii) extrinsic basal ganglia network connecting basal
ganglia seeds to cerebellar and thalamic targets, and (iii) a thalamocerebellar network connecting thalamic and cerebellar structures. Red lines show WM tracts where infants in the HEU group have higher FA (R put-L thal) or higher MD (R caud-R thal) than their HUU peers. Notably, these
increases are evident in both infants whose mothers started ART pre- and post-conception. Higher MD is largely attributable to higher radial diffusivity. Left (L), right (R), caudate (caud), putamen (put), thalamus (thal), cerebellar hemisphere (cereb).
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Table 4.2 Comparison of DTl parameters (FA, MD, AD and RD) in WM tracts connecting manually traced seeds/targets between infants who had (HEU) and had not (HUU)
been exposed to HIV prenatally. Values are unstandardized regression coefficients (B) and standard errors (SE).

FA MD AD RD
HEU vs HUU HEU vs HUU HEU vs HUU HEU vs HUU
WM tract
B (SE) p B (SE) p B (SE) p B (SE) p

Intrinsic basal ganglia connections
L caudoputamen® 2" 1. 0.0005 (0.003) 0.80 0.013 (0.01) 0.20 0.009 (0.01) 0.50 0.010 (0.01) 0.20
L caudopallidum?* 0.003 (0.003) 0.40 0.005 (0.01) 0.70 0.010 (0.02) 0.50 -0.0004 (0.01) 1.00
L putamopallidum?®® * 0.005 (0.003) 0.10 0.013 (0.01) 0.30 0.015 (0.02) 0.40 0.015 (0.01) 0.10
R caudoputamen® & T 1 -0.001 (0.003) 0.60 0.011 (0.01) 0.30 0.014 (0.01) 0.30 0.013 (0.01) 0.20
R caudopallidum? # 1 0.001 (0.003) 0.70 -0.001 (0.01) 0.90 -0.003 (0.01) 0.80 0.002 (0.01) 0.80
R putamopallidum? 0.005 (0.004) 0.20 -0.013 (0.01) 0.30 -0.014 (0.02) 0.40 -0.010 (0.01) 0.30
Inter-caudate? -0.00005 (0.004) 1.00 -0.017 (0.02) 0.30 -0.021 (0.02) 0.30 -0.010 (0.01) 0.50
L putamen-R caudate® 0.003 (0.006) 0.50 -0.002 (0.01) 0.90 0.005 (0.01) 0.70 -0.006 (0.01) 0.70

Extrinsic basal ganglia connections
L caudothalamus® @b dA " 1.8 -0.001 (0.002) 0.70 0.013 (0.01) 0.20 0.020 (0.01) 0.10 0.014 (0.01) 0.10
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L putamothalamus? > A 1.5 -0.001 (0.002) 0.70 0.013 (0.01) 0.20 0.019 (0.01) 0.10 0.014 (0.01) 0.10
L pallidothalamus? ' 0.001 (0.003) 0.70 0.013 (0.01) 0.20 0.018 (0.02) 0.30 0.013 (0.01) 0.20
R caudothalamus® b %8 F 1. # -0.002 (0.002) 0.50 0.025 (0.01) 0.009 0.024 (0.01) 0.04 0.025 (0.01) 0.006
R putamothalamus®fF T -0.0001 (0.002) 0.80 0.001 (0.01) 0.90 -0.004 (0.01) 0.80 0.007 (0.01) 0.40
R pallidothalamus-$ 0.001 (0.003) 0.70 0.004 (0.01) 0.70 0.003 (0.01) 0.80 0.015 (0.01) 0.20
L caudate-R thalamus® &G ¥ 0.001 (0.004) 0.80 0.006 (0.01) 0.60 0.013 (0.01) 0.40 0.010 (0.01) 0.40
L putamen-R thalamus' 0.001 (0.005) 0.90 0.007 (0.01) 0.60 -0.004 (0.02) 0.80 0.004 (0.01) 0.80
L pallidum-R thalamus® &1 0.003 (0.005) 0.60 0.011 (0.01) 0.40 0.026 (0.01) 0.10 0.017 (0.01) 0.20
R caudate-L thalamus 0.0001 (0.004) 1.00 0.017 (0.01) 0.20 0.028 (0.01) 0.07 0.005 (0.01) 0.70
R putamen-L thalamus? ¢ # 0.014 (0.004) 0.002 0.0001 (0.01) 1.00 0.013 (0.02) 0.40 -0.009 (0.01) 0.40
R pallidum-L thalamus? & * 0.006 (0.004) 0.20 0.011 (0.01) 0.40 0.007 (0.01) 0.60 0.009 (0.01) 0.50
R putamocerebellar® 2?8 1 -0.001 (0.004) 0.80 -0.008 (0.01) 0.50 -0.006 (0.01) 0.70 -0.004 (0.01) 0.70
R pallidocerebellar® B -0.002 (0.004) 0.50 -0.001 (0.01) 0.90 -0.005 (0.02) 0.70 -0.002 (0.01) 0.80
Cerebellothalamic group
L thalamocerebellar® ™ * 0.004 (0.004) 0.30 0.005 (0.01) 0.60 0.010 (0.01) 0.50 0.006 (0.01) 0.60
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R thalamocerebellar2 > & F 0.001 (0.003) 0.80 -0.002 (0.01) 0.80 0.001 (0.01) 0.90 0.001 (0.01) 0.90
L thalamo-vermis’ 0.005 (0.005) 0.20 -0.004 (0.01) 0.70 0.006 (0.02) 0.80 -0.006 (0.01) 0.50
R thalamo-vermis® " £ 1 -0.001 (0.004) 0.90 -0.004 (0.01) 0.80 0.003 (002) 0.90 -0.004 (0.01) 0.70
Interthalami >t 0.002 (0.003) 0.60 0.002 (0.01) 0.80 0.006 (0.01) 0.60 0.009 (0.01) 0.40
L cerebello-vermist &5 8 F %t -0.004 (0.003) 0.20 0.010 (0.01) 0.40 0.003 (0.01) 0.80 0.013 (0.01) 0.30
R cerebello-vermist > b8 * 1 -0.003 (0.003) 0.70 0.001 (0.01) 0.90 | -0.007(0.01) | 0.60 0.004 (0.01) 0.70
Intercerebellit @ oA " t -0.004 (0.003) 0.10 0.0006 (0.01) 1.00 | -0.0001(0.01) | 1.00 0.009 (0.01) 0.40

The model includes potential confounders related to the outcome at p<0.1: FA:- 1 = infant sex; 2 = Equivalent GA of infant at MRI; 3 = infant weight at MRI; 4 = infant head
circumference at MRI; 5 = maternal weight change per week; 6 = maternal age at delivery; MD:- a = infant sex; b = Equivalent GA of infant at MRI; c = infant weight at MRI;

d = infant head circumference at MRI; e maternal weight change per week; f = maternal age at delivery; AD:- A = infant sex; B = Equivalent GA of infant at MRI; C = infant

weight at MRI; D = infant head circumference at MRI; E = maternal weight change per week; F = maternal age at delivery; RD:- * = infant sex; T = Equivalent GA of infant at

MRI; ¥ = infant weight at MRI, 8 = infant head circumference at MRI; § = maternal weight change per week; # = maternal age at delivery; Bold indicates significance at

p<0.05
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Table 4.3 Comparison of DT parameters (FA, MD, AD and RD) in WM tracts connecting manually traced seeds/targets) between infants who had not (HUU) been exposed to HIV prenatally and infants who had been exposed to ART either throughout gestation (pre-conception ART) or for
a shorter period (post-conception ART) to unexposed infants. Values are unstandardized regression coefficients (B) and standard errors (SE).

FA

MD

AD

RD

HEU pre-conception

HEU post-conception vs

HEU pre-conception vs HUU

HEU post-conception vs

HEU pre-conception vs

HEU post-conception vs

HEU pre-conception vs

HEU post-conception vs

WM-ROI vs HUU HUU HUU HUU HUU HUU HUU

B (SE) p B (SE) p B (SE) p B (SE) p B (SE) p B (SE) p B (SE) p B (SE) p

Intrinsic Basal ganglia connections
L caudoputamen® 5™ 1.8 0.0006 (0.003) 0.80 0.0005 (0.003) 0.90 0.006 (0.01) 0.60 0.020 (0.01) 0.07 0.0002 (0.01) 1.00 0.018 (0.01) 0.20 0.0007 (0.01) 0.90 0.019 (0.01) | 0.06
L caudopallidum? 0.002 (0.003) 0.60 0.003 (0.003) 0.30 0.001 (0.01) 0.90 0.009 (0.01) 0.50 0.002 (0.02) 0.90 0.018 (0.02) 0.30 -0.001 (0.01) 0.90 0.001 (0.01) | 0.90
L putamopallidum? bt 0.005 (0.004) 0.20 0.005 (0.004) 0.20 0.005 (0.01) 0.70 0.022 (0.01) 0.10 0.005 (0.02) 0.80 0.024 (0.02) 0.30 0.007 (0.01) 0.50 0.022 (0.01) | 0.05
R caudoputamen®® T 1 0.00003 (0.003) 1.00 -0.002 (0.003) 0.40 0.007 (0.01) 0.50 0.016 (0.01) 0.20 0.010 (0.01) 0.50 0.018 (0.02) 0.20 0.010 (0.01) 0.40 0.014 (0.01) | 0.20
R caudopallidum?* 1 0.003 (0.004) 0.50 0.0001 (0.004) 1.00 0.0001 (0.01) 1.00 -0.002 (0.01) 0.90 -0.005 (0.02) 0.70 -0.001 (0.02) 0.90 0.010 (0.01) 0.40 0.014 (0.01) | 0.20
R putamopallidum? 0.007 (0.004) 0.10 0.003 (0.004) 0.50 -0.01 (0.015) 0.40 -0.01 (0.01) 0.30 -0.007 (0.02) 0.70 -0.021 (0.02) 0.30 -0.011 (0.01) 0.30 -0.009 (0.01) 0.40
Inter-caudate? -0.0001 (0.005) 0.80 -0.001 (0.005) 0.80 -0.015 (0.02) 0.50 -0.018 (0.02) 0.40 -0.021 (0.02) 0.30 -0.020 (0.02) 0.30 -0.013 (0.01) 0.50 -0.006 (0.01) 0.70
L putamen-R caudate® 0.002 (0.006) 0.70 0.004 (0.006) 0.50 -0.009 (0.01) 0.50 -0.006 (0.01) 0.70 -0.005 (0.01) 0.80 0.016 (0.02) 0.30 -0.013 (0.01) 0.40 0.001 (0.01) 0.90
Extrinsic basal ganglia connections

L caudothalamus? @b & A * 1,8 -0.001 (0.003) 0.80 -0.001 (0.003) 0.70 0.008 (0.01) 0.50 0.017 (0.01) 0.10 0.015 (0.01) 0.30 0.020 (0.01) 0.10 0.012 (0.01) 0.20 0.016 (0.01) 0.10
L putamothalamus? b d.A % 1.8 -0.001 (0.003) 0.80 -0.001 (0.003) 0.80 0.008 (0.01) 0.50 0.17 (0.01) 0.10 0.016 (0.01) 0.20 0.023 (0.01) 0.10 0.012 (0.01) 0.20 0.016 (0.01) 0.10
L pallidothalamus?® 0.001 (0.003) 0.70 0.001 (0.003) 0.70 0.017 (0.01) 0.20 0.009 (0.01) 0.50 0.019 (0.02) 0.30 0.017 (0.02) 0.40 0.015 (0.01) 0.20 0.013 (0.01) 0.30
R caudothalamus? b f.8F T, # -0.001 (0.003) 0.80 -0.002 (0.003) 0.30 0.022 (0.01) 0.04 0.027 (0.01) 0.01 0.024 (0.01) 0.08 0.024 (0.01) 0.09 0.023 (0.01) 0.02 0.026 (0.01) 0.01
R putamothalamus? fF 1 0.001 (0.003) 0.70 -0.002 (0.003) 0.40 -0.001 (0.01) 0.90 0.003 (0.01) 0.80 -0.005 (0.02) 0.70 -0.003 (0.02) 0.90 0.006 (0.01) 0.60 0.009 (0.01) 0.40
R pallidothalamus' 8 0.002 (0.003) 0.60 0.0001 (0.003) 1.00 0.006 (0.01) 0.60 0.001 (0.01) 0.90 0.010 (0.02) 0.50 0.006 (0.02) 0.70 0.010 (0.01) 0.40 0.019 (0.01) 0.10
L caudate-R thalamus® <& * 0.002 (0.005) 0.70 -0.0003 (0.005) | 0.90 0.0002 (0.01) 1.00 0.011 (0.01) 0.40 -0.003 (0.02) 0.90 0.030 (0.02) 0.10 0.005 (0.01) 0.70 0.015(0.01) | 0.20
L putamen-R thalamus' 0.003 (0.006) 0.60 -0.002 (0.006) 0.80 -0.0002 (0.02) 1.00 0.014 (0.02) 0.40 -0.011 (0.02) 0.60 0.003 (0.02) 0.80 -0.003 (0.01) 0.80 0.011 (0.01) | 0.50
L pallidum-R thalamus® &1 0.006 (0.006) 0.30 0.0003 (0.006) 1.00 0.005 (0.02) 0.70 0.017 (0.02) 0.30 0.021 (0.18) 0.20 0.031 (0.02) 0.09 0.010 (0.01) 0.50 0.023 (0.01) | 0.10
R caudate-L thalamus -0.002 (0.005) 0.70 0.002 (0.005) 0.70 0.022 (0.01) 0.40 0.012 (0.01) 0.40 0.030 (0.02) 1.00 0.026 (0.02) 0.10 0.009 (0.01) 0.50 0.001 (0.01) | 0.90
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R putamen-L thalamus? ¢ # 0.015 (0.005) 0.004 0.012 (0.005) 0.02 0.005 (0.01) 0.70 -0.005 (0.01) 0.70 0.022 (0.02) 0.20 0.001 (0.02) 0.80 -0.003 (0.01) 0.80 -0.015 (0.01) | 0.20
R pallidum-L thalamus® & * 0.006 (0.005) 0.20 0.005 (0.005) 0.30 0.020 (0.02) 0.20 0.001 (0.02) 1.00 0.017 (0.02) 0.30 -0.002 (0.02) 0.90 0.018 (0.01) 0.20 -0.0005 (0.01) | 1.00
R putamocerebellar® 8 T -0.001 (0.004) 0.80 -0.0006 (0.004) | 0.90 -0.007 (0.01) 0.60 -0.008 (0.01) 0.50 -0.008 (0.02) 0.60 -0.004 (0.02) 0.80 -0.003 (0.01) 0.80 -0.004 (0.01) | 0.70
R pallidocerebellar® &1 -0.002 (0.004) 0.70 -0.003 (0.004) 0.50 -0.003 (0.01) 0.80 -0.006(0.01) 0.60 -0.001 (0.02) 1.00 -0.010 (0.01) 0.60 0.001 (0.01) 0.90 -0.005 (0.01) | 0.60
Cerebellothalamic group
L thalamocerebellar® ™ # 0.004 (0.004) 0.30 0.003 (0.004) 0.50 0.010 (0.01) 0.40 -0.001 (0.01) 0.90 0.016 (0.02) 0.30 0.002 (0.02) 0.90 0.010 (0.01) 0.30 0.001 (0.01) | 0.90
R thalamocerebellar®? & 0.004 (0.004) 0.30 -0.002 (0.004) 0.50 0.007 (0.01) 0.60 -0.011 (0.01) 0.30 0.021 (0.01) 0.20 -0.020 (0.02) 0.20 0.004 (0.01) 0.70 -0.002 (0.01) | 0.90
L thalamo-vermis® 0.005 (0.005) 0.40 0.006 (0.005) 0.30 0.009 (0.01) 0.60 -0.017 (0.01) 0.30 0.025 (0.02) 0.30 -0.013 (0.02) 0.60 0.002 (0.01) 0.90 -0.014 (0.01) | 0.20
R thalamo-vermis® & 1 0.003 (0.005) 0.50 -0.002 (0.005) 0.60 0.007 (0.01) 0.60 -0.015 (0.01) 0.30 0.030 (0.02) 0.20 -0.028 (0.02) 0.20 0.001 (0.01) 0.90 -0.011 (0.01) | 0.40
Interthalami® b1 0.002 (0.004) 0.50 0.001 (0.004) 0.80 -0.009 (0.01) 0.40 0.013 (0.01) 0.20 -0.006 (0.01) 0.70 0.018 (0.01) 0.20 -0.001 (0.01) 0.90 0.018 (0.01) | 0.10
L cerebello-vermisl &8 F* 1 -0.003 (0.003) 0.40 -0.004 (0.003) 0.20 0.004 (0.01) 0.70 0.016 (0.01) 0.20 -0.005 (0.02) 0.80 0.012 (0.01) 0.40 0.007 (0.01) 0.60 0.018 (0.01) | 0.20
R cerebello-vermis® 28" 1 -0.0002 (0.003) 0.90 -0.002 (0.003) 0.50 -0.001 (0.01) 0.90 0.003 (0.01) 0.80 -0.013 (0.02) 0.40 0.0001 (0.02) 1.00 0.003 (0.01) 0.80 0.005 (0.01) | 0.70
Intercerebellil b A " 1 -0.003 (0.003) 0.30 -0.005 (0.003) 0.10 0.001 (0.01) 0.90 0.0002 (0.01) 1.00 -0.002 (0.01) 0.90 -0.003 (0.01) 0.80 0.009 (0.01) 0.40 0.009 (0.01) | 0.50

The model includes potential confounders related to the outcome at p<0.1: DT = diffusion tensor

FA:- 1 = infant sex; 2 = Equivalent GA of infant at MRI; 3 = infant weight at MRI; 4 = infant head circumference at MRI; 5 = maternal weight change per week; 6 = maternal age at delivery;

MD:- a = infant sex; b = Equivalent GA of infant at MRI; ¢ = infant weight at MRI; d = infant head circumference at MRI; e maternal weight change per week; f = maternal age at delivery;

AD:- A = infant sex; B = Equivalent GA of infant at MRI; C = infant weight at MRI; D = infant head circumference at MRI; E = maternal weight change per week; F = maternal age at delivery;

RD:- * = infant sex; T = Equivalent GA of infant at MRI; ¥ = infant weight at MRI, § = infant head circumference at MRI; 4 = maternal weight change per week; # = maternal age at
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4.3 Discussion

We hypothesized white matter integrity would be altered among connections to/from subcortical
volumes demonstrating HIV/ART exposure reductions. Our analysis identified two tracts within the
extrinsic basal ganglia circuit. Contradictory to our hypothesis, we report higher mean FA in a tract
between the right putamen and left thalamus in HEU infants. In line with our expectations, we also
report higher mean MD in the tract connecting caudate nucleus (where we found reduced volumes
due to HIV/ART exposure) and thalamus in the right hemisphere in HEU infants. We also hypothesized
ART protection among the pre-conception group. However, the observed WM microstructural
changes are independent of prenatal ART exposure duration. These findings suggest that even in the
presence of ART, localized white matter development is vulnerable to HIV during pregnancy. In
addition, we also observed white matter tracts without abnormalities influenced by ART duration
and/or maternal immune health. Ultimately, our results point to maternal HIV, immune health and

ART duration in pregnancy impact regional white matter growth in newborns.

Despite reduced bilateral caudate and left putamen volumes in HEU infants, almost all connections in
the analysis including these structures were unaffected. Unlike the observed reductions in subcortical
gray matter, which depended on ART duration, white matter alterations were independent of ART.
The subcortical BG regions begin to develop around embryonic day 14 and assume adult shape around
embryonic day 20 to 21 (Nunta-aree et al., 2001). White matter development accelerates after the
gray matter foundation is laid (Tiwari et al., 2018, Reemst et al., 2016, Stiles and Jernigan, 2010), with
most growth occurring systematically in the second and third trimesters. Maternal ART likely
protected white matter since all newborns in our cohort were exposed during this period.
Interestingly, the two HIV exposure group differences reported — increased FA in the right
putamen/left thalamus connection and increased MD in right caudate/thalamus connection — suggest
different underlying changes. FA represents anisotropy, which is interpreted as axonal density and/or
myelination in the tract. Whereas MD represents the average shift of water molecules and is

associated with white matter maturation.

We found higher FA in one commissural tract connecting the right putamen and left thalamus within
the extrinsic basal ganglia circuit in HEU infants relative to their HUU counterparts. A few previous
DTI studies in HEU infants and children have also reported higher FA in different brain regions
(Madzime et al., 2021, Jankiewicz et al., 2017, Tran et al., 2016). While Jankiewicz et al. and Madzime
et al. also reported concurrent changes in AD and RD in 7-year-old HEU children, the study by Tran et
al. in newborns did not. We also did not find AD and/or RD differences in the corresponding implicated
tract. Since changes in FA may be interpreted in terms of axons or myelin, looking at AD and/or RD

provides essential complementary information. However, since the majority of literature discussing
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the interpretation of DTI measures is in children and adults, they may need to be adjusted for the

immature white matter of the newborn brain.

As part of healthy white matter maturation, FA typically increases with age during the second and
third trimesters in utero and in infancy. Even though we had a small age range, FA values were
positively associated with gestational age across most tracts in our analysis. Increased FA in non-
typically developing infants may represent disruptions to typical development in the presence of
disease or exposure to potential teratogenic agents, including HIV or ART. In this context, higher FA
may represent accelerated myelination as posited. However, since neonatal WM is immature, the
observed increased FA may be due to active axonal out-growth and initial enlistment of axons by
premyelin sheaths, generated by immature oligodendrocytes (Haybes et al., 2005; Back et al., 2002).
According to Wimberger et al, unmyelinated WM tracts still show signal intensity changes consistent

with anisotropic water diffusion (Wimberger et al., 1995).

Higher mean FA is observed in certain neurodevelopmental disorders in children including attention-
deficit hyperactivity disorders (ADHD), schizophrenia, autism syndrome, and developmental
coordination disorder (DCD) (Andrews et al., 2019, Peterson et al., 2011, Davenport et al., 2010,
Brown-Lum et al., 2020, Cascio et al., 2013). HEU children are at increased risk for autistic syndrome

disorder, emotional disturbances, and hyperkinetic disorder (Piske et al., 2018).

We found higher MD with accompanying higher RD and AD (at trending level) in the ipsilateral
connection between caudate and thalamus in the right hemisphere. In children, Jankiewicz et al.
reported lower mean MD, RD and AD in HEU compared to HUU in the corticospinal tract (Jankiewicz
et al., 2017), while Madzime et al. found no exposure related changes in MD. Yadav found both
regional increase and decrease regions of mean MD with no reported changes in AD or RD (Yadav,
2020). In neonates, Tran et al. did not report changes in MD in their studied region of interest (Tran
et al., 2016). Lower MD indicates well-organized WM structure and densely axonal packing, and MD
typically decreases as the brain matures with age. Increased MD is interpreted as axonal degeneration
and possible demyelination. RD is related to myelination, with higher values indicating de- or dys-
myelination. Changes in the axonal diameters or density may also influence RD (Alexander et al., 2011,
Feldman et al., 2010, Alexander et al., 2007). However, given the immature form of white matter,
these may not best describe the observed alterations in MD, RD and AD. In typical development,
Schneider and colleagues observed higher MD in the mid-third trimester which they attributed to
larger extracellular space between fibers to allow for cellular migration which is still ongoing and very

much needed at this time for normative development (Schneider et al., 2007). The observed increased
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MD in HEU infants may reflect less mature white matter as a result of delayed cellular migration

caused by HIV exposure.

Interestingly, within HEU newborns, some connections (APPPENDIX, supplementary results table 3.2a,
b and c) that did not demonstrate HIV/ART group differences were associated with ART duration
and/or maternal immune health. These associations may suggest maternal immune health and ART
timing play a role in WM development. Within this cohort, we earlier reported an association between
reduced grey matter volumes and shorter in utero ART exposure. Even though grey matter and WM
have different underlying mechanismes, it is interesting that all the associations between WM indices
and maternal immune health/treatments variables we observed involved ROIs grey matter seeds
where we found reduced volumes (bilateral caudate and left putamen). Additionally, we also found

associations between WM connections of the thalamus and ART exposure duration.

In individuals living with HIV on ART, reductions in both grey and white matter have been reported.
While grey matter atrophy has been attributed to inflammation and gliosis (Cavaliere et al., 2020;
Guzman-Martinez et al., 2019, Walker 2018), decreased WM has been linked to undifferentiated
oligodendrocytes — glial cells responsible for myelination of WM, and/or stressed oligodendrocytes
preconditioned by elevated levels of glutamate from infected macrophages (Lindsay et al., 2021). It is
not yet clear how exposure to HIV and ART affects WM, however, we suggest that disruptions in
extracellular matrix by infiltration of by-products of ART and circulating macrophages crossing the

fetal’s BBB might alter WM in HEU infants.

In conclusion, even in the presence of ART, HEU infants demonstrate altered white matter in two
white mater tracts connecting thalamus and basal nuclei. In contrast with earlier findings of reduced
grey matter volumes attributable to shorter in utero ART exposure duration within this cohort, the

implicated tracts in this study were independent of ART exposure duration.
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CHAPTER FIVE

Neonate white matter integrity predicting cognitive ability at 9-12 months

5.1 Introduction

In the previous chapter we reported changes in white matter structure in two tracts in HEU neonates,
independent of ART exposure duration. In typical developments, white matter anisotropy continues
to increase with age and this increase is dependent on myelination (Paus et al., 1999). In healthy
populations, changes in white matter anisotropy have been directly linked to cognitive ability (Sousa
et al., 2018; Cremmers et al., 2016; Petters et al., 2012; Bendlin et al., 2010). Given the emerging
evidence of exposure related white matter alterations HEU population, it is important to examine the

functional consequences of this HIV/ART related altered white matter.

Within the imaging studies including HEU infants/children, three combine imaging and cognitive
outcomes (Madzime et al., 2021, Yadav et al., 2020, Tran et al.,, 2016). Madzime et al. found no
cognitive associations with FA alterations in HEU children (Madzime et al., 2021). Yadav et al. reported
decreased FA and altered MD in HEU school-age children in several brain regions compared to
uninfected controls. Lower FA and, higher/lower MD were associated with poor neuropsychological
scores (Yadav et al., 2020). Tran et al. also reported an association between altered WM and Dubowitz
abnormal neurological scores in HEU infants compared to their control counterparts. Dubowitz
abnormal neurological signs subscale scores were positively associated with FA in the left uncinate

fasciculus and negatively correlated with MD in the inferior cerebellar peduncle (Tran et al., 2016).

Notably, apart from Madlala and colleagues’ study, none of the imaging and non-imaging or combined
studies above considered ART exposure duration relative to structural and functional brain changes.

Maternal immune health during pregnancy may dictate the developmental outcome of the infant.

This chapter examined prospective associations between white matter metrics (FA and MD) in the
neonatal period and subsequent neuropsychological scores at 9-12 months. In the previous chapter,
we examined WM connections between components of the basal ganglia, thalamus, and cerebellum.
The basal ganglia, thalamus and the grey matter components of the cerebellum forms the central

processing units in which the long-range axons connecting to several regions of the brain originated.

Based on our findings reported in the previous chapter, and the role of basal ganglia in motor and
cognitive functions, we hypothesized higher FA in the R putamen-L thalamus and higher MD in the R
caudothalamus would be associated with lower neuropsychological scores, especially in motor-related
domains, in HEU infants. We hypothesized these associations would be independent of the duration

of in utero exposure to ART.

90



5.2 Results

A total of 61, a subset of 86 infants whose DTI tractographic metrics were obtained within the first
month of postnatal life in the previous analysis, and successfully underwent neuropsychological
testing at 9-month (40 HEU; mean age at neuropsychological assessments + SD = 9.6 + 1.0 months GA;

21 female) were included in this analysis.

Of the 40 HEU infants, 18 were exposed to ARV throughout gestation (HEU-preconception), and 22
only for part of their gestational period (HEU-postconception). Mothers in the post-conception group
had initiated ART at a mean GA of 15.4 (+5.7) weeks. Sample characteristics are summarized in Table
5.1. Overall, maternal and infant indices were similar across groups, except that mothers in the HIV
pre-conception group were about 3 years and four years older than their post-conception HIV-
negative counterparts respectively; and post-conception infants had slightly lower head
circumferences at the time of their scan than their post-conception and HUU counterparts. Not
surprisingly, mothers in the HIV pre-conception group had higher CD4+ cell counts and lower VLs
within 6 months of enrolment than the post-conception mothers. There were only 5 mothers with
positive drug tests and all were HIV uninfected — 2 tested positive for cannabis, 2 for
methamphetamines and 1 for methaqualone. None of the mothers reported smoking. In contrast to
the virtual absence of drug use, more than 40% of mothers across groups reported drinking during
pregnancy, albeit at very low levels (all < 0.04 oz AA/day). All infants were examined at about the same
age. Neuropsychological outcome scores were similar for all infants across all domains assessed and

were in the average range.

In Table 5.2 and figure 5.1 we present the associations of the infant’s DTI-tractographic FA at one

month and GMDS scores at 9-month postnatal life. In typical development (HUU):

Locomotor scores were positively associated with FA in two tracts of the cerebellothalamic group

within the cerebellar connections — R cerebello-vermis and intercerebellar.

Personal Social scores were positively associated with FA in several tracts — caudoputamen,
caudopallidum, and putamopallidum on the left hemisphere of the intrinsic BG connections; left
putamothalamic, and bilateral caudothalamic and pallidothamic tracts of the extrinsic BG
connections; and bilateral cerebellovermis and intercerebelli connections withing the cerebellar

connections. All these associations survived FDR correction for multiple comparisons.

Language scores were positively associated with FA in the left caudothalamic, left putamothalamic,

left pallidothalamic and right pallidocerebelli withing the extrinsinc BL coonections; bilateral
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cerebellovermis and intercerebelli within the cerebellar connections. None of the associations

survived FDR correction for multiple comparisons.

Eye & Head coordination scores were positively associated with caudoputamen, caudopallidum and
putamopallidum on the left hemisphere withing the intrinsic BG circuit; right pallidocerebelli, left
pallidothalami, and bilateral caudothalamic and putamothalamic of the exrinsinc BG circuit. In the
cerebellothalamic group, Eye & Hand coordination was positively associated with bilateral
cerebellovermis FAs, inetrcerebelli, and thalamocerebelli (at trenading level) on the right side of the
brain. Intercerebelli and right thalamocerebelli FAs were also associated with Eye & Hand coordination
in the preconception arm. Of the observed significant associations, only left caudothalamic, bilateral
putamothalamic, left pallidothamic, left cerebello-vermis and intercerebelli tracts survived FDR

corrections for multiple comparisons.

Performance scores was positively associated with FAs in the right putamothalamic and right-caudate-
left thalamic tracts of the extrinsic BG circuit. In contrast, Perfomamce scores were negatively
associated with FA in the right putamocerebelli, left thalamocerebelli, left thalamovermis, and left

cerebellovermis tracts with none of these surviving FDR correction for multiple comparisons.

General quotient scores was positively associated with left caudoputamen, left pallidothalamic, right
putamocerebelli, right pallidocerebelli, right thalamocerebelli, and bilateral caudothalamic and
putamothalamic tracts with only left caudothalmus, left putamothalamus and right thalamocerebellar

surviving FDR correction for multiple comparisons.

In Table 5.3 and figure 5.2 we present the associations of the infant’s DTI-tractographic MD at one

month and GDMS scores at 9-month postnatal life.

In typical development (HUU), three GDMS quotients were associated with MD; Locomotor — was
positively associated with right putamothalamic, right- putamen- left thalamus, and left
thalamovermis tracts; Language was negatively associated with intercerebelli connection; and Eye &
Hand Coordination was negatively associated with intercaudate tract. In contrast to typical
development, we found negative associations of GDMS domains with several WM tract’s MDs in HEU
infants except one commissural tract — left caudate- right thalamus which was positively associated
with Locomotor score in the postcconception group. None of the significant associations observed

survive multiple comparisons.

In the pre-conception group, locomotor scores were positively associatiated with left caudopallidal

FA; Personal social was negatively associated with right putamen- left pallidum; Language was
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negatively associated with bilateral putamaopallidum; and Performance was positively associated

with left pallidothalamic tract. None of the associations survived multiple comparisons.

In the post-conception group, Personal Social scores was negatively associated with MD in the left
putamopallidal, left-pallidum- right thalamic, and right-putamen- left pallidal tracts; Language score
was negatively associated with right caudopallidal MD; Eye & Head coordination score was negatively
associated with left putamopallidal MD. Performance scores was negatively associated with MD in the
following tracts:bilateral caudoputamen and putamopallidum, left caudopallidum, left caudate- right
thalamus, left putamen- right thalamus, left pallidum- right thalamus, right putamen- left thalamus,

right pallidum- left thalamus, and a trending right caudate- left thalamic connections.

General quotient score was negatively associated with left hemispheric putamopallidal tract’s MD.

None of these associations survived multiple comparisons.
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Table 5.1 Sample characteristics and Neurodevelopmental scores (N = 61)

HUU HEU (n = 40)
(n=21) Pre-conception ART (n = 18) Post-conception ART (n = 22)
MeantSD Range MeantSD Range MeantSD Range X2ort | P(for X?
orF ortorF)
Maternal indices

Age at delivery (years) 27.8+5.6 19.6-42.4 31.7+6.5 20.6 -46.3 28.8+5.3 20.5-40.9 2.28 0.11
GA at enrolment (weeks) 20.6 £5.5 10.7-28.0 195+75 7.1-351 21.7+6.3 9.3-30.7 0.57 0.56
Highest school level completed (n, %)

Grade 6 0 (0) - 1(5.5%) - 0(0) -

Grade 9 0 (0) - 1(5.5%) - 1(4.5%) -

Grade 10 0(0) - 0(0) - 4(18.2 %) - 1853 | 0.10

Grade 11 6 (28.6 %) - 7 (39.0 %) - 10 (45.4 %) -

Grade 12 15 (71.4 %) - 9 (50.0 %) - 7 (31.9 %) -
CD4 within 6 mo of enrolment N/A N/A 543 + 187 108 - 816 408 + 188 172 -814 2.27 0.03
(cells/uL)*
VL within 6 mo of enrolment

Undetectable (n, %) N/A N/A 11 (61.1 %) - 14 (63.6 %) -

0.0 1.00
Detectable (n, %) N/A N/A 7 (38.9 %) - 8(36.4 %) -
VL (copies/mL)?>  Median®[IQR] | N/A N/A 34 [27 - 55] 26-238 259 [45-443] 35-16787 7.99 0.009

Substance use across pregnancy
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Alcohol (n; %) 10 (47.6 %) - 6(33.3 %) - 9 (40.9 %) -
AA/day (0z)® 0.03 +0.02 0.001 x103-0.070 | 0.03 +0.01 0.017-0.048 0.04 £0.02 0.02-0.072 0.92 0.41
Cannabis (n; %)* 2(9.5 %) - 0(0) - 0(0) - 3.94 0.14
Methamphetamine (n; %)* 2 (9.5 %) - 0(0) - 0(0) - 3.94 0.14
Methaqualone (n; %)* 1(4.8%) - 0(0) - 0(0) - 1.94 0.38
Smoking (n; %) 0(0) - 0(0) - 0(0) - - NA
Infant indices
Sex (n Female; %) 10 (47.6 %) | - 9 (50.0 %) - 12 (54.5 %) - 0.12 0.94
Delivery route:
Vaginal (n, %) 17 (81.0%) - 14 (77.8 %) 15 (68.2 %) -
1.02 0.60
Caesarean (n, %) 4 (19.0%) - 4(22.2 %) 7 (31.8 %) -
Birth indices:
GA (weeks) 396+1.1 37.0-41.6 39.5+15 36.6-41.6 39.7+14 36.8—-42.3 0.06 0.94
Weight (g) 32391434 2575-4180 3257 +£290 2775 -3750 3279+ 426 2500 —-4230 0.05 0.95
Crown-to-heel length (cm) 50.1+2.0 47.0-53.0 50.2+2.0 47.0-54.0 50.4+25 47.0-56.0 0.07 0.93
Head circumference (cm) 342+1.4 32-37 342+1.4 31-36 33.7+1.5 32-39 0.72 0.49
ART exposure length (weeks) N/A N/A 39.5+1.5 36.6—41.6 259+5.7 14.0-35.6 9.90 <0.0001
MRI indices:
GA Equivalent (weeks) 41.5+0.9 40.0-43.9 41.3+0.7 40.0-42.7 415+1.1 39.3-43.1 0.22 0.81
Weight (g)° 3538 +398 2700 -4250 3512 +380 2775-4200 3554 + 400 2850 — 4450 0.06 0.94
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Head circumference (cm)® 35.0+1.2 33-37 36.0+1.1 33-37 34.8+1.3 31-36.5 5.49 0.007
Total ICV (x 10° mm3) 4.85+0.51 3.83-5.86 5.09+£0.48 442 -6.40 5.07+0.94 42.2 -7.65 0.79 0.46
Age NP examination 9.50+0.97 8.60-13.10 9.60+0.83 8.96-12.10 9.9+1.22 8.70-12.6 0.81 0.45
Neuropsychological mean scores
Locomotor 107.0+14.1 71-126 108.3+11.0 84 -122 105.4+14.2 82-126 0.23 0.79
Personal Social 113.0+17.1 87 -150 104.8+11.3 76-120 109.4+11.2 92 -130 1.76 0.18
Language 106.5%+13.2 85-138 104.8+11.2 77 -127 109.1+13.1 89 -138 0.61 0.54
Eye & Hand Coordination 108.0+17.9 74 -150 105.7+15.0 78 —-133 104.0+£13.5 84-133 0.36 0.70
Performance 92.9+15.8 67-133 92.5+12.1 72-120 92.4+15.3 50-110 0.01 1.00
General Quotient 109+19.6 82-177 104+8.4 86—118 105.7+8.9 86—-124 0.82 0.44

1CD4 count missing for 2 mothers who started ART pre-conception; 2Based only on mothers with detectable VL levels (9 mothers who started ART pre-conception; 14

mothers who started ART post-conception); 3Based only on mothers who consumed alcohol; 1 0z absolute alcohol (AA) is equivalent to 2 standard drinks; “Numbers based

on urine tests; °Data missing for 1 infant in the pre-conception group and 2 HUU infants. Bold indicates significance at p< 0.05. ®Fisher exact test.
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Table 5.2 Associations of WM-ROIs FAs with GMDS neuropsychological scores

Locomotion Personal Social
HUU HEU-preconception HEU-postconception HEU-preconception HEU-postconception
B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.) p

Intrinsic Basal ganglia connections
L caudoputamen 185.8 (255.7) 0.50 -245 (357.1) 0.50 -68.5 (244.9) 0.80 714.6 (246.8) 0.006 230.9 (344.6) 0.50 -45.1 (236.4) 0.80
L caudopallidum 291.2 (217.5) 0.20 -338.59302.2) 0.30 -47.9 (196.7) 0.80 537.0 (205.4) 0.01 224.6 (285.4) 0.40 17.3 (185.7) 0.90
L putamopallidum 256.0 (187.7) 0.20 -190.1 (201.9) 0.30 -89.3 (219.9) 0.70 435.8 (181.4) 0.02 111.8 (195.2) 0.60 -45.6 (212.4) 0.80
R caudoputamen 17.6 (216.7) 0.90 -225.2 (383.9) 0.60 28.3(269.8) 0.90 309.1 (199.8) 0.10 -86.6 (353.9) 0.80 -196.9 (248.6) 0.40
R caudopallidum -79.8 (195.4) 0.70 -302.2 (286.1) 0.30 79.8 (280.2) 0.80 217.4 (187.5) 0.20 209.4 (274.5) 0.40 -170.5 (268.9) 0.50
R putamopallidum 46.9 (155.2), 0.80 -246.4 (248.4) 0.30 237.2 (171.0) 0.20 97.2 (156.1) 0.50 152.9 (249.7) 0.50 -17.1 (171.9) 0.70
Inter-caudate 344.4 (245.8) 0.20 105.7 (214.3) 0.60 -65.4 (183.9) 0.70 13.0 (253.4) 0.90 258.0 (220.9) 0.20 196.2 (189.6) 0.30
L putamen-R caudate 130.4 (136.1) 0.30 46.3 (141.5) 0.70 138.9 (117.1) 0.20 -63.7 (133.4) 0.60 210.4 (138.7) 0.10 -60.7 (114.8) 0.60
Extrinsic basal ganglia connections
L caudothalamus 407.4 (241.7) 0.10 347.0 (337.5) 0.30 -37.1(259.1) 0.90 848.6 (214.3) 0.0002 -27.7 (299.3) 0.90 150.2 (229.7) 0.50
L putamothalamus 407.4 (241.7) 0.10 247.0 (227.5) 0.30 -37.1(259.1) 0.90 848.6 (214.3) 0.0002 -27.7 (299.3) 0.90 150.2 (229.7) 0.50
L pallidothalamus 175.1(217.3) 0.40 -196.7 (303.9) 0.50 -157.8 (247.7) 0.50 706.6 (191.7) 0.0006 -4.2 (268.0) 1.00 64.3 (218.5) 0.80
R caudothalamus 347.9 (282,9) 0.20 99.2 (359.9) 0.80 -212.3(297.1) 0.50 769.2 (259.5) 0.005 196.8 (330.2) 0.50 170.8 (272.50) 0.50
R putamothalamus 363.7 (339.2) 0.30 -19.0 (392.4) 0.90 -254.4 (378.1) 0.50 457.8 (323.5) 0.20 160.6 (374.3) 0.70 -332.7 (360.7) 0.40
R pallidothalamus 151.2 (295.3) 0.60 -198.5 (337.0) 0.50 41.8 (243.7) 0.90 134.7 (291.9) 0.60 109.1 (333.1) 0.70 21.7 (240.8) 0.90
L caudate-R thalamus -39.4 (174.8) 0.80 152.4 (160.8) 0.30 143.3 (10.2) 0.30 110.7 (186.0) 0.50 124.2 (171.1) 0.50 46.8 (159.9) 0.80
L putamen-R thalamus -132.7 (199.8) 0.30 194.8 (138.0) 0.20 170.9 (119.7) 0.20 -29.1 (128.4) 0.80 198.5 (147.9) 0.20 96.5(128.3) 0.40
L pallidum-R thalamus -42.5 (122.4) 0.30 97.7 (127.9) 0.40 114.7 (111.7) 0.30 -136.9 (127.6) 0.30 149.1 (133.5) 0.30 52.7 (116.5) 0.60
R caudate-L thalamus 272.5(299.2) 0.40 124.7 (166.5) 0.40 157.1 (134.4) 0.20 393.7 (314.2) 0.20 32.3(174.9) 0.80 -4.8 (141.2) 1.00
R putamen-L thalamus 106.1 (162.4) 0.50 183.6 (135.7) 0.20 85.1(170.2) 0.60 36.8 (163.5) 0.80 90.2 (136.6) 0.50 -31.4(171.4) 0.80
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R pallidum-L thalamus 100.7 (181.1) 0.60 218.3 (158.4) 0.20 -26.8 (185.3) 0.90 -172.6 (171.9) 0.30 31.1(150.4) 0.80 -181.7 (175.9) 0.30
R putamocerebellar 63.1(136.6) 0.60 68.6 (253.9) 0.80 -80.3 (210.6) 0.70 132.2 (133.4) 0.30 80.1 (248.0) 0.70 -89.1 (105.6) 0.70
R pallidocerebellar 55.6 (173.4) 0.70 182.5 (226.1), 0.40 -180.3 (143.8) 0.20 435.5 (162.1) 0.01 -110.6 (211.4) 0.60 -21.1 (134.5) 0.90
Cerebellothalamic group

L thalamocerebellar -41.0 (189.8) 0.80 46.8 (226.3) 0.80 -169.9 (179.2) 0.30 230.1 (190.0) 0.20 -24.4 (226.6) 0.90 -147.1 (179.4) 0.40
R thalamocerebellar 67.9 (181.2) 0.70 642.5 (389.2) 0.10 -289.9 (162.7) 0.08 325.2 (182.2 0.08 24.9(391.1) 0.90 162.9 (163.4) 0.30
L thalamo-vermis 138.1(133.7) 0.30 34.5 (215.2) 0.90 122.3 (161.7) 0.40 18.0(133.0) 0.90 169.1 (214.0) 0.40 -34.0 (160.8) 0.80
R thalamo-vermis 153.3 (163.1) 0.30 221.3 (200.5) 0.30 -127.4 (162.3), 0.60 15.1 (163.1) 0.90 195.9 (200.6) 0.30 168.4 (162.2) 0.30
Interthalami -273.3 (294.9) 0.30 327.2 (224.1) 0.10 95.0(173.5) 0.06 -313.6 (313.5) 0.30 64.9 (238.2) 0.80 -26.2 (184.4) 0.90
L cerebello-vermis 396.0 (203.2) 0.60 389.9 (508.6) 0.40 94.1(261.3) 0.70 686.3 (168.7) 0.0001 246.7 (422.1) 0.60 -425.4 (216.8) 0.06
R cerebello-vermis 450.2 (208.0) 0.03 262.8 (278.2) 0.30 59.4 (207.9) 0.80 848.6 (214.3) 0.0002 176.1 (257.8) 0.50 -211.4 (192.7) 0.30
Intercerebelli 428.9 (207.3) 0.04 594.0 (368.2) 0.10 -5.4 (221.2) 1.00 561.1(199.8) 0.007 407.2 (354.9) 0.20 71.6 (213.2) 0.70

Language Eye & Hand coordination
HUU HEU-preconception HEU-postconception HEU-preconception HEU-postconception
B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.) p

Intrinsic Basal ganglia connections
L caudoputamen 434.5 (262.9) 0.10 -99.7 (367.1) 0.80 -106.7 (251.8) 0.70 656.7 (322.6) 0.05 262.0 (450.5) 0.60 65.6 (309.0) 0.80
L caudopallidum 207.7 (220.9) 0.30 -190.4 (307.1) 0.50 -11.6 (199.9) 0.90 751.8 (266.0) 0.007 31.7 (369.7) 0.90 112.5 (240.6) 0.60
L putamopallidum 218.3 (188.1) 0.20 -38.3 (202.4) 0.80 262.9 (220.3) 0.20 717.6 (227.1) 0.003 121.7 (244.4) 0.60 135.6 (265.9) 0.60
R caudoputamen 15.9 (210.5) 0.90 -181.4 (372.8) 0.60 -88.9 (262.0) 0.70 500.5 (262.1) 0.06 -248.0 (464.3) 0.60 438.9 (326.3) 0.20
R caudopallidum -66.4 (197.2) 0.70 21.1(288.7) 0.90 -120.3 (282.8) 0.70 331.3 (243.9) 0.20 84.7 (357.1) 0.80 478.6 (249.8) 0.20
R putamopallidum -125.3 (158.2) 0.40 -99.2 (253.1) 0.70 19.2 (174.3) 0.90 288.1 (199.5) 0.10 203.5 (319.2) 0.50 101.6 (219.8) 0.60
Inter-caudate -67.4 (247.9) 0.90 292.7 (216.1 0.20 159.7 (185.6) 0.40 434.5 (315.9) 0.20 628.2 (275.4) 0.03 46.8 (236.4) 0.80
L putamen-R caudate -163.0 (135.6) 0.20 56.1 (140.9) 0.70 55.1(116.7) 0.60 259.4 (173.8) 0.10 224.3 (180.7) 0.20 70.9 (149.3) 0.60
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Extrinsic basal ganglia connections

L caudothalamus 506.1 (237.1) 0.04 15.7 (331.0) 1.00 -247.4 (254.1) 0.30 926.6 (290.2) 0.002 388.4 (405.2) 0.30 -3.9 (311.1) 1.00
L putamothalamus 506.1 (237.1) 0.04 15.7 (331.0) 1.00 -247.4 (254.1) 0.30 926.6 (290.2) 0.002 388.6 (405.2) 0.30 13.9 (311.1) 1.00
L pallidothalamus 419.2 (211.1) 0.05 28.4(295.2) 0.90 -82.9 (240.6) 0.70 664.5 (260.7) 0.01 440.1 (364.6) 0.20 187.5(297.1) 0.50
R caudothalamus 501.2 (277.4) 0.08 141.1 (352.9) 0.70 -172.2 (291.1) 0.50 804.3 (345.8) 0.02 525.1 (440.0) 0.20 122.9 (363.1) 0.70
R putamothalamus 197.4 (343.1) 0.60 -79.5 (396.9) 0.80 11.4 (382.5) 1.00 1001.2 (398.9) 0.01 745.4 (461.5) 0.10 552.1 (444.7) 0.22
R pallidothalamus -45.9 (295.3) 0.90 -93.6 (337.0) 0.80 126.9 (243.7) 0.60 567.1 (361.5) 0.10 604.9 (412.6) 0.10 240.6 (298.3) 0.40
L caudate-R thalamus 9.3(178.2) 0.90 -26.5 (163.9) 0.90 226.2 (153.1) 0.10 305.4 (221.0) 0.20 392.1(392.1 0.06 145.4 (189.9) 0.44
L putamen-R thalamus -131.4 (130.5) 0.30 118.3 (150.4) 0.40 111.9 (130.5) 0.40 62.7 (162.8) 0.70 196.9 (187.6) 0.30 92.1(162.7) 0.60
L pallidum-R thalamus -207.0 (130.2) 0.10 71.8 (136.1) 0.60 78.5(118.8) 0.50 33.8(163.6) 0.80 232.5(171.1) 0.20 4.6 (149.4) 1.00
R caudate-L thalamus 477.5 (292.6) 0.10 173.5 (162.9) 0.30 94.9 (131.3) 0.50 372.0(389.3) 0.30 249.1 (215.7) 0.20 102.6 (174.9 0.60
R putamen-L thalamus 5.1(162.1) 1.00 207.8 (135.4) 0.10 -90.0 (169.9) 0.60 67.7 (208.9) 0.70 255.7 (174.5) 0.10 38.6(219.0) 0.90
R pallidum-L thalamus -237.4 (173.1) 0.20 181.2 (151.3) 0.20 -125.5(177.1) 0.50 96.9 (229.4) 0.70 315.4 (200.6) 0.10 190.1 (234.7) 0.40
R putamocerebellar 1.4 (136.2) 1.00 42.2 (253.2) 0.90 -135.6 (210.0) 0.50 281.0 (168.9) 0.10 326.9 (313.8) 0.30 -120.8 (260.3) 0.60
R pallidocerebellar 347.9 (168.7) 0.04 47.0 (219.9) 0.80 -98.3 (139.9) 0.50 486.6 (213.3) 0.02 399.5 (278.0) 0.10 -15.9 (176.9) 0.90
Cerebellothalamic group

L thalamocerebellar 21.1(199.8) 0.90 1.2 (238.2 1.00 -123.6 (188.6) 0.50 144.7 (244.8) 0.50 204.0 (291.9) 0.50 111.3 (231.0) 0.60
R thalamocerebellar 160.9 (190.9) 0.40 136.5 (410.0) 0.70 28.4(171.4) 0.90 435.5 (228.1) 0.06 1068.6 (489.7) 0.03 98.9 (204.7) 0.60
L thalamo-vermis -48.8 (134.5) 0.70 18.7 (216.5 0.90 -133.6 (162.6) 0.40 121.9(173.0) 0.50 69.8 (278.3) 0.80 -101.0(209.1) 0.60
R thalamo-vermis -115.9 (168.9) 0.50 126.3 (207.6) 0.50 33.2(168.0) 0.40 141.4 (208.4) 0.50 476.8 (256.3) 0.07 199.0 (207.4) 0.30
Interthalami -314.3 (318.0) 0.30 115.0 (241.6) 0.60 -98.2 (187.0) 0.60 -303.4 (372.9) 0.40 511.5(283.3) 0.08 -55.9(219.3) 0.80
L cerebello-vermis 481.9 (196.7) 0.02 397.4 (492.2) 0.40 -159.2 (252.9) 0.50 878.2 (225.0) 0.0003 -154.0 (563.2) 0.80 -363.8 (289.3) 0.20
R cerebello-vermis 401.6 (210.4) 0.06 221.8 (281.4) 0.40 57.3(210.3) 0.80 377.4 (266.8) 0.03 338.0 (356.8) 0.30 17.8 (266.6) 0.90
Intercerebelli 379.9 (212.6) 0.08 283.1(377.7) 0.40 73.6 (226.9) 0.70 915.0 (241.0) 0.0004 893.1 (428.2) 0.04 -5.6 (257.2) 1.00
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Performance

General quotient

HUU HEU-preconception HEU-postconception HUU HEU-preconception HEU-postconception

B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.)
Intrinsic Basal ganglia connections
L caudoputamen 311.6 (333.2) 0.30 -156.0 (142.3) 0.70 -220.8 (319.2) 0.50 215.2 (276.6) 0.40 112.4 (386.2) 0.80 -97.7 (264.9) 0.70
L caudopallidum 225.9 (274.5) 0.40 -161.3 (381.4) 0.70 -67.9 (248.2) 0.80 488.1 (224.2) 0.03 -31.5 (311.5) 0.90 -43.8 (202.7) 0.80
L putamopallidum 285.1 (237.7) 0.20 26.8(255.8) 0.90 -99.0 (278.4) 0.70 332.0 (197.5) 0.09 37.9(212.50) 0.80 16.1 (231.3) 0.90
R caudoputamen 182.0 (259.9) 0.50 -617.9 (460.4) 0.20 -188.8 (323.5) 0.70 118.8 (225.8) 0.60 -157.2 (399.9) 0.70 -7.5(281.0) 1.00
R caudopallidum 130.4 (243.1) 0.60 -183.1 (355.9) 0.60 111.5 (348.5) 0.70 108.6 (207.1) 0.60 59.1(303.2) 0.80 84.1(297.0) 0.80
R putamopallidum 241.6 (189.0) 0.20 -16.6 (302.4) 0.90 -340.4 (208.2) 0.10 260.8 (163.3) 0.10 58.5(261.2) 0.80 -14.6 (179.8) 0.90
Inter-caudate 400.9 (301.9) 0.20 269.6 (263.2) 0.30 121.7 (225.9) 0.60 203.0 (184.2) 0.30 322.2 (160.6) 0.05 90.2 (137.8) 0.50
L putamen-R caudate 92.0(167.5) 0.60 148.9 (174.2) 0.40 -159.6 (144.2) 0.20 226.4 (141.8) 0.10 167.6 (147.4) 0.30 28.8 (122.0) 0.80
Extrinsic basal ganglia connections
L caudothalamus 411.3 (304.1) 0.20 58.4 (424.6) 0.90 -132.7 (326.0) 0.70 681.6 (242.1) 0.007 247.3 (338.0) 0.50 -121.5 (259.5) 0.60
L putamothalamus 411.3 (304.1) 0.20 58.4 (424.6) 0.90 -132.7 (326.0) 0.70 681.6 (242.1), 0.007 247.3 (338.0) 0.50 -121.5 (259.5) 0.60
L pallidothalamus 294.5 (268.9) 0.30 122.2 (376.1) 0.70 3.7 (306.5) 1.00 480.6 (220.2) 0.03 123.7 (307.9) 0.70 -20.0 (250.9) 0.90
R caudothalamus 542.8 (347.6) 0.10 -154.3 (442.3) 0.70 26.9 (365.0) 0.90 450.7 (294.4) 0.10 244.9 (374.7) 0.50 -45.7 (309.2) 0.90
R putamothalamus 965.2 (390.3) 0.02 236.3 (451.5) 0.60 -662.7 (435.1) 0.10 889.4 (335.0) 0.01 281.1 (387.6) 0.50 -87.9 (373.5) 0.80
R pallidothalamus 546.7 (352.3) 0.10 257.4 (402.1) 0.50 -323.3(290.7) 0.30 508.6 (301.3) 0.10 183.3 (343.8) 0.60 93.0(248.6) 0.70
L caudate-R thalamus 183.8 (228.2) 0.40 246.2 (209.9) 0.20 126.5 (196.1) 0.50 3-5.6 (187.1) 0.10 196.3 (172.1) 0.30 139.3 (160.8) 0.40
L putamen-R thalamus 25.1(157.5) 0.90 275.8 (181.5) 0.10 131.8 (157.4) 0.40 93.8 (131.8) 0.50 259.8 (151.8) 0.09 124.4 (131.7) 0.30
L pallidum-R thalamus -58.8 (145.9) 0.70 198.1 (152.6) 0.20 84.6(133.2) 0.50 -96.4 (98.4) 0.30 155.1 (103.0) 0.10 70.5(89.9) 0.40
R caudate-L thalamus 1087.3 (366.5) 0.005 110.2 (204.0) 0.60 -186.4 (164.7) 0.30 1201.0 (279.3) <0.0001 152.9 (155.5) 0.30 39.0(125.5) 0.70
R putamen-L thalamus 259.4 (197.5) 0.20 252.1 (164.9), 0.10 -14.9 (207.0) 0.90 348.7 (162.7) 0.04 219.2 (135.9) 0.10 -24.1 (170.5) 0.90
R pallidum-L thalamus 138.1(221.9) 0.50 248.4 (194.0) 0.20 -121.0(226.9) 0.60 269.6 (185.4) 0.10 211.4 (162.1) 0.20 -69.3 (189.7) 0.70
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R putamocerebellar 136.1 (159.0) 0.40 -4.8 (295.5) 1.00 -571.1 (245.1) 0.02 347.6 (131.9) 0.01 120.3 (245.2) 0.60 -241.7 (203.4) 0.20
R pallidocerebellar 362.1 (204.2) 0.08 133.6 (266.2), 0.60 -320.0(169.3) 0.06 601.0 (161.7) <0.0001 90.5 (210.8) 0.70 -144.5 (134.1) 0.30
Cerebellothalamic group

L thalamocerebellar 71.9(236.7) 0.80 -153.9 (282.3) 0.60 -446.7 (223.4) 0.05 62.9 (205.4) 0.80 45.9 (244.9) 0.80 -22.6 (193.9) 0.50
R thalamocerebellar 441.6 (225.5) 0.06 646.9 (484.1) 0.20 -3.7 (202.4) 1.00 667.0 (174.5) 0.0004 506.6 (374.7) 0.20 -2.8 (156.6) 1.00
L thalamo-vermis 91.7 (160.8) 0.60 -137.1 (258.7) 0.60 -386.2 (194.4) 0.05 -1.7 (141.4) 1.00 120.9 (227.5) 0.60 -118.9 (170.9) 0.50
R thalamo-vermis 19.5(188.8) 0.90 333.9 (232.2) 0.10 -43.3 (187.9) 0.80 42.5(127.5) 0.70 280.4 (156.7) 0.08 43.1(126.8) 0.70
Interthalami 316.8 (376.5) 0.40 363.8 (286.1) 0.20 -196.6 (221.4) 0.40 330.5 (311.1) 0.30 303.1 (236.4) 0.20 -105.6 (182.9) 0.60
L cerebello-vermis 194.6 (229.0) 0.40 411.1 (573.2) 0.50 -962.6 (294.5) 0.002 | 420.6 (203.3) 0.04 452.0 (598.8) 0.40 -452.2 (261.4) 0.09
R cerebello-vermis 31.1(258.4) 0.90 374.5 (345.6) 0.30 -504.2 (258.2) 0.06 233.8 (223.5) 0.30 361.5 (298.9) 0.20 -172.2 (223.3) 0.40
Intercerebelli 84.4 (262.5) 0.70 572.9 (466.4) 0.20 -433.5 (280.1) 0.10 294.6 (222.2) 0.30 625.4 (394.7) 0.10 -105.5 (237.1) 0.60
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Table 5.3 Associations of WM-ROIs MD with GMDS neuropsychological scores

Locomotion Personal Social
HUU HEU-preconception HEU-postconception HUU HEU-preconception HEU-postconception
B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.) p

Intrinsic Basal ganglia connections
L caudoputamen 29.4(62.2) 0.60 -123.5(72.2) 0.09 67.0 (64.4) 0.30 -71.3 (64.2) 0.30 7.6 (74.6) 0.90 -102.7 (66.5) 0.10
L caudopallidum -4.1 (43.5) 0.90 -133.9 (63.2) 0.04 -17.4 (51.4) 0.70 -10.0 (43.8) 0.80 -7.3(83.6) 0.90 -77.7 (51.7) 0.10
L putamopallidum 21.1(50.5) 0.70 -97.7 (74.3) 0.20 1.9 (45.1) 1.00 -20.0 (47.5) 0.70 -34.1 (69.9) 0.60 -106.6 (42.5) 0.01
R caudoputamen 79.8 (50.4) 0.10 -124.7 (84.6) 0.10 91.5(77.0) 0.20 -62.4 (55.9) 0.30 -32.6 (93.7) 0.70 -34.2 (85.3) 0.70
R caudopallidum 35.3(52.3) 0.50 -102.3 (62.4) 0.10 58.7 (57.2) 0.30 25.3(53.6) 0.60 -14.0 (63.9) 0.80 -51.9 (58.6) 0.40
R putamopallidum 41.7 (44.8) 0.30 -10.3 (67.1) 0.90 88.1(46.9) 0.07 -5.6 (45.0) 0.90 -10.9 (67.4) 0.90 -73.3 (47.2) 0.10
Inter-caudate -50.1 (39.1) 0.20 -18.2 (36.9) 0.60 -3.6 (44.9) 0.90 -29.7 (38.8) 0.40 -27.6 (36.6) 0.40 -15.0 (44.5) 0.70
L putamen-R caudate 109.8 (61.3) 0.08 -23.3(55.9) 0.70 29.9 (53.6) 0.60 60.3 (63.5) 0.40 -58.7 (57.9) 0.30 -34.5 (55.6) 0.50
Extrinsic basal ganglia connections
L caudothalamus -4.1 (61.6) 0.90 -120.7 (75.7) 0.10 29.6 (68.8) 0.70 -25.0 (63.8) 0.70 0.9 (78.4) 1.00 -37.9 (71.2) 0.60
L putamothalamus -4.1 (61.6) 0.90 -120.7 (75.7) 0.10 29.6 (68.8) 0.70 -25.0 (63.8) 0.70 0.9 (78.4) 1.00 -37.7 (71.2) 0.60
L pallidothalamus -37.8 (72.6) 0.60 -122.1 (82.5) 0.10 35.4 (50.6) 0.50 89.4(72.1) 0.20 -32.1(81.9) 0.70 -90.2 (50.3) 0.08
R caudothalamus 114.0 (61.2) 0.07 -75.8 (72.6) 0.30 61.3 (77.5) 0.40 -0.8 (67.6) 1.00 -21.0 (80.2) 0.80 -51.6 (85.6) 0.50
R putamothalamus 124.8 (55.9) 0.03 -72.3 (59.3) 0.20 30.5(59.8) 0.60 24.7 (58.3) 0.70 -5.4 (61.9) 0.90 -96.7 (62.4) 0.10
R pallidothalamus -18.0 (112.2) 1.00 -52.9 (51.4) 0.30 16.5(71.9) 0.80 -25.9 (64.0) 0.70 12.6 (53.1) 0.80 -69.9 (74.4) 0.30
L caudate-R thalamus -29.2 (55.1) 0.60 -69.6 (60.3) 0.20 117.8 (41.8) 0.007 | -63.0(56.9) 0.30 24.4(62.2) 0.70 -78.7 (43.2) 0.07
L putamen-R thalamus 25.3 (41.9) 0.50 -52.2 (70.4) 0.50 67.9 (38.5) 0.08 -15.7 (42.1) 0.70 -9.0(70.7) 0.90 -61.4 (38.6) 0.10
L pallidum-R thalamus -15.2 (45.3) 0.70 -54.3 (52.8) 0.30 74.9 (42.5) 0.08 -40.2 (46.0) 0.40 -5.4 (53.6) 0.90 -93.2 (43.1) 0.03
R caudate-L thalamus 17.9 (50.6) 0.70 -48.9 (85.9) 0.60 -39.5 (54.6) 0.50 44.2 (49.9) 0.40 -23.6 (47.1) 0.60 -67.4 (53.8) 0.20
R putamen-L thalamus 126.9 (50.5) 0.01 -66.7 (47.8) 0.20 71.4 (42.9) 0.10 -18.3 (52.3) 0.70 -15.6 (46.6) 0.70 -87.5 (44.4) 0.05
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R pallidum-L thalamus 0.3 (46.5) 1.00 -24.6 (45.0) 0.60 77.4 (51.9) 0.10 -32.8 (47.7) 0.50 -9.9 (42.8) 0.80 -85.9 (53.3) 0.10
R putamocerebellar 24.8(76.9) 0.70 -25.6 (41.7) 0.50 -29.6 (61.2) 0.60 -30.1(74.9) 0.70 -35.9(82.1) 0.70 -84.8 (59.6) 0.20
R pallidocerebellar -22.2 (85.4) 0.80 -31.2(84.3) 0.70 -31.1(58.1) 0.60 -24.0 (84.2) 0.80 -89.0 (81.5) 0.30 -70.7 (57.3) 0.20
Cerebellothalamic group
L thalamocerebellar -27.6(79.9) 0.70 -92.9 (70.7) 0.20 80.9(59.7) 0.20 -51.2 (83.6) 0.50 42.1(73.9) 0.60 -60.9 (62.5) 0.30
R thalamocerebellar 64.6 (65.5) 0.30 -91.7 (83.6) 0.30 22.2 (64.2) 0.70 -35.7 (66.3) 0.60 -51.3 (84.5) 0.50 -4.1 (64.9) 0.90
L thalamo-vermis 96.1 (48.8) 0.05 -111.2 (67.7) 0.10 42.6 (56.1) 0.40 59.7 (50.9) 0.20 48.4 (70.8) 0.50 -1.5(58.7) 1.00
R thalamo-vermis 25.4 (66.3) 0.70 -5.7 (75.1) 0.90 -13.3 (50.5) 0.80 -28.3 (65.7) 1.00 19.6 (74.4) 0.80 24.9 (50.1) 0.60
Interthalami 9.1(62.5) 0.90 -100.2 (73.0) 0.20 96.5 (51.5) 0.07 -101.2 (63.9) 0.10 41.6 (74.7) 0.60 -95.2 (52.7) 0.08
L cerebello-vermis 90.2 (56.2) 0.10 -68.7 (56.8) 0.20 56.9 (53.0) 0.30 -54.6 (60.2) 0.40 -8.9 (60.8) 0.90 18.5 (56.8) 0.70
R cerebello-vermis 78.3(53.1) 0.10 -41.1 (62.6) 0.50 61.5 (49.8) 0.20 -55.7 (56.0) 0.30 -27.3 (66.0) 0.70 12.5(52.5) 0.80
Intercerebelli -45.6 (75.2) 0.50 -58.1(52.2) 0.20 19.2 (56.3) 0.70 -32.5(78.2) 0.70 -2.6 (54.3) 1.00 -10.5 (58.5) 0.80
-
Language Eye & Hand coordination
HUU HEU-preconception HEU-postconception HUU HEU-preconception HEU-postconception
B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.) p B (std err.) p

Intrinsic Basal ganglia connections
L caudoputamen -93.0(63.7) 0.10 -117.2 (74.0) 0.10 -77.9 (66.0) 0.20 -29.7 (83.9) 0.70 -3.3(97.4) 1.00 -85.9 (86.9) 0.30
L caudopallidum -30.8 (43.6) 0.50 -80.1 (63.3) 0.20 -72.8 (51.5) 0.20 -30.2 (57.4) 0.60 -57.7 (83.3) 0.50 -69.5 (67.7) 0.30
L putamopallidum -60.4 (47.2) 0.20 -142.1 (69.4) 0.05 -64.7 (42.1) 0.10 23.5(63.6) 0.70 -66.1 (93.6) 0.50 -119.2 (56.8) 0.04
R caudoputamen -97.8 (53.3) 0.07 -131.8 (89.4) 0.10 -67.7 (81.4) 0.40 38.3(70.8) 0.60 -58.2 (118.8) 0.60 -96.4 (108.2) 0.40
R caudopallidum -13.6 (50.5) 0.80 -104.1 (60.2) 0.09 -125.0 (55.1) 0.03 39.1(67.1) 0.60 -82.6 (80.0) 0.30 -139.3 (73.3) 0.06
R putamopallidum -41.4 (44.4) 0.30 -135.6 (66.5) 0.05 -17.5 (46.5) 0.70 33.8(58.9) 0.60 -33.3(88.2) 0.90 -78.3(61.8) 0.20
Inter-caudate 5.8 (38.9) 0.90 -41.7 (36.7) 0.30 -42.8 (44.7) 0.30 -97.3 (48.7) 0.05 -15.8 (56.0) 0.70 -34.5 (56.0) 0.50
L putamen-R caudate 35.9 (62.3) 0.60 -59.6 (56.8) 0.30 -106.5 (54.5) 0.06 60.2 (80.4) 0.40 -80.0(73.3) 0.30 -68.8 (70.3) 0.30
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Extrinsic basal ganglia connections

L caudothalamus -21.2 (61.4) 0.70 -57.5(75.4) 0.40 51.4 (68.5) 0.40 -38.5(82.1) 0.60 -7.9 (100.1) 0.90 -74.1 (91.6) 0.40
L putamothalamus -21.2 (61.4) 0.70 -57.5(75.4) 0.40 51.4 (68.5) 0.40 -38.5(82.1) 0.60 -7.9(100.1) 0.90 -74.1 (91.6) 0.40
L pallidothalamus 47.8 (72.3) 0.50 -75.4 (82.1) 0.40 -60.5 (50.4) 0.20 -10.3 (93.1) 0.90 -141.9 (105.8) 0.20 -58.7 (64.9) 0.40
R caudothalamus -43.7 (64.7) 0.50 -96.8 (76.8) 0.20 -96.4 (81.9) 0.20 104.9 (83.5) 0.20 -78.6 (99.0) 0.40 -90.6 (105.6) 0.40
R putamothalamus -5.9 (54.8) 0.90 -108.2 (58.2) 0.07 -53.8 (58.6) 0.40 122.7 (75.1) 0.10 -51.1 (79.7) 0.50 -65.1 (80.3) 0.40
R pallidothalamus -72.0 (63.2) 0.30 -57.9 (52.4) 0.30 -79.7 (73.5) 0.30 -15.5(79.4) 0.80 -20.4 (65.8) 0.70 -32.8(92.2) 0.70
L caudate-R thalamus -79.5 (57.9) 0.20 -93.4 (63.5) 0.10 6.5 (44.0) 0.90 -119.6 (74.8) 0.10 -27.2 (81.9) 0.70 -58.7 (56.8) 0.30
L putamen-R thalamus -57.4 (41.8) 0.20 -97.3(70.2) 0.20 -15.1 (38.3) 0.70 10.5 (56.6) 0.80 46.6 (95.0) 0.60 -25.0 (51.9) 0.60
L pallidum-R thalamus -75.8 (47.4) 0.10 -49.4 (55.2) 0.40 -33.7 (44.4) 0.40 -47.7 (61.2) 0.40 -19.3 (71.3) 0.80 -50.1 (57.4) 0.40
R caudate-L thalamus 19.6 (50.2) 0.70 -29.7 (47.4) 0.50 -87.3 (54.2) 0.10 8.9 (66.0) 0.90 -48.9 (62.3) 0.40 -41.8 (71.2) 0.60
R putamen-L thalamus -22.4 (51.4) 0.70 -66.5 (45.8) 0.10 -31.8 (43.7) 0.50 70.0(70.5) 0.30 2.1(62.8) 1.00 -43.6 (60.0) 0.50
R pallidum-L thalamus -47.7 (48.5) 0.30 -54.4 (43.5) 0.20 -27.9 (54.2) 0.60 -38.9 (60.2) 0.50 -8. 4 (54.0) 0.90 -95.9 (67.3) 0.20
R putamocerebellar -22.2 (74.8) 0.80 -60.5 (82.0) 0.50 10.2 (59.5) 0.09 -5.0(101.8) 1.00 32.7 (111.7) 0.80 15.2 (81.1) 0.80
R pallidocerebellar -20.2 (84.2) 0.80 -61.5 (81.5) 0.40 -3.2(57.3) 0.90 12.9 (113.6) 0.90 -58.8 (110.0) 0.60 -33.6 (77.3) 0.70
Cerebellothalamic group

L thalamocerebellar -39.5 (84.9) 0.60 -24.2 (75.2) 0.70 -57.7 (63.5) 0.40 -75.9 (105.5) 0.50 16.9 (93.3) 0.80 -106.2 (78.8) 0.20
R thalamocerebellar -0.40 (67.1) 1.00 -45.9 (85.6) 0.60 -4.3 (65.8) 0.90 17.5(86.1) 0.80 29.9(109.8) 0.80 -11.6 (84.4) 0.90
L thalamo-vermis 97.4 (50.4) 0.06 -26.0 (70.0) 0.70 -28.9 (58.1) 0.60 71.5(65.7) 0.30 19.5(91.2) 0.80 -90.7 (75.6) 0.20
R thalamo-vermis 4.5 (66.8) 0.90 -19.2 (75.6) 0.80 -0.6 (50.9) 1.00 -68.3 (82.6) 0.40 155.2 (93.5) 0.10 14.0 (62.9) 0.80
Interthalami -91.0 (63.9) 0.20 -70.7 (74.8) 0.30 29.3 (52.7) 0.60 -64.6 (85.2) 0.40 43.7 (99.6) 0.70 -40.4 (70.2) 0.60
L cerebello-vermis -100.6 (59.5) 0.10 -33.6 (60.1) 0.60 -3.6 (56.2) 0.90 49.0 (76.5) 0.50 -53.6 (77.2) 0.50 -19.2(72.1) 0.80
R cerebello-vermis -95.8 (55.4) 0.90 -20.9 (65.3) 0.70 17.6 (51.9) 0.70 4.3 (71.2) 0.90 -89.3 (84.0) 0.30 6.5 (66.8) 0.80
Intercerebelli -154.5 (77.8) 0.05 -17.9 (54.0) 0.70 36.7 (58.2) 0.50 -8.0 (102.0) 0.90 -66.4 (70.8) 0.30 27.0(76.3) 0.70
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Performance

General quotient

HUU HEU-preconception HEU-postconception HUU HEU-preconception HEU-postconception

B (std err.) p B (std err.) p B (std err.) p B (std err.) B (std err.) p B (std err.)
Intrinsic Basal ganglia connections
L caudoputamen -29.9 (77.3) 0.70 -89.7 (89.8) 0.30 -190.1 (80.1) 0.02 -107.2 (67.0) 0.10 -74.1(77.8) 0.30 -89.3 (69.4) 0.20
L caudopallidum -15.6 (53.7) 0.80 -105.0 (77.0) 0.20 -124.7 (62.6) .05 -54.8 (45.3) 0.20 -76.5 (65.8) 0.20 -82.7 (53.5) 0.10
L putamopallidum -44.8 (56.1) 0.40 -148.7 (82.5) 0.08 -155.7 (50.1) 0.003 | -54.6 (50.1) 0.30 -105.1 (73.7) 0.20 -98.0 (44.8) 0.03
R caudoputamen 5.4 (67.1) 0.90 -203.9 (112.5) 0.08 -121.2 (102.5) 0.20 -57.0 (58.2) 0.30 -120.2 (97.7) 0.20 -37.5(89.0) 0.70
R caudopallidum 48.8 (62.0) 0.40 -138.3 (73.9) 0.07 -157.4 (67.8) 0.02 -15.6 (54.8) 0.80 -93.8 (65.3) 0.10 -101.1 (59.9) 0.10
R putamopallidum 43.4 (53.6) 0.40 -76.7 (80.2) 0.30 -142.1 (56.1) 0.01 -7.6 (48.3) 0.90 -53.4 (72.3) 0.50 -54.1 (50.6) 0.30
Inter-caudate -69.9 (47.3) 0.10 -44.4 (44.6) 0.30 -3.8(54.3) 0.90 -78.2 (39.9) 0.06 -29.5 (37.7) 0.40 -31.5(35.8) 0.50
L putamen-R caudate 121.1(73.8) 0.10 -108.1 (67.3) 0.10 -78.7 (64.6) 0.20 20.4 (66.8) 0.80 -80.5 (60.9) 0.20 -66.2 (58.4) 0.30
Extrinsic basal ganglia connections
L caudothalamus -24.3 (76.4) 0.70 -121.4 (93.9) 0.20 -121.6 (85.2) 0.20 -76.4 (66.6) 0.20 -79.6 (81.8) 0.30 -34.3 (74.3) 0.60
L putamothalamus -24.3 (76.4) 0.70 -121.4 (93.9) 0.20 121.6 (85.2) 0.20 -76.4 (66.6) 0.20 -79.6 (81.8) 0.30 34.3(74.3) 0.60
L pallidothalamus -54.4 (81.6) 0.50 -209.2 (92.7) 0.03 -97.6 (56.9) 0.09 -81.3 (76.9) 0.30 -118.7 (87.4) 0.20 -54.6 (53.6) 0.30
R caudothalamus 26.6(79.9) 0.70 -136.5 (94.7) 0.10 -170.2 (101.0) 0.10 -39.1 (69.7) 0.60 -88.7 (82.6) 0.30 -36.8 (88.1) 0.70
R putamothalamus 105.1 (65.9) 0.10 -104.4 (70.0) 0.10 -221.2 (70.5) 0.003 | 26.8 (61.5) 0.70 -62.1 (65.3) 0.30 -73.8 (65.8) 0.30
R pallidothalamus 27.4(72.3) 0.70 -49.1 (59.9) 0.40 -152.8 (84.0) 0.07 -59.3 (65.5) 0.40 -24.2 (54.3) 0.60 52.0(76.1) 0.50
L caudate-R thalamus 13.3(71.1) 0.80 -70.0 (77.8) 0.40 -110.0 (54.0) 0.04 -44.1 (62.7) 0.50 -50.2 (68.6) 0.50 -23.4 (47.6) 0.60
L putamen-R thalamus 7.1 (50.4) 0.90 -97.9 (84.6) 0.20 -118.7 (46.2) 0.01 3.7 (45.7) 0.90 -62.5 (76.8) 0.40 -33.9 (42.0) 0.40
L pallidum-R thalamus -24.0 (54.3) 0.70 -73.6 (63.3) 0.20 -166.2 (51.0) 0.002 | -53.4(49.5) 0.30 -51.3 (57.6) 0.40 -64.1 (46.4) 0.20
R caudate-L thalamus 74.7 (59.3) 0.20 -109.5 (56.0) 0.06 -109.6 (64.0) 0.09 18.9 (52.4) 0.70 -64.6 (49.4) 0.20 -83.2 (56.5) 0.10
R putamen-L thalamus 108.4 (62.9) 0.09 -58.8 (56.1) 0.30 -126.0 (53.5) 0.02 61.7 (56.5) 0.30 -39.4 (50.4) 0.40 54.0 (48.0) 0.30
R pallidum-L thalamus 33.4(57.3) 0.60 -40.9 (51.4) 0.40 -159.5 (64.0) 0.02 -6.8 (50.3) 0.90 -30.0 (45.1) 0.50 -71.7 (56.2) 0.20
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R putamocerebellar 59.7 (92.9) 0.50 -78.2 (101.9) 0.40 -103.2 (74.0) 0.20 -36.0 (82.2) 0.70 -81.3(90.2) 0.40 -21.5 (65.4) 0.70
R pallidocerebellar 46.8 (106.5) 0.70 -159.9 (103.1) 0.10 -59.4 (72.4) 0.40 -22.5(90.6) 0.80 -128.9 (87.8) 0.10 -43.1 (61.7) 0.50
Cerebellothalamic group

L thalamocerebellar -8.9 (101.7) 0.90 -87.6 (90.0) 0.30 -177.6 (76.0) 0.10 -125.0 (87.0) 0.10 -46.1 (77.0) 0.50 -52.1 (65.0) 0.40
R thalamocerebellar 26.7 (82.1) 0.70 -117.5 (104.7) 0.30 -34.2 (80.5) 0.70 -19.7 (69.8) 0.80 -95.9 (88.9) 0.30 0.33 (68.4) 1.00
L thalamo-vermis 45.4 (62.4) 0.50 -72.8 (86.6) 0.40 -71.4 (71.8) 0.30 2.8 (54.7) 0.90 -31.6 (75.9) 0.70 -37.9 (62.9) 0.50
R thalamo-vermis -38.5(80.3) 0.60 72.8 (90.9) 0.40 -22.3(61.2) 0.70 -40.3 (69.5) 0.60 19.3 (78.7) 0.80 14.5 (52.9) 0.80
Interthalami 41.6 (82.8) 0.60 -56.2 (96.8) 0.60 -127.3 (68.3) 0.07 -23.8(71.1) 0.70 -37.1(83.1) 0.60 -24.8 (68.6) 0.70
L cerebello-vermis 41.3(72.7) 0.60 -119.8 (73.4) 0.10 -44.4 (68.6) 0.50 17.9 (63.2) 0.80 -74.0 (63.8) 0.20 6.1 (59.6) 0.90
R cerebello-vermis -7.6 (67.8) 0.90 -130.5 (79.9) 0.10 -59.9 (63.6) 0.30 -45.6 (58.8) 0.40 -75.5 (69.3) 0.30 2.8 (55.1) 0.90
Intercerebelli -103.8 (95.3) 0.30 -114.2 (66.1) 0.09 -71.4 (71.3) 0.30 -122.7 (82.9) 0.20 -69.0 (57.6) 0.20 13.1(62.1) 0.80
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Figure 5.2 Associations of WM-ROIs MDs with GMDS neuropsychological scores.
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5.3 Discussion

This chapter examined the prospective associations of WM DTl measures in neonates with
neurodevelopmental outcomes at 9- to 12-months in typical development relative to in utero HIV and
ART exposure. We hypothesized that tracts altered by HIV exposure would affect neuropsychological
scores in HEU infants. And we expected associations would be independent of infants ART exposure
duration. We report no associations between the compromised tracts, the R putamen — L thalamus and
the R caudothalamus, and any GMDS domain. The lack of associations between the reported implicated
WM tracts and cognitive domains may be due to the non-involvement of these tracts in any of the
functional domains examined. This is supported by the observation that these tracts were not associated

with any GMDS domain in typically developing infants.

In typically developed (HUU) infants, we found numerous WM tracts in early infancy to be associated with
neurodevelopmental scores in late infancy. FA was positively associated with all domains of GMDS,
suggesting a pivotal role of typical WM anisotropic diffusion in the developmental trajectory of infants.
We found at least one white matter tract to be associated with all the assessed neurocognitive domains
(table 5.2 and figure 5.1). By contrast, MD was prospectively associated with three of the six GMDS

domains assessed.

Associations in typically developing infants

The late fetal period and early infancy are marked by rapid brain development (Stiles and Jernigan, 2010).
These changes occur in tandem with the development of cognitive and behavioral functions shaped by
environment and experience (Weisleder and Fernald, 2013). White matter maturation is dynamic - it is
regional and functional network-specific, depending on the WM tracts recruited for a specific function or
wide range of functions. Our focus is on WM tracts connecting BG to the thalamus, BG to the cerebellum,
and the thalamus to cerebellar hemispheres and their relationship with neurodevelopmental domains in
late infancy. In our cohort, HUU infants demonstrated positive associations between FA and
neuropsychological scores in all domains. These results are similar to previous studies looking at FA and
neurocognitive outcomes in healthy infants and children (Zuk et al., 2021, Meijer et al., 2021, Dowe et al.,

2020, Sket et al., 2019, Feng et al., 2019, Schmithorst et al., 2005).

Typical white matter development and locomotor related skills

Two GMDS quotients are related to motor skills. The Locomotor quotient measures gross motor ability,
and the Eye and Hand coordination domain measures fine motor-related skills. We identified two intrinsic
cerebellar WM tracts where FA was positively associated with locomotor scores. This result suggests a
role of cerebellar connectivity in gross motor control. Damage to the cerebellum is associated with

impaired voluntary control of limb movement and predictive motor timing (Timmann et al., 2008, Bares
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et al.,, 2007, Topka et al., 1998). Multiple WM tracts were positively associated with Eye & Hand
coordination scores. These tracts included intrinsic basal ganglia circuitry, striatal-thalamic, and intrinsic
cerebellar pathways. The association of the intrinsic basal ganglia circuit FA with Eye & Hand coordination
scores was observed on the left hemisphere only. This suggests that the functional contribution of the
intrinsic basal ganglia pathways in the control of Eye & Hand coordination is left hemispheric dominant.
Gerardin and colleagues provide evidence of the role of the striatum in eye and hand movements
(Gerardin et al., 2003), and a substantial body of evidence has documented the roles of the cerebellum in

the control of eye movement (Beh et al., 2017, Patel and Zee, 2015, Kheradmand and Zee, 2011).

Typical WM development and language skills

Here, we found a few WM tracts in the extrinsic basal ganglia connections, mainly in the striatal-thalamic
pathways, to be positively associated with language scores. In addition to striatal-thalamic connectivity,
intrinsic cerebellar WM tracts were also positively related to language skills. These findings suggest the
role of striatal-thalamic and intrinsic cerebellar pathways in language. Zuk et al. recently examined the
associations between WM microstructure in early infancy and language ability at kindergarten in healthy
subjects. They reported a positive association between arcuate fasciculus FA with phonological awareness
and vocabulary knowledge; left corticospinal tract FA with phonological awareness, and bilateral
corticospinal tract FA with phonological memory after controlling for age, cognitive, and environmental
factors. They posited that the structural foundation of future language ability was present since infancy
(Zuk et al., 2021). Although our WM-ROIs are different from that of Zuk et al.’s, our study suggests the
involvement of basal ganglia and cerebellar pathways in language processing as previously reported by

other studies (Crosson, 2021, Barbas et al., 2013, Ford et al., 2013, Gil Robles et al., 2005).

Cognitive ability and behaviour

Performance and Personal Social quotients of the GMDS measure cognition and behaviors, respectively.
We observed two WM pathways associated with performance scores. The two WM pathways, the
ipsilateral putamothalamic, and right caudate- left thalamic are right hemispheric domiciled with
contribution from the left thalamus. This finding further substantiates a right hemispheric dominance of
visuospatial skills in healthy patients (Everts et al., 2009). We found several WM pathways relating to
Personal Social scores. The WM pathways recruited by HUU infants for this domain come from left
hemispheric basal ganglia intrinsic pathways, left striatal-thalamic connections, and bilateral cerebellar
WM connection. Attention is thought to precondition a better cognitive ability and behaviors (Pérez-Edgar
et al., 2014). Dowe et al. found a positive association of WM microstructures in the neonatal period with
attention at six-month postnatal life in healthy infants. Increased FA in the corpus callosum and anterior

cingulum were associated with better orienting behaviors (Dowe et al., 2020).

112



In agreement with previous studies associating increased MD with lower cognitive scores in paediatric
population (Schmithorst et al., 2005), we found increased MD to be negatively associated with lower
scores in two GMDS subscales, language, and eye and hand coordination. We identified two pathways,
intercerebelli and intercaudate, recruited for language and eye and hand coordination domains,
respectively. By contrast, we found a positive association with language scores. The pathways involved
included right putamothalamic and right putamen- left thalamic. However, this finding is counterintuitive
given the empirical evidence that higher MD signifies compromised WM integrity (Alexander et al., 2011,

Feldman et al., 2010, Alexander et al., 2007).

Associations in HEU infants

HEU infants did not recruit any of the WM pathways used by their HUU counterparts across all domains
measured. This result suggests alternate pathways are employed since we report no HIV/ART exposure
performance difference between groups. The alternate pathways used may involve the tracts reported to
be associated with GMDS scores only in HEU infants. Surprisingly, these alternate pathways are
dependent on ART exposure duration, as the associations differ between pre- and post-conception
groups. However, these tracts were not associated with ART duration in the previous chapter. The left
caudopallidum, one of the tracts associated with GMDS scores in the HEU group, was associated with
maternal VL presenting a possible link to maternal immune health and alternate pathways. Our results
may point to disruptions dependent on ART duration in utero to white matter development between the

time of scan and neuropsychological testing.

In conclusion associations between tractography outcomes and neuropsychological scores show that HUU
infants utilize white matter connections within the basal ganglia and cerebellum across cognitive domains.
Further associations indicate HEU infants recruit alternate white matter pathways to perform

neuropsychological tasks at the same level as their HUU peers.
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CHAPTER SIX
6.0 Strengths, limitations and conclusion of the thesis

6.1 Strengths and limitations

6.1.1 Strengths

This work used manual segmentation, which is the most reliable technique for mapping grey matter
structures in paediatric population (Morey et al., 2009, Yoon et al., 2009). The maternal-infant pairs
recruited in this study are from the same community with a homogenous socio-cultural background.
Lastly, we included both in utero ART exposure duration and maternal clinical data in our statistical
models. The inclusion of these variables are uncommon in the literature, and likely play a role in grey and

white matter-related abnormalities in HEU infants and children.

6.1.2 Limitations

A limitation of this study is the lack of maternal immune markers throughout pregnancy. We only report
maternal CD4+ cell count and viral loads at one time point (within 6 months of enrolment). And, we did
not consider the exact time within this 6-month period when these immune measures were collected
which may be a source of potential bias. Another limitation is that we did not quantify migratory
monocytes which may be used to infer the extent of neuroinflammation. An upsurge in infected migratory
monocytes is thought to initiate a pro-inflammatory pathway (Anzinger et al., 2014, Valcour et al., 2012).
We did not consider cortical projections to our ROIs seeds. Cortico-striato-thalamic loop may help in
better understanding of HIV-exposure related WM pathology in the studied regions. Post infancy follow-
up studies are needed to clarify if these changes represent damage or delayed development over a

protractive period.

6.2 Conclusion

The results documented in this thesis points to the influence of HIV exposure, ART duration and
maternal immune health on fetal brain development. However, these factors impact grey and white
matter differently. ART initiated pre-conception was protective of caudate volumes but did not protect
two white matter connections, the WM tract between right thalamus and right caudate, and WM that
between left thalamus and right putamen. Within HUU neonates, basal ganglia and cerebellar volumes
and white matter connections predicted neuropsychological outcomes in late infancy. However, HEU
infants did not demonstrate the same associations suggesting they utilize alternate pathways from their

HUU peers. While there were no exposure related differences across neuropsychological domains, the
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long-term functional consequences of altered structural recruitment is unknown. Finally, this thesis adds
to the body of literature that early ART in pregnancy is neuroprotective, and that HIV exposure related

structural alterations are evident as early as 2 - 4 weeks after birth.
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Table 1. Intra-ratter reliability

Supplementary analysis 1

Agreement Consistency

Region

ICC(C, 1) p value ICC(C, 1) p value
Left caudate 0.999 <0.0001 0.999 <0.0001
Right caudate 0.874 0.0001 0.873 0.0002
Left putamen 0.877 0.0002 0.867 0.0003
Right putamen 0.999 <0.0001 0.999 <0.0001
Left pallidum 0.923 0.002 0.958 <0.0001
Right pallidum 0.962 0.0002 0.976 <0.0001
Left thalamus 0.962 <0.0001 0.974 <0.0001
Right thalamus 0.916 <0.0001 0.923 <0.0001
Left cerebellum 0.999 <0.0001 0.999 <0.0001
Right cerebellum 0.999 <0.0001 0.999 <0.0001
Vermis 0.999 <0.0001 0.999 <0.0001
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Table 2. Associations of regional volumes with potential confounding variables

Infant indices at MRI Maternal indices
Sex GA Weight! Head Weight Age at
h deli

RO fc(;:::::l c awnzzkper elivery
L caudate -0.08 (0.37) 0.05 (0.55) 0.21 (0.02) 0.14 (0.13) -0.04 (0.63) | -0.04 (0.64)
R caudate -0.04 (0.69) -0.01 (0.95) 0.18 (0.05) 0.10 (0.28) -0.04 (0.65) | 0.004 (0.96)
L putamen 0.02 (0.80) 0.09 (0.35) 0.30 (<0.001) | 0.20 (0.03) 0.16 (0.09) -0.01 (0.90)
R putamen 0.04 (0.64) 0.09 (0.32) 0.30 (<0.001) | 0.24(0.009) | 0.12(0.19) -0.02 (0.82)
L pallidum -0.05 (0.56) -0.12 (0.19) 0.05 (0.53) 0.21 (0.02) -0.01 (0.92) -0.01 (0.93)
R pallidum -0.13 (0.17) 0.04 (0.70) 0.17 (0.07) 0.16 (0.09) -0.01(0.95) | -0.09 (0.33)
L thalamus -0.14 (0.13) 0.13 (0.15) 0.38 (<0.001) | 0.09 (0.29) -0.02 (0.86) 0.07 (0.44)
R thalamus -0.14 (0.14) 0.16 (0.08) 0.38 (<0.001) | 0.09 (0.31) -0.02 (0.84) 0.08 (0.38)
L cerebellum -0.09 (0.31) 0.20 (0.03) 0.51 (<0.001) | 0.09 (0.35) 0.10(0.28) -0.03 (0.76)
R cerebellum -0.13 (0.14) 0.20 (0.03) 0.48 (<0.001) | 0.07 (0.43) 0.11 (0.22) -0.03 (0.76)
Vermis 0.11(0.23) 0.17 (0.07) 0.31(<0.001) | -0.11(0.24) 0.10(0.28) -0.09 (0.29)

Values are Pearson correlation coefficients, r (p-value); GA = gestational age; L left; R right;
Bold indicates significance at p<0.10; 'Data missing for 1 infant in the HEU pre-conception ART group and 2 HUU infants.
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Table 3. Associations of regional volumes among HEU infants with maternal clinical and treatment variables

Region Maternal CD4 within 6 mo Maternal VL within 6 mo of Maternal VL within 6 mo of Infant ART Exposure duration
of enrolment enrolment enrolment
(n=79)
(n=77)? (n=23)° (n=79)c
r(p) B (p) r (p) B (p) r(p) B (p) r(p) B (p)

Left caudate? 0.28 (0.01) 0.35(0.01) 0.19 (0.39) | 0.009 (0.53) -0.07 (0.54) 0.007 (0.61) 0.38 (<0.001) | 10.74 (<0.001)
Right caudate? 0.16 (0.18) 0.19 (0.16) 0.19 (0.38) | 0.009 (0.56) -0.08 (0.50) 0.008 (0.56) 0.35 (0.002) 9.43 (0.001)
Left putamen?3* 0.09 (0.43) 0.09 (0.48) -0.03 (0.88) | -0.002 (0.89) -0.05 (0.66) -0.005 (0.71) 0.09 (0.44) -0.03 (0.99)
Right putamen?3 0.09 (0.44) 0.10(0.41) -0.11 (0.61) | -0.01 (0.50) -0.10 (0.40) -0.01 (0.31) 0.14 (0.23) 2.33(0.41)
Left pallidum? 0.02 (0.84) 0.01 (0.89) 0.24 (0.26) | -0.26 (0.30) -0.14 (0.22) -0.24 (0.14) 0.13 (0.26) 1.80 (0.28)
Right pallidum3* -0.00 (0.99) | -0.01(0.57) 0.20(0.37) | 0.01(0.72) 0.11 (0.34) -0.13 (0.42) 0.04 (0.71) 0.28 (0.87)
Left thalamus? 0.01 (0.95) 0.09 (0.70) -0.14 (0.52) | -0.03 (0.36) -0.09 (0.41) -0.03 (0.20) 0.05 (0.68) 3.44 (0.53)
Right thalamus?3 -0.03 (0.79) | -0.10(0.96) | -0.17 (0.44) | -0.03(0.22) -0.11 (0.34) -0.03 (0.18) 0.01 (0.93) 1.38 (0.78)
Left cerebellum?3 0.03 (0.78) 0.62 (0.44) | 0.003(0.99) | -0.03(0.71) -0.02 (0.84) -0.05 (0.51) 0.11 (0.33) 25.41 (0.16)
Right cerebellum?? 0.05 (0.65) 0.73 (0.36) 0.02 (0.94) | -0.006 (0.95) -0.02 (0.87) -0.05 (0.55) 0.14 (0.22) 29.45 (0.10)
Vermis?3 -0.04 (0.74) | -0.01(0.96) | -0.08 (0.71) | -0.02 (0.37) -0.05 (0.67) -0.01 (0.49) -0.10 (0.38) -2.97 (0.98)

ris Pearson correlation coefficient; B is unstandardised regression coefficient after controlling for potential confounders related to the outcome at p<0.10: 1 = equivalent

GA of infant at MRI; 2 = infant weight at MRI; 3 = infant head circumference at MRI; 4 = maternal weight change per week. Bold indicates significance at p<0.05.2CD4 count
missing for 2 mothers who started ART pre-conception; POnly for mothers with detectable viral load (VL); “Associations among all HEU infants; VL set to zero for mothers

with undetectable levels
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Table 4. Comparison of regional volumes among HEU infants between those whose mothers had detectable or undetectable viral loads within 6 months of enrolment. We
present the comparison for all HEU infants combined, and separately for those in the pre- and post-conception ART groups.

HEU HEU pre-conception ART HEU post-conception ART
(n=79) (n =40) (n=39)
Region Detectable vs undetectable Detectable vs undetectable Detectable vs undetectable
maternal VL maternal VL maternal VL
t (p) B (p) t (p) B (p) t (p) B (p)

Left caudate? -1.28 (0.21) 0.80 (0.16) 0.01 (0.99) 14.9 (0.88) -1.45 (0.16) 0.74 (0.20)
Right caudate? -1.47 (0.14) 0.80 (0.16) -0.16 (0.87) 26.6 (0.79) -1.54 (0.13) 0.96 (0.16)
Left putamen?23 -1.42 (0.16) 61.3 (0.24) -0.80 (0.43) 112.0(0.18) -0.99 (0.33) 49.2 (0.49)
Right putamen®? -1.63 (0.11) 72.8 (0.16) -0.56 (0.58) 66.2 (0.42) -1.40 (0.17) 79.9 (0.26)
Left pallidum?* -0.34 (0.74) 8.09 (0.79) -0.51 (0.62) 40.8 (0.39) 0.54 (0.59) -27.9 (0.46)
Right pallidum®24 -0.60 (0.55) 16.9 (0.59) -0.10 (0.92) 14.4 (0.81) -0.65 (0.52) 0.16 (0.64)
Left thalamus! -0.90 (0.38) 64.5 (0.68) 0.69 (0.49) -205.8 (0.26) -2.50 (0.02) 270.4 (0.02)
Right thalamus®?® -1.04 (0.30) 69.4 (0.56) 0.20 (0.84) -100.3 (0.53) -1.95 (0.06) 198.3 (0.11)
Left cerebellum®?® -1.00 (0.33) 217.1(0.52) -0.28 (0.78) -40.0 (0.95) -1.07 (0.29) 233.5(0.56)
Right cerebellum®5 -1.14 (0.26) 280.6 (0.40) 0.03 (0.98) -260.5 (0.65) -1.45 (0.15) 444.5 (0.30)
Vermisl?® -0.38 (0.70) 11.8 (0.88) 0.09 (0.32) -152.3 (0.20) -1.69 (0.10) 144.7 (0.18)
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Independent one-tail t-test; B is unstandardised regression coefficient after controlling for potential confounders related to the outcome at p<0.10: 1 = infant weight at
MRI; 2 = infant head circumference at MRI; 3 = maternal weight change per week; 4 = maternal alcohol consumption averaged across pregnancy; 5 = Equivalent GA of
infant at MRI. Bold indicates significance at p<0.05.
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Supplementary analysis 2
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Figure 1. comparison of DTI parameters by group. The HEU group comprised exposed uninfected infants born to mothers who had either initiated ART pre-conception or during gestation (post-conception); HUU are unexposed uninfected controls. Hourglasses show
median and interquartile ranges; whiskers are upper and lower extremes. Values above and below the whiskers are outliers, defined as data points more than 1.5 times the interquartile range above (or below) the upper (or lower) quartile. p values from independent
one-tail student t-test.
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Table 2.1a Associations of WM-ROIs FA with potential confounding variables

Infant indices at MRI

Maternal indices

Sex GA Weight! Head Weight Age at
WM-ROI Circumference? change per delivery
week
Intrinsic basal ganglia connections
L caudoputamen 0.02 (0.80) 0.32 (0.003) -0.05 (0.60) -0.14 (0.20) 0.01 (0.90) -0.03 (0.80)
L caudopallidum 0.03 (0.80) 0.31(0.003) -0.03 (0.80) -0.09 (0.40) -0.02 (0.80) -0.11 (0.30)
L putamopallidum -0.07 (0.50) | 0.27 (0.01) -0.01 (0.90) -0.02 (0.80) -0.05 (0.60) -0.09 (0.40)
R caudoputamen 0.01(0.90) | 0.30(0.005) | -0.06 (0.60) -0.19 (0.09) 0.09 (0.40) -0.10 (0.40)
R caudopallidum 0.03 (0.80) 0.31 (0.004) -0.02 (0.80) -0.10(0.30) 0.05 (0.60) -0.09 (0.40)
R putamopallidum -0.001 (1.00) 0.23 (0.04) 0.01 (0.90) 0.07 (0.50) -0.07 (0.50) -0.07 (0.50)
Inter-caudate 0.04 (0.70) | 0.27(0.02) -0.02 (0.90) -0.03 (0.80) 0.10 (0.40) -0.08 (0.40)
L putamen-R caudate -0.11 (0.30) 0.09 (0.40) -0.04 (0.70) -0.02 (0.80) -0.001 (1.00) -0.05 (0.60)
Extrinsic basal ganglia connections

L caudothalamus 0.13(0.20) | 0.27(0.01) 0.004 (1.00) -0.03 (0.80) 0.03 (0.80) -0.03 (0.80)
L putamothalamus 0.13(0.20) | 0.27(0.01) 0.004 (1.00) -0.03 (0.80) 0.03 (0.80) -0.03 (0.80)
L pallidothalamus 0.03 (0.70) 0.29 (0.007) 0.10 (0.40) 0.16 (0.10) -0.01 (0.90) -0.06 (0.60)
R caudothalamus 0.06 (0.60) | 0.37(0.0004) | 0.12 (0.30) -0.05 (0.60) 0.13 (0.20) -0.002 (1.00)
R putamothalamus 0.06 (0.60) | 0.26(0.01) 0.10 (0.40) 0.02 (0.80) 0.06 (0.60) -0.04 (0.70)
R pallidothalamus -0.01 (0.90) 0.14 (0.20) 0.10 (0.40) 0.14 (0.20) -0.01 (0.90) -0.05 (0.60)
L caudate-R thalamus -0.09 (0.40) 0.19 (0.08) 0.06 (0.60) 0.16 (0.20) -0.01 (0.90) 0.01 (0.90)
L putamen-R thalamus | -0.01(0.90) | 0.16 (0.10) -0.07 (0.50) 0.05 (0.70) -0.03 (0.80) -0.15 (0.20)
L pallidum-R thalamus | -0.04(0.70) | 0.16 (0.10) 0.05 (0.70) 0.09 (0.40) 0.05 (0.60) -0.18 (0.10)
R caudate-L thalamus -0.11 (0.30) 0.18 (0.10) 0.06 (0.60) 0.04 (0.70) -0.01 (0.90) -0.03 (0.80)
R putamen-L thalamus | 0.001(1.00) | 0.29 (0.07) -0.03 (0.80) 0.03 (0.80) -0.02 (0.80) -0.18 (0.10)
R pallidum-L thalamus | -0.01(0.90) | 0.24 (0.03) -0.05 (0.60) -0.002 (1.00) 0.06 (0.60) -0.19 (0.09)
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R putamocerebellar 0.15(0.20) | 0.13(0.20) 0.02 (0.80) -0.05 (0.60) -0.01 (0.90) -0.20 (0.02)
R pallidocerebellar 0.28 (0.009) | 0.10(0.30) 0.17 (0.10) 0.10 (0.30) 0.05 (0.60) -0.05 (0.60)
Cerebellothalamic group
L thalamocerebellar 0.07 (0.50) | 0.23(0.03) -0.07 (0.50) 0.12 (0.30) -0.02 (0.80) -0.06 (0.60)
R thalamocerebellar 0.19 (0.08) | 0.23(0.03) 0.01 (0.90) 0.04 (0.70) 0.001 (1.00) 0.007 (0.90)
L thalamo-vermis 0.16 (0.10) 0.11 (0.30) -0.02 (0.80) 0.13 (0.20) -0.06 (0.60) 0.02 (0.80)
R thalamo-vermis 0.09 (0.40) 0.15 (0.10) -0.04 (0.70) 0.09 (0.40) -0.08 (0.40) 0.04 (0.70)
Interthalami -0.04 (0.70) | 0.28(0.01) 0.11 (0.30) 0.09 (0.40) 0.09 (0.40) 0.03 (0.80)
L cerebello-vermis 0.26 (0.02) | 0.04(0.70) -0.02 (0.90) 0.05 (0.70) 0.16 (0.10) 0.01 (0.90)
R cerebello-vermis 0.20 (0.07) 0.20 (0.06) 0.01 (0.90) 0.03 (0.80) 0.005 (1.00) 0.10 (0.40)
Intercerebelli 0.30 (0.007) | 0.13(0.20) -0.09 (0.40) -0.06 (0.60) 0.13 (0.20) 0.08 (0.40)

Values are Pearson correlation coefficients, r (p-value); GA = gestational age; AA = absolute alcohol (0z); L left; R
right; Bold indicates significance at p<0.10; ‘Data missing for 1 infant in the HEU pre-conception ART group and 2

HUU infants.
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Table 2.1b Associations of WM-ROIs MD with potential confounding variables

Infant indices at MRI Maternal indices
Sex GA Weight! Head Weight Age at
WM-ROI Circumference? change per delivery
week
Intrinsic basal ganglia connections
L caudoputamen -0.22 (0.04) -0.22 (0.04) 0.06 (0.60) 0.16 (0.20) -0.13 (0.20) -0.08 (0.40)
L caudopallidum -0.11 (0.30) -0.17 (0.10) 0.03 (0.80) 0.09 (0.40) -0.04 (0.70) -0.05 (0.60)
L putamopallidum 0.01 (0.90) -0.26 (0.01) 0.03 (0.80) 0.02 (0.80) -0.07 (0.50) 0.01 (0.90)
R caudoputamen -0.14 (0.20) -0.08 (0.50) | -0.01(0.90) 0.11 (0.30) -0.18 (0.09) 0.17 (0.10)
R caudopallidum -0.06 (0.50) -0.05 (0.60) 0.02 (0.80) 0.08 (0.50) -0.04 (0.70) 0.17 (0.10)
R putamopallidum -0.12 (0.30) -0.17 (0.10) 0.03 (0.70) 0.05 (0.60) 0.03 (0.80) 0.13 (0.20)
Inter-caudate -0.06 (0.60) -0.06 (0.60) 0.15 (0.20) 0.17 (0.10) 0.02 (0.90) 0.19 (0.09)
L putamen-R caudate 0.01 (0.90) -0.05 (0.60) 0.15 (0.20) 0.15 (0.20) -0.18 (0.09) 0.03 (0.80)
Extrinsic basal ganglia connections

L caudothalamus -0.27 (0.01) -0.23 (0.03) 0.15 (0.20) 0.20 (0.07) -0.14 (0.20) -0.04 (0.70)
L putamothalamus -0.27 (0.01) -0.23 (0.03) 0.15 (0.20) 0.20 (0.07) -0.14 (0.20) -0.04 (0.70)
L pallidothalamus 0.02 (0.80) -0.16 (0.10) -0.10 (0.40) 0.003 (1.00) -0.07 (0.50) -0.08 (0.40)
R caudothalamus -0.18 (0.10) -0.25 (0.02) 0.07 (0.50) 0.13 (0.20) -0.14 (0.20) 0.24 (0.02)
R putamothalamus -0.11 (0.30) -0.18 (0.10) | -0.12(0.30) 0.02 (0.80) -0.09 (0.40) 0.23 (0.03)
R pallidothalamus -0.03 (0.80) -0.09 (0.40) -0.12 (0.30) -0.09 (0.40) -0.01 (0.90) 0.11 (0.30)
L caudate-R thalamus -0.21 (0.05) -0.17 (0.10) 0.33 (0.002) 0.12 (0.30) -0.07 (0.50) 0.08 (0.40)
L putamen-R thalamus | -0.08 (0.50) -0.14 (0.20) 0.09 (0.40) -0.01 (0.90) -0.08 (0.40) 0.02 (0.80)
L pallidum-R thalamus | -0.04 (0.70) -0.22 (0.04) 0.03 (0.80) 0.03 (0.80) -0.11 (0.30) -0.03 (0.80)
R caudate-L thalamus 0.01 (0.90) -0.08 (0.40) 0.15 (0.20) 0.12 (0.30) 0.009 (0.90) 0.17 (0.10)
R putamen-L thalamus | -0.10 (0.40) -0.08 (0.40) 0.09 (0.40) 0.02 (0.90) -0.09 (0.40) 0.20 (0.06)
R pallidum-L thalamus | -0.09 (0.40) -0.16 (0.10) 0.15 (0.20) 0.05 (0.70) 0.02 (0.90) 0.08 (0.40)
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R putamocerebellar -0.20 (0.07) -0.31 (0.005) 0.02 (0.80) -0.07 (0.50) 0.03 (0.80) 0.06 (0.60)
R pallidocerebellar -0.13 (0.20) -0.38 (0.0005) | 0.07 (0.50) -0.03 (0.70) 0.01 (0.90) 0.15 (0.20)
Cerebellothalamic group
L thalamocerebellar -0.23 (0.04) -0.18 (0.10) 0.14 (0.20) -0.04 (0.70) 0.03 (0.80) 0.01 (0.90)
R thalamocerebellar -0.14 (0.20) -0.34 (0.001) -0.04 (0.70) -0.10 (0.40) -0.08 (0.40) 0.12 (0.20)
L thalamo-vermis -0.01 (0.90) -0.11 (0.30) 0.07 (0.50) -0.05 (0.60) -0.004 (1.00) 0.18 (1.00)
R thalamo-vermis -0.03 (0.80) -0.08 (0.50) 0.13 (0.20) -0.02 (0.90) -0.23 (0.03) 0.19 (0.09)
Interthalami -0.14 (0.20) -0.36 (0.0008) | 0.04 (0.70) 0.03 (0.80) -0.14 (0.20) 0.01 (0.90)
L cerebello-vermis -0.20 (0.07) -0.34 (0.002) -0.03 (0.80) -0.11 (0.30) -0.04 (0.70) -0.17 (0.10)
R cerebello-vermis -0.14 (0.20) -0.32 (0.003) -0.01 (0.90) -0.13 (0.20) -0.02 (0.90) -0.08 (0.50)
Intercerebelli -0.13 (0.04) -0.24 (0.03) 0.01 (0.90) -0.15 (0.20) -0.01 (0.90) -0.15 (0.20)

Values are Pearson correlation coefficients, r (p-value); GA = gestational age; AA = absolute alcohol (0z); L left; R
right; Bold indicates significance at p<0.10; ‘Data missing for 1 infant in the HEU pre-conception ART group and 2
HUU infants.
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Table 2.1c Associations of WM-ROIs AD with potential confounding variables

Infant indices at MRI

Maternal indices

Sex GA Weight! Head Weight Age at
WM-ROI Circumference?! cha‘:::kper delivery
Intrinsic Basal ganglia connections
L caudoputamen -0.15(0.10) | -0.13(0.20) 0.02 (0.90) 0.07 (0.50) -0.08 (0.50) -0.03 (0.70)
L caudopallidum -0.09 (0.40) -0.07 (0.50) 0.01 (0.90) 0.04 (0.70) -0.04 (0.70) -0.08 (0.50)
L putamopallidum 0.03 (0.70) -0.13(0.20) 0.06 (0.60) 0.04 (0.70) -0.02 (0.80) -0.02 (0.80)
R caudoputamen -0.16 (0.10) | 0.006 (0.90) | 0.09 (0.40) 0.10 (0.40) -0.11 (0.30) 0.15 (0.20)
R caudopallidum -0.02 (0.80) 0.06 (0.50) 0.05 (0.70) 0.002 (1.00) -0.02 (0.80) 0.11 (0.30)
R putamopallidum -0.10 (0.40) -0.09 (0.40) 0.03 (0.80) 0.05 (0.60) 0.006 (0.90) 0.09 (0.40)
Inter-caudate -0.06 (0.60) 0.01 (0.90) 0.15 (0.20) 0.16 (0.20) 0.02 (0.80) 0.11 (0.30)
L putamen-R caudate | -0.5 (0.60) -0.11 (0.30) 0.17 (0.10) 0.17 (0.10) -0.15 (0.20) 0.07 (0.50)
Extrinsic basal ganglia connections

L caudothalamus -0.22 (0.04) -0.15 (0.20) 0.14 (0.20) 0.16 (0.10) -0.12 (0.30) -0.05 (0.60)
L putamothalamus -0.22(0.04) | -0.15(0.20) 0.14 (0.20) 0.16 (0.10) -0.12 (0.30) -0.05 (0.60)
L pallidothalamus 0.001 (1.00) -0.14 (0.20) -0.02 (0.90) 0.05 (0.60) -0.07 (0.50) -0.06 (0.60)
R caudothalamus -0.15 (0.20) -0.22 (0.04) 0.09 (0.40) 0.09 (0.40) -0.07 (0.50) 0.28 (0.01)
R putamothalamus -0.12(0.20) | -0.16(0.10) | -0.07 (0.50) 0.008 (0.90) -0.03 (0.80) 0.22 (0.04)
R pallidothalamus -0.02(0.20) | -0.05(0.70) | -0.09 (0.40) -0.05 (0.70) -0.002 (1.00) 0.09 (0.40)
L caudate-R thalamus -0.16 (0.80) -0.04 (0.70) 0.27 (0.01) 0.11 (0.30) -0.13 (0.20) 0.07 (0.50)
L putamen-R thalamus | -0.02 (0.10) | 0.005(1.00) | 0.15(0.20) 0.04 (0.70) -0.05 (0.70) -0.04 (0.70)
L pallidum-R thalamus | 0.02 (0.90) -0.19 (0.09) 0.14 (0.20) 0.09 (0.40) -0.15 (0.20) -0.03 (0.80)
R caudate-L thalamus -0.06 (0.80) -0.02 (0.80) 0.16 (0.10) 0.10 (0.30) -0.04 (0.70) 0.17 (0.10)
R putamen-L thalamus | -0.12 (0.60) -0.04 (0.70) 0.23 (0.04) 0.19 (0.10) -0.07 (0.50) 0.17 (0.10)
R pallidum-L thalamus | -0.03 (0.80) | -0.15(0.20) 0.15 (0.20) 0.03 (0.80) 0.03 (0.80) 0.09 (0.40)

149



R putamocerebellar -0.11 (0.30) -0.26 (0.02) 0.02 (0.80) -0.11 (0.30) 0.006 (0.90) -0.002 (1.00)
R pallidocerebellar 0.02 (0.80) -0.25 (0.02) 0.10 (0.30) -0.004 (0.10) -0.01 (0.90) 0.10 (0.40)
Cerebellothalamic group
L thalamocerebellar -0.10 (0.30) -0.09 (0.40) 0.03 (0.80) -0.03 (0.80) 0.01 (0.90) 0.006 (0.90)
R thalamocerebellar -0.10 (0.30) -0.22 (0.04) -0.01 (0.90) -0.11 (0.30) -0.06 (0.60) 0.14 (0.20)
L thalamo-vermis 0.01 (0.90) -0.06 (0.60) 0.07 (0.50) 0.05 (0.60) -0.02 (0.80) 0.16 (0.10)
R thalamo-vermis -0.06 (0.60) 0.01 (0.90) 0.13 (0.20) 0.04 (0.70) -0.20 (0.7) 0.17 (0.10)
Interthalami -0.04 (0.70) -0.13 (0.20) 0.14 (0.20) 0.20 (0.08) -0.07 (0.50) -0.09 (0.40)
L cerebello-vermis -0.10 (0.40) -0.29 (0.008) -0.02 (0.80) -0.11 (0.30) 0.004 (1.00) -0.20 (0.06)
R cerebello-vermis -0.06 (0.60) -0.25 (0.02) -0.005 (1.00) -0.12 (0.30) -0.002 (1.00) -0.08 (0.80)
Intercerebelli -0.23 (0.04) -0.18 (0.10) 0.03 (0.80) -0.15 (0.20) 0.04 (0.70) -0.07 (0.60)

Values are Pearson correlation coefficients, r (p-value); GA = gestational age; AA = absolute alcohol (0z); L left; R
right; Bold indicates significance at p<0.10; ‘Data missing for 1 infant in the HEU pre-conception ART group and 2
HUU infants.
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Table 2.1d Associations of WM-ROIs RD with potential confounding variables

Infant indices at MRI Maternal indices
Sex GA Weight! Head Weight Age at
change per deliver
WM-ROI Circumference? gep Y
week

Intrinsic basal ganglia connections

L caudoputamen -0.23 (0.03) -0.30 (0.005) | 0.07 (0.50) 0.20 (0.07) -0.14 (0.20) -0.08 (0.40)
L caudopallidum -0.11(0.30) -0.23(0.03) | 0.04(0.70) 0.12 (0.30) -0.03 (0.80) -0.02 (0.80)
L putamopallidum -0.02 (0.90) -0.36 (0.001) | 0.03 (0.80) 0.03 (0.70) -0.08 (0.40) 0.004 (1.00)
R caudoputamen -0.14 (0.20) -0.15 (0.20) | -0.03 (0.80) 0.14 (0.20) -0.20 (0.07) 0.17 (0.10)
R caudopallidum -0.11(0.30) -0.08 (0.40) | 0.08 (0.50) 0.14 (0.20) -0.09 (0.40) 0.18 (0.09)
R putamopallidum -0.17 (0.10) -0.25(0.02) | -0.001(1.00) | 0.01(0.90) -0.009 (0.9) 0.18 (0.10)
Inter-caudate -0.03 (0.80) -011(0.30) | 0.12(0.30) 0.11 (0.30) 0.02 (0.80) 0.09 (0.40)
L putamen-R caudate | 0.05 (0.60) -0.05 (0.70) | 0.11(0.30) 0.12 (0.30) -0.15 (0.20) 0.03 (0.80)

Extrinsic basal ganglia connections

L caudothalamus -0.27 (0.01) | -0.26(0.01) | 0.12(0.30) 0.20 (0.07) -0.14 (0.20) -0.07 (0.50)
L putamothalamus -0.28 (0.01) -0.26 (0.01) | 0.12(0.30) 0.20 (0.07) -0.14 (0.20) -0.07 (0.50)
L pallidothalamus 0.01 (0.90) -0.23(0.03) | -0.14(0.20) | -0.05 (0.60) -0.11 (0.30) -0.05 (0.60)
R caudothalamus -0.17 (0.10) -0.28 (0.008) | 0.05 (0.60) 0.15 (0.20) -0.17 (0.10) 0.23 (0.04)
R putamothalamus -0.15 (0.20) -0.21(0.05) | -0.10(0.30) 0.06 (0.60) -0.09 (0.40) 0.17 (0.10)
R pallidothalamus -0.08 (0.40) -0.23(0.03) | -0.09(0.40) | -0.23(0.03) -0.03 (0.70) 0.10 (0.30)
L caudate-R thalamus | -0.15 (0.10) -0.17 (0.10) | 0.29(0.007) | 0.08 (0.50) -0.05 (0.60) 0.06 (0.60)
L putamen-R thalamus | -0.09 (0.40) -0.18(0.09) | 0.12(0.30) -0.02 (0.90) -0.08 (0.50) 0.08 (0.50)
L pallidum-R thalamus | 0.003 (1.00) -0.23(0.03) | -0.007 (0.90) | -0.04 (0.70) -0.12 (0.30) 0.02 (0.80)
R caudate-L thalamus 0.07 (0.50) | -0.14(0.20) | 0.10(0.30) 0.12 (0.30) 0.004 (1.00) 0.15 (0.10)
R putamen-L thalamus | -0.14 (0.20) -0.14 (0.20) | 0.12(0.30) 0.03 (0.80) -0.07 (0.50) 0.20 (0.07)
R pallidum-L thalamus | -0.04 (0.70) -0.20(0.06) | 0.07 (0.50) -0.01 (0.90) -0.02 (0.80) 0.13 (0.20)
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R putamocerebellar -0.16 (0.10) -0.27 (0.01) 0.01 (0.90) 0.03 (0.80) 0.04 (0.70) 0.14 (0.20)
R pallidocerebellar -0.16 (0.10) -032 (0.003) | 0.01(0.90) -0.04 (0.7) -0.03 (0.80) 0.13 (0.20)
Cerebellothalamic group
L thalamocerebellar -0.26 (0.02) -0.23 (0.03) 0.20 (0.08) -0.04 (0.70) 0.05 (0.60) 0.03 (0.90)
R thalamocerebellar -0.14 (0.20) -0.30 (0.005) | -0.04 (0.70) -0.08 (0.50) -0.11 (0.30) 0.08 (0.40)
L thalamo-vermis -0.06 (0.60) -0.19 (0.08) 0.09 (0.40) -0.03 (0.80) 0.02 (0.80) 0.10 (0.40)
R thalamo-vermis -0.04 (0.70) -0.13 (0.20) 0.15 (0.20) -0.04 (0.70) -0.21 (0.06) 0.17 (0.10)
Interthalami -0.14 (0.20) -0.35(0.001) | -0.01 (0.90) -0.004 (1.00) -0.17 (0.10) 0.01 (0.90)
L cerebello-vermis -0.25 (0.02) -0.35(0.001) | -0.01 (0.90) -0.08 (0.40) -0.06 (0.60) -0.17 (0.10)
R cerebello-vermis -0.19 (0.07) -0.35(0.001) | 0.01(0.90) -0.10 (0.40) -0.02 (0.80) -0.10 (0.40)
Intercerebelli -0.30 (0.005) -0.26 (0.02) 0.03 (0.80) -0.08 (0.50) -0.06 (0.60) -0.15 (0.20)

Values are Pearson correlation coefficients, r (p-value); GA = gestational age; L left; R right; Bold indicates
significance at p<0.10; 'Data missing for 1 infant in the HEU pre-conception ART group and 2 HUU infants.
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Table 2.2a Associations among HEU infants of DTl parameters (FA, MD, AD and RDin WM tracts connecting manually traced seeds/targets with maternal clinical and treatment
variables (CD 4 counts)

FA MD AD RD
Maternal CD4 Maternal CD4 within 6 mo of Maternal CD4 within 6 mo of Maternal CD4 within 6 mo of
within 6 mo of enrolment enrolment enrolment
enrolment
WM-ROI (n=57)* (n=57)* (n=57)*
(n=57)*
r(p) B (p) r(p) B (p) r(p) B (p) r(p) B (p)

Intrinsic basal ganglia connections

L caudoputamen? 25 1.8 0.09 (0.50) 0.00001 (0.40) -0.06 (0.70) | -0.00002 (0.40) | -0.03(0.80) | -0.00001 (0.80) | -0.07 (0.60) | -0.00002 (0.30)
L caudopallidum? ! 0.11 (0.40) 0.00001 (0.30) -0.07 (0.60) | -0.00002 (0.60) | -0.04(0.80) | -0.00001 (0.80) | -0.09 (0.50) | -0.00002 (0.40)
L putamopallidum?®® ' 0.15 (0.30) 0.00001 (0.20) -0.02(0.90) | -0.00001(0.80) | 0.01(0.90) | 0.000005 (0.90) | -0.04(0.70) | -0.00001 (0.60)
R caudoputamen? &t 0.09 (0.50) 0.00001 (0.30) 0.02 (0.90) | 0.000006 (0.80) | 0.03(0.80) | 0.00001(0.80) | 0.02(0.90) | 0.000004 (0.90)
R caudopallidum? * 0.17 (0.20) 0.00001 (0.10) -0.01(1.00) | -0.000001 (1.00) | -0.04(0.80) | -0.00001 (0.80) | -0.04(0.80) | -0.00002 (0.60)
R putamopallidum? 0.09 (0.50) 0.00001 (0.40) 0.08 (0.60) 0.00002 (0.60) | 0.08(0.53) | 0.00003 (0.50) | 0.07 (0.60) 0.00001 (0.70)
Inter-caudate® 0.20 (0.10) 0.00002 (0.10) -0.08 (0.50) | -0.00003 (0.50) | -0.07 (0.60) | -0.00003 (0.60) | -0.16(0.30) | -0.00005 (0.30)
L putamen-R caudate® 0.11 (0.40) 0.00001 (0.40) -0.32(0.01) | -0.0001(0.02) | -0.27 (0.04) | -0.00008 (0.04) | -0.30(0.03) | -0.0001 (0.03)

Extrinsic basal ganglia connections

L caudothalamus? b & A * 1,8 0.10 (0.50) 0.00001 (0.40) 0.01(0.90) | -0.000005 (0.80) | 0.03(0.80) | 0.00001(0.8) | -0.004 (1.00) | -0.00001 (0.70)
L putamothalamus? 4.4 % 1.5 0.10 (0.50) 0.00001 (0.40) 0.01(0.90) | -0.000005 (0.80) | 0.03 (0.80) | 0.000001 (1.00) | -0.004 (1.00) | -0.00001 (0.70)
L pallidothalamus?® ' 0.10 (0.40) 0.00001 (0.40) | -0.004 (1.00) | -0.000001 (1.00) | -0.02 (0.90) | -0.00001 (0.80) | -0.02(0.90) | -0.00001 (0.70)
R caudothalamus b f B F. 1, # 0.03(0.80) | 0.000003 (0.70) 0.08 (0.50) 0.0000005 0.08 (0.50) | 0.000004 (0.90) | 0.07(0.60) | 0.000003 (0.90)
(1.00)
R putamothalamus? " | 0.08 (0.50) | 0.000004 (0.40) 0.06 (0.60) | 0.000002 (0.90) | 0.15(0.20) | 0.00003 (0.40) | 0.05 (0.70) 0.00001 (0.70)
R pallidothalamus' 8 0.13(0.30) 0.00001 (0.30) 0.05 (0.70) 0.00001 (0.70) | 0.09(0.50) | 0.00003 (0.50) | -0.02(0.80) | -0.000002 (0.90)
L caudate-R thalamus ¢ G # 0.10 (0.50) 0.00001 (0.40) 0.05 (0.70) 0.00002 (0.60) | 0.007 (1.00) | 0.00001 (0.80) | 0.01(0.90) 0.00001 (0.80)
L putamen-R thalamus' 0.06 (0.60) 0.00001 (0.60) -0.12 (0.40) | -0.00004 (0.30) | -0.18(0.20) | -0.00007 (0.20) | -0.14(0.30) | -0.00004 (0.20)
L pallidum-R thalamus® 8 0.12 (0.40) 0.00001 (0.40) -0.17 (0.10) | -0.00006 (0.20) | -0.22(0.10) | -0.00008 (0.10) | -0.18(0.20) | -0.00006 (0.10)
R caudate-L thalamus -0.006 (1.00) | -0.000001 (1.00) | -0.11(0.40) | -0.00003 (0.40) | -0.15(0.30) | -0.00005 (0.30) | -0.11(0.40) | -0.00003 (0.40)
R putamen-L thalamus? f: - # -0.05(0.70) | -0.000001(0.80) | 0.06 (0.70) 0.00002 (0.60) | -0.04(0.80) | -0.000005 (0.90) | 0.08 (0.50) 0.00001 (0.80)
R pallidum-L thalamus® & ' -0.01(0.90) | 0.000003 (0.80) 0.06 (0.70) 0.00002 (0.70) | -0.02(0.90) | -0.000006 (0.90) | 0.06 (0.60) 0.00001 (0.70)
R putamocerebellar® 8 t 0.09 (0.50) 0.00001 (0.40) 0.01(0.90) | -0.000001 (1.00) | 0.03 (0.80) | 0.000005 (0.90) | 0.03(0.80) | 0.000004 (0.90)
R pallidocerebellar® Bt -0.01(0.90) | 0.000002 (0.80) 0.03(0.80) | 0.000005 (0.90) | -0.05(0.70) | -0.00002 (0.60) | -0.05(0.70) | -0.00002 (0.60)

Cerebellothalamic group

L thalamocerebellar> * * * -0.10(0.50) | -0.00001(0.50) | 0.001(1.00) | -0.000001 (0.80) | -0.05(0.70) | -0.00001(0.70) | 0.04 (0.80) | 0.000002 (0.90)
R thalamocerebellar2 > & T 0.05 (0.70) 0.00001 (0.40) 0.11 (0.40) 0.00003 (0.40) | 0.16(0.20) | 0.00005 (0.20) | -0.004 (1.00) | -0.00001 (0.80)
L thalamo-vermis’ 0.03(0.80) | 0.000003 (0.80) 0.17 (0.20) 0.00005 (0.20) | 0.21(0.10) | 0.0001(0.10) | 0.13(0.30) 0.00002 (0.40)
R thalamo-vermis f & 9 0.01(0.90) | 0.000001 (0.90) 0.06 (0.70) 0.00001 (0.80) | 0.14(0.30) | 0.00007 (0.20) | 0.04 (0.80) 0.00001 (0.70)
Interthalami ® t 0.09 (0.50) 0.00001 (0.40) -0.10 (0.40) | -0.00003 (0.30) | -0.19(0.20) | -0.00004 (0.20) | -0.11(0.40) | -0.00003 (0.30)
L cerebello-vermis &b 8 F % T 0.12 (0.40) 0.00001 (0.20) -0.08 (0.50) | -0.00003 (0.40) | -0.12(0.40) | -0.00004 (0.30) | -0.10(0.50) | -0.00004 (0.30)
R cerebello-vermis b8 % T 0.05(0.70) | 0.000006 (0.60) | -0.05(0.70) | -0.00002(0.50) | -0.11(0.40) | -0.00004 (0.40) | -0.05(0.70) | -0.00002 (0.50)
Intercerebellit- b A * 1 0.13 (0.30) 0.00001 (0.20) -0.04 (0.70) | -0.00002 (0.50) | -0.01(0.90) | -0.00001 (0.80) | -0.05(0.70) | -0.00003 (0.40)

ris Pearson correlation coefficient; B is unstandardised regression coefficient after controlling for potential confounders related to the outcome at p<0.10: The model includes potential confounders related
to the outcome at p<0.1: FA:- 1 = infant sex; 2 = Equivalent GA of infant at MRI; 3 = infant weight at MRI; 4 = infant head circumference at MRI; 5 = maternal weight change per week; 6 = maternal age at
delivery; MD:- a = infant sex; b = Equivalent GA of infant at MRI; ¢ = infant weight at MRI; d = infant head circumference at MRI; e maternal weight change per week; f = maternal age at delivery; AD:- A =
infant sex; B = Equivalent GA of infant at MRI; C = infant weight at MRI; D = infant head circumference at MRI; E = maternal weight change per week; F = maternal age at delivery; RD:- * = infant sex; T =
Equivalent GA of infant at MRI; ¥ = infant weight at MRI, 8§ = infant head circumference at MRI; ] = maternal weight change per week; # = maternal age at delivery; *CD4 count missing for 1 mother who
started ART pre-conception. Bold indicates significance at p<0.05.
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Table 2.2b Associations of WM-ROIs DTl parameters (FA, MD, AD and RD) in HEU infants with maternal clinical and treatment variables (maternal viral loads)

FA MD AD RD
Maternal VL within 6 mo of Maternal VL within 6 mo of Maternal VL within 6 mo of Maternal VL within 6 mo of Maternal VL within 6 mo of Maternal VL within 6 mo of Maternal VL within 6 mo of Maternal VL within 6 mo of
enrolment enrolment enrolment enrolment enrolment enrolment enrolment enrolment

WM-ROI (n=17) (n=57) (n=17) (n=57) (n=17) (n=57) (n=17) (n=57)

rp) B (x 10%) (p) r(p) B (x 10°) (p) rp) B (x 10°) (p) rp) B (x 10°) (p) rp) B (x 10%) (p) rp) B (x 10) (p) rp) B (x 10%) (p) rp) B (x 10%) (p)

Intrinsic basal ganglia connections
L caudoputamen® 5™ 1.8 -0.62 (0.01) -0.002 (0.01) -0.28 (0.04) -0.001 (0.04) 0.34 (0.20) 0.003 (0.20) 0.25 (0.06) 0.004 (0.10) 0.17 (0.50) 0.002 (0.50) 0.13 (0.30) 0.003 (0.30) 0.44 (0.08) 0.004 (0.10) | 0.31(0.02) | 0.004 (0.04)
L caudopallidum?* -0.46 (0.06) -0.001 (0.08) -0.23 (0.08) -0.001 (0.10) 0.45 (0.07) 0.005 (0.07) 0.26 (0.05) 0.06 (0.05) 0.28 (0.30) 0.005 (0.30) 0.17 (0.20) 0.005 (0.20) 0.55 (0.02) 0.006 (0.03) | 0.32(0.02) | 0.006 (0.02)
L putamopallidum?® -0.066 (0.005) -0.001 (0.01) -0.20(0.10) -0.001 (0.20) 0.17 (0.50) 0.001 (0.60) 0.08 (0.50) 0.001 (0.60) 0.02 (0.90) 0.0004 (0.90) 0.02 (0.90) 0.001 (0.90) 0.27 (0.30) 0.002 (0.40) 0.13 (0.30) 0.002 (0.40)
R caudoputamen? & 11 0.05 (0.80) 0.0003 (0.60) 0.03 (0.80) 0.0003 (0.60) -0.04 (0.90) -0.001 (0.90) 0.03 (0.80) 0.0004 (0.90) | -0.02(0.90) -0.0003 (0.90) 0.05 (0.70) 0.001 (0.70) -0.06 (0.80) -0.001 (0.70) | 0.02 (0.90) | -0.0002 (0.90)
R caudopallidum? * 1 -0.15 (0.50) -0.0002 (0.70) -0.05 (0.70) 0.0001 (0.90) 0.03 (0.90) 0.0005 (0.90) 0.03 (0.80) 0.01 (0.80) 0.05 (0.80) 0.0007 (0.80) 0.02 (0.80) 0.001 (0.80) 0.06 (0.80) 0.001 (0.70) 0.03 (0.80) 0.001 (0.70)
R putamopallidum? -0.36 (0.10) -0.0001 (0.20) -0.15 (0.30) -0.001 (0.30) 0.09 (0.70) 0.001 (0.70) 0.11 (0.40) 0.003 (0.40) -0.06 (0.80) -0.001 (0.80) 0.05 (0.70) 0.002 (0.70) 0.19 (0.40) 0.001 (0.60) 0.15 (0.20) 0.002 (0.30)
Inter-caudate® -0.33(0.20) -0.001 (0.30) -0.10 (0.50) -0.0006 (0.60) 0.17 (0.50) 0.003 (0.50) 0.06 (0.70) 0.002 (0.70) 0.12 (0.60) 0.002 (0.60) 0.06 (0.70) 0.002 (0.70) 0.19 (0.50) 0.003 (0.50) 0.11 (0.40) 0.003 (0.40)
L putamen-R caudate® -0.58 (0.01) -0.003 (0.01) -0.19 (0.20) -0.002 (0.20) 0.33(0.20) 0.004 (0.30) 0.13 (0.30) 0.003 (0.40) 0.10 (0.70) 0.002 (0.70) 0.04 (0.80) 0.001 (0.80) 0.43 (0.09) 0.006 (0.09) 0.17 (0.20) 0.005 (0.20)
Extrinsic basal connections
L caudothalamus® @b & A * 1,8 -0.43 (0.08) -0.001 (0.10) -0.19 (0.10) -0.001 (0.20) 0.27 (0.30) 0.003 (0.30) 0.15 (0.20) 0.002 (0.40) 0.16 (0.50) 0.002 (0.50) 0.09 (0.50) 0.002 (0.50) 0.33 (0.20) 0.003 (0.20) 0.19 (0.20) 0.002 (0.30)
L putamothalamus? > d A 1.5 -0.43 (0.08) -0.001 (0.10) -0.20 (0.10) -0.001 (0.20) 0.27 (0.30) 0.003 (0.30) 0.15 (0.20) 0.002 (0.40) 0.16 (0.50) 0.002 (0.50) 0.09 (0.50) 0.002 (0.60) 0.33 (0.20) 0.003 (0.20) 0.19 (0.20) 0.002 (0.30)
L pallidothalamus? * -0.45 (0.07) -0.001 (0.09) -0.22 (0.10) -0.001 (0.10) 0.10 (0.70) 0.001 (0.70) 0.08 (0.50) 0.002 (0.50) -0.03 (0.90) 0.0006 (0.90) 0.02 (0.90) 0.0002 (0.90) 0.19 (0.50) 0.001 (0.60) 0.12 (0.40) 0.002 (0.40)
R caudothalamus? @b f.BF T, # -0.18 (0.50) -0.0002 (0.60) -0.08 (0.60) -0.0002 (0.70) 0.12 (0.70) 0.002 (0.50) 0.06 (0.70) 0.001 (0.60) 0.08 (0.80) 0.001 (0.80) 0.05 (0.70) 0.001 (0.60) 0.14 (0.60) 0.001 (0.60) 0.06 (0.70) | 0.0001 (0.70)
R putamothalamus® % T -0.37 (0.10) -0.0005 (0.20) -0.12 (0.40) -0.0004 (0.50) 0.08 (0.80) 0.001 (0.80) 0.08 (0.50) 0.002 (0.50) 0.004 (1.00) 0.001 (0.80) 0.05 (0.70) 0.002 (0.50) 0.13 (0.60) 0.0003 (0.90) | 0.11 (0.40) 0.001 (0.50)
R pallidothalamus-$ -0.34 (0.20) -0.001 (0.20) -0.11 (0.40) -0.0006 (0.40) 0.03 (0.90) 0.0003 (0.90) 0.06 (0.60) 0.001 (0.60) -0.04 (0.90) -0.0007 (0.90) 0.03 (0.80) 0.0008 (0.80) 0.04 (0.90) | -0.0004 (0.90) | 0.07 (0.60) 0.001 (0.70)
L caudate-R thalamus® &G * -0.43 (0.08) -0.002 (0.10) -0.19 (0.20) -0.001 (0.20) 0.03 (0.90) -0.001 (0.80) 0.05 (0.70) 0.0006 (0.80) | -0.16 (0.50) -0.0006 (0.90) -0.02 (0.90) -0.001 (0.70) 0.15 (0.60) 0.0008 (0.80) | 0.09 (0.50) 0.001 (0.60)
L putamen-R thalamus® -0.50(0.04) | -0.003 (0.04) -0.19 (0.10) -0.002 (0.20) -0.13 (0.60) -0.001 (0.60) -0.0002 (1.00) | -0.0001 (1.00) | -0.46 (0.06) -0.006 (0.06) -0.11 (0.40) -0.003 (0.40) 0.07 (0.80) 0.0006 (0.80) | 0.06 (0.60) 0.001 (0.70)
L pallidum-R thalamus® & -0.45 (0.07) -0.002 (0.07) -0.18 (0.20) -0.002 (0.20) 0.06 (0.80) -0.00002 0.05 (0.70) 0.001 (0.80) -0.27 (0.30) -0.004 (0.20) -0.06 (0.70)
(1.00) -0.002 (0.60) 0.15 (0.60) 0.001 (0.70) 0.09 (0.50) 0.002 (0.60)

R caudate-L thalamus -0.39 (0.10) -0.002 (0.10) -0.17 (0.20) -0.002 (0.20) 0.13 (0.60) 0.002 (0.60) 0.07 (0.60) 0.002 (0.60) -0.03 (0.90) 0.001 (0.80) 0.01 (0.90) 0.0002 (0.90) 0.22 (0.40) 0.003 (0.40) 0.10 (0.40) 0.003 (0.40)
R putamen-L thalamus? ¢ # -0.16 (0.50) -0.0006 (0.70) -0.04 (0.70) | - 0.0002 (0.90) 0.07 (0.80) 0.001 (0.70) 0.08 (0.50) 0.002 (0.50) -0.01 (1.00) -0.001 (0.60) 0.07 (0.60) 0.0001 (0.70) 0.11 (0.70) 0.002 (0.50) 0.08 (0.50) 0.003 (0.40)
R pallidum-L thalamus & T -0.12 (0.60) -0.0005 (0.70) -0.03 (0.80) -0.0001 (0.90) 0.12 (0.60) 0.001 (0.60) 0.08 (0.50) 0.002 (0.50) 0.11 (0.70) 0.001 (0.70) 0.08 (0.50) 0.002 (0.50) 0.12 (0.60) 0.001 (0.80) 0.08 (0.60) 0.001 (0.70)

154



-0.19 (0.50)

-0.001 (0.30)

-0.07 (0.60)

-0.0004 (0.60)

0.21 (0.40)

0.12 (0.40)

-0.002 (0.50)

0.11 (0.70)

-0.001 (0.80)

0.08 (0.60)

R putamocerebellar® > > >t 0.002 (0.50) 0.002 (0.70) 0.27(0.30) | 0.002(0.40) | 0.10(040) | 0.002 (0.50)
R pallidocerebellar® ® 8 t -0.07 (0.80) 0.0002 (0.80) -0.05(0.70) | -0.0002 (0.80) 0.21 (0.40) 0.002 (0.50) 0.09 (0.50) 0.001(0.60) | 0.14(0.60) 0.002 (0.70) 0.05 (0.70) 0.001 (0.80) 0.25(0.30) | 0.002(0.40) | 0.10(0.40) | 0.002 (0.50)
Cerebellothalamic group

L thalamocerebellar>® ™ * -0.27 (0.30) -0.001 (0.40) -0.16 (0.20) | -0.000001 (0.30) | 0.08(0.70) 0.000001 0.06 (0.60) 0.001(0.70) | -0.02(0.90) | -0.0003 (0.90) -0.002 (1.00)

(0.80) -0.00005 (1.00) | 0.19(0.40) | 0.001(0.60) | 0.10(0.40) | 0.001 (0.70)
R thalamocerebellar®>® &' -0.52(0.03) -0.006 (0.05) -0.28 (0.04) -0.001 (0.06) 0.13 (0.60) 0.001 (0.70) 0.04(0.80) | 0.0004(0.90) | -0.05(0.80) | -0.0007 (0.80) -0.06 (0.60) -0.002 (0.60) 0.23(0.40) | 0.001(0.60) | 0.09(0.50) | 0.001 (0.60)
L thalamo-vermis' -0.19 (0.50) -0.001 (0.50) -0.07 (0.60) -0.001 (0.60) -0.14 (0.60) | -0.002(0.60) | -0.08(0.50) | -0.002(0.50) | -0.17(0.50) -0.004 (0.50) -0.09 (0.50) -0.003 (0.50) | -0.10(0.70) | -0.001(0.60) | -0.06(0.70) | -0.001 (0.50)
R thalamo-vermis® f & 9 -0.33(0.20) -0.001 (0.20) -0.15 (0.20) -0.001 (0.20) 0.06 (0.80) | -0.0001(1.00) | 0.02(0.90) | 0-0004(0.90) | -0.03(0.90) -0.001 (0.90) -0.04 (0.70) -0.002 (0.70) 0.14 (0.60) | 0.001(0.70) | 0.06(0.70) | 0.001 (0.70)
Interthalami? ® f -0.39(0.10) -0.001 (0.20) -0.16 (0.20) -0.001 (0.30) -0.08(0.70) | -0.001(0.40) | 0.04(0.80) | 0.0002(0.90) | -0.26(0.30) -0.003 (0.30) -0.03(0.80) | _00007(0.80) | 0.02(0.90) | -0.001(0.70) | 0.07(0.60) | 0.001(0.70)
L cerebello-vermist &b & F. % 1 -0.27 (0.30) -0.0003 (0.50) | -0.12(0.40) | -0.0004 (0.50) 0.21 (0.40) 0.02 (0.50) 0.10 (0.40) 0.002 (0.60) | 0.14(0.60) 0.002 (0.60) 0.07 (0.60) 0.002 (0.60) 0.24(0.30) | 0.002(0.50) | 0.12(0.40) | 0.002 (0.50)
R cerebello-vermist 2 b8 * 1 -0.28(0.30) -0.0007 (0.30) | -0.10(0.40) | -0.0005 (0.60) 0.09 (0.70) 0.001 (0.80) 0.08 (0.60) 0.001(0.70) | 0.02(0.90) | 0.000004 (1.00) 0.03 (0.80) 0.0002 (0.90) | 0.14(0.60) | 0.001(0.70) | 0.10(0.50) | 0.001 (0.60)
Intercerebellit- A " 1 -0.40 (0.10) -0.0008 (0.20) | -0.16 (0.20) -0.001 (0.30) 0.15 (0.50) 0.002 (0.70) 0.08 (0.50) 0.001(0.70) | -0.01(0.90) | -0.0006 (0.90) 0.03 (0.80) 0.00003 (1.00) | 0.21(0.40) | 0.001(0.70) | 0.11(0.40) | 0.001 (0.60)

ris Pearson correlation coefficient; B is unstandardised regression coefficient after controlling for potential confounders related to the outcome at p<0.10: The model includes potential confounders related to the outcome at p<0.1:

FA:- 1 = infant sex; 2 = Equivalent GA of infant at MRI; 3 = infant weight at MRI; 4 = infant head circumference at MRI; 5 = maternal weight change per week; 6 = maternal age at delivery;

MD:- a = infant sex; b = Equivalent GA of infant at MRI; c = infant weight at MRI; d = infant head circumference at MRI; e maternal weight change per week; f = maternal age at delivery;

AD:- A = infant sex; B = Equivalent GA of infant at MRI; C = infant weight at MRI; D = infant head circumference at MRI; E = maternal weight change per week; F = maternal age at delivery;

RD:- * = infant sex; T = Equivalent GA of infant at MRI; ¥ = infant weight at MRI, 8 = infant head circumference at MRI; ¥ = maternal weight change per week; # = maternal age at delivery.

bOnly for mothers with detectable viral load (VL); ‘Associations among all HEU infants; VL set to zero for mothers with undetectable levels. Bold indicates significance at p<0.05. YOnly for mothers with detectable viral load (VL); Associations among all HEU infants; VL set to zero for mothers with

undetectable levels.
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Table 2.2c. Associations of WM-ROIs DTI parameters (FA, MD, AD and RD) in HEU infants with maternal clinical and treatment variables (Infant ART exposure

duration)
FA MD AD RD

Infant ART Exposure duration Infant ART Exposure duration Infant ART Exposure duration Infant ART Exposure duration

WM-ROI (n=57) (n=57) (n=57) (n=57)
r(p) B (p) r(p) B (p) r(p) B (p) r(p) B(p)
Intrinsic basal ganglia connections
L caudoputamen® 2" 1. -0.06 (0.70) -0.00006 (0.70) -0.18 (0.20) -0.001 (0.20) -0.18 (0.20) -0.001 (0.20) -0.17 (0.20) -0.0007 (0.20)
L caudopallidum? -0.17 (0.20) -0.0002 (0.20) -0.08 (0.50) -0.0005 (0.50) -0.14 (0.30) -0.001 (0.30) -0.03 (0.80) -0.0002 (0.80)
L putamopallidum? bt -0.06 (0.70) -0.0001 (0.80) -0.16 (0.20) -0.001 (0.20) -0.15 (0.20) -0.001 (0.20) -0.16 (0.20) -0.0009 (0.20)
R caudoputamen®® T 1 -0.05 (0.70) -0.00005 (0.80) -0.07 (0.60) -0.0001 (0.80) -0.10 (0.50) -0.0006 (0.50) -0.04 (0.80) -0.0001 (0.90)
R caudopallidum?* ¥ 0.003 (1.00) 0.00003 (0.90) -0.04 (0.70) -0.0002 (0.70) -0.09 (0.50) -0.0007 (0.50) -0.03 (0.80) -0.0003 (0.60)
R putamopallidum? -0.01 (0.90) -0.000002 (1.00) -0.07 (0.60) -0.0004 (0.60) -0.07 (0.60) -0.0007 (0.60) -0.07 (0.60) -0.0004 (0.50)
Inter-caudate® 0.06 (0.70) 0.0002 (0.50) 0.09 (0.50) 0.001 (0.50) 0.04 (0.80) 0.0003 (0.80) -0.04 (0.80) -0.0003 (0.80)
L putamen-R caudate® -0.07 (0.60) -0.0002 (0.60) -0.20 (0.10) -0.001 (0.30) -0.27 (0.04) -0.002 (0.04) -0.13 (0.30) -0.0009 (0.30)
Extrinsic basal connections

L caudothalamus® @b dA " 1.8 -0.03 (0.80) -0.00003 (0.90) -0.03 (0.80) 0.00004 (1.00) -0.05 (0.70) -0.0003 (0.70) -0.01 (0.90) 0.0001 (0.80)
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L putamothalamus? > dA ™ 1.5 -0.03 (0.80) -0.00003 (0.90) -0.03 (0.80) 0.00003 (1.00) -0.05 (0.70) -0.0002 (0.80) -0.01 (0.90) 0.00002 (1.00)
L pallidothalamus? ' -0.07 (0.60) -0.0001 (0.60) -0.04 (0.70) -0.0002 (0.70) -0.09 (0.50) -0.0006 (0.60) -0.02 (0.90) -0.0002 (0.80)
R caudothalamus® b %8 F 1. # 0.08 (0.08) 0.0001 (0.40) -0.03 (0.80) -0.0003 (0.60) -0.02 (0.80) -0.0006 (0.40) -0.02 (0.80) -0.0004 (0.50)
R putamothalamus®fF T 0.13 (0.30) 0.0001 (0.20) -0.06 (0.60) -0.0005 (0.50) -0.04 (0.80) -0.0007 (0.50) -0.08 (0.60) -0.0005 (0.40)
R pallidothalamus-$ 0.12 (0.40) 0.0002 (0.30) 0.005 (1.00) | 0.00003 (1.00) 0.04 (0.80) 0.0003 (0.80) -0.07 (0.60) -0.0004 (0.50)
L caudate-R thalamus® &G * 0.05 (0.70) 0.0001 (0.70) -0.17 (0.20) -0.001 (0.20) -0.19 (0.10) -0.001 (0.20) -0.12 (0.30) -0.006 (0.40)
L putamen-R thalamus' -0.003 (1.00) 0.000003 (1.00) -0.21 (0.10) -0.001 (0.10) -0.17 (0.20) -0.001 (0.20) -0.19 (0.10) -0.001 (0.10)
L pallidum-R thalamus® &1 0.05 (0.70) 0.0001 (0.70) -0.19 (0.20) -0.001 (0.10) -0.13(0.30) -0.001 (0.30) -0.16 (0.20) -0.001 (0.20)
R caudate-L thalamus -0.03 (0.80) -0.00007 (0.80) -0.03 (0.80) -0.0002 (0.80) -0.10 (0.50) -0.0007 (0.50) -0.04 (0.80) -0.0002 (0.80)
R putamen-L thalamus? ¢ # 0.05 (0.70) 0.0002 (0.40) -0.02 (0.90) | -0.00003 (1.00) | -0.01(0.90) 0.0001 (0.90) -0.001 (1.00) -0.0003 (0.70)
R pallidum-L thalamus® & T 0.04 (0.80) 0.0001 (0.60) 0.04 (0.70) 0.0003 (0.70) 0.06 (0.60) 0.0005 (0.60) 0.06 (0.70) 0.0003 (0.70)
R putamocerebellar® 2?8 1 -0.01 (0.90) -0.00003 (0.90) 0.02 (0.90) 0.00003 (1.00) 0.02 (0.90) 0.00007 (0.90) 0.07 (0.60) 0.0004 (0.60)
R pallidocerebellar® B 0.14 (0.30) 0.0002 (0.40) 0.02 (0.90) -0.00002 (1.00) 0.07 (0.60) 0.0005 (0.70) -0.007 (0.90) -0.0001 (0.80)
Cerebellothalamic group
L thalamocerebellar**# -0.01 (0.90) -0.00002 (1.00) -0.01 (0.90) 0.00003 (1.00) 0.05 (0.70) 0.0003 (0.70) 0.01 (0.90) 0.0001 (0.80)
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R thalamocerebellar2 > & 7 0.25 (0.06) 0.0004 (0.05) 0.13(0.30) | 0.0006(0.40) | 0.24(0.07) 0.002 (0.07) 0.06 (0.60) 0.0004 (0.60)
L thalamo-vermis’ -0.06 (0.60) -0.0001 (0.60) 0.16 (0.20) 0.001 (0.20) 0.11 (0.40) 0.001 (0.40) 0.15 (0.30) 0.0006 (0.30)
R thalamo-vermis f £ 9 0.14 (0.30) 0.0003 (0.30) 0.13 (0.30) 0.001 (0.20) 0.21(0.10) 0.003 (0.04) 0.09 (0.50) 0.0008 (0.30)
Interthalami? ® t 0.03 (0.80) 0.00007 (0.70) -0.30(0.02) | -0.002(0.01) | -0.30(0.03) | -0.002(0.03) -0.26 (0.05) -0.001 (0.02)
L cerebello-vermist &b & F % T 0.10 (0.50) 0.00007 (0.70) -0.08 (0.50) | -0.0006 (0.40) | -0.09(0.50) | -0.0008(0.30) | -0.07(0.60) | -0.0005 (0.50)
R cerebello-vermist 5 8 % T -0.05 (0.70) -0.0001 (0.60) -0.02(0.90) | -0.0002(0.70) | -0.04(0.80) | -0.0004 (0.70) | -0.005(1.00) | -0.0001 (0.80)
Intercerebellit- @ oA * t 0.13(0.30) 0.0001 (0.40) -0.04(0.70) | -0.0003 (0.70) | -0.10(0.40) | -0.0004 (0.60) | -0.01(0.90) | -0.00001 (1.00)

ris Pearson correlation coefficient; B is unstandardised regression coefficient after controlling for potential confounders related to the outcome at p<0.10: The model includes

potential confounders related to the outcome at p<0.1:

FA:- 1 = infant sex; 2 = Equivalent GA of infant at MRI; 3 = infant weight at MRI; 4 = infant head circumference at MRI; 5 = maternal weight change per week; 6 = maternal age at

delivery;

MD:- a = infant sex; b = Equivalent GA of infant at MRI; c = infant weight at MRI; d = infant head circumference at MRI; e maternal weight change per week; f = maternal age at

delivery;

AD:- A = infant sex; B = Equivalent GA of infant at MRI; C = infant weight at MRI; D = infant head circumference at MRI; E = maternal weight change per week; F = maternal age at

delivery;

RD:- * = infant sex; T = Equivalent GA of infant at MRI; ¥ = infant weight at MRI, 8 = infant head circumference at MRI; 4 = maternal weight change per week; # = maternal age at
delivery. Bold indicates significance at p<0.05.
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Table 2.3a Comparison of WM-ROIs DTI parameters (FA, MD, AD and RD) among HEU infants between those whose mothers had detectable or undetectable viral
loads within 6 months of enrolment for all HEU infants combined

FA MD AD RD
HEU HEU HEU HEU
(n=57) (n=57) (n=57) (n=57)
WM-ROI
Detectable vs Undetectable Detectable vs Undetectable Detectable vs Undetectable Detectable vs Undetectable
maternal VL maternal VL maternal VL maternal VL
t(p) B (p) t(p) B (p) t(p) B (p) t(p) B (p)
Intrinsic basal ganglia connections
L caudoputamen? @b " 1.8 0.01 (0.90) -0.0004 (0.90) -1.84 (0.07) 0.021 (0.07) -1.39(0.20) 0.022 (0.20) -2.01 (0.05) 0.21 (0.04)
L caudopallidum?* 0.19 (0.80) -0.0005 (0.90) -0.72 (0.50) 0.01 (0.50) -0.61 (0.50) 0.012 (0.50) -1.01 (0.40) 0.009 (0.50)
L putamopallidum?® * -0.71 (0.50) 0.003 (0.50) -0.41 (0.70) 0.006 (0.70) -0.39 (0.70) 0.009 (0.70) -0.41 (0.70) 0.004 (0.70)
R caudoputamen?® & 11 -0.10 (0.90) 0.0004 (0.90) -1.88 (0.06) 0.020 (0.06) -1.86 (0.07) 0.030 (0.07) -1.76 (0.08) 0.021 (0.08)
R caudopallidum?* ¥ -0.74 (0.50) 0.003 (0.40) -0.24 (0.80) 0.004 (0.80) -0.07 (0.90) 0.001 (0.90) 0.005 (1.00) 0.004 (1.00)
R putamopallidum? -1.08 (0.30) 0.005 (0.30) -2.24 (0.03) 0.033 (0.03) -2.32(0.02) 0.050 (0.02) -2.02 (0.05) 0.24 (0.04)
Inter-caudate?f -1.12 (0.30) 0.006 (0.30) 0.82 (0.40) -0.018 (0.40) 0.25 (0.80) -0.006 (0.80) 0.40(0.70) -0.006 (0.70)
L putamen-R caudate® -1.94 (0.06) 0.010 (0.06) 1.29 (0.20) -0.020 (0.06) 0.56 (0.60) -0.010 (0.60) 1.60 (0.10) -0.028 (0.10)

159



Extrinsic basal connections

L caudothalamus® &A™ 1.8 0.60 (0.50) -0.002 (0.60) -0.59 (0.50) 0.006 (0.60) -0.39(0.70) 0.006 (0.70) -0.70 (0.50) 0.007 (0.50)
L putamothalamus? 2 d.A 1.5 0.60 (0.50) -0.002 (0.60) -0.59 (0.50) 0.006 (0.60) -0.39 (0.70) 0.006 (0.70) -0.70 (0.50) 0.007 (0.50)
L pallidothalamus?® -0.44 (0.60) 0.002 (0.60) -1.17 (0.20) 0.015 (0.20) -0.92 (0.40) 0.019 (0.40) -1.01 (0.30) 0.013 (0.30)
R caudothalamus?® &b f.B.F. 1. # 0.07 (0.90) 0.00002 (1.00) -0.06 (0.90) 0.0004 (1.00) -0.25 (0.80) 0.003 (0.80) 0.06 (0.90) 0.0007 (0.90)
R putamothalamus?fF 1 -0.51 (0.60) 0.002 (0.50) -1.33(0.20) 0.017 (0.20) -1.63 (0.10) 0.029 (0.10) -1.15(0.20) 0.015 (0.20)
R pallidothalamus 8 -0.58 (0.60) 0.002 (0.60) -1.47 (0.10) 0.021 (0.10) -1.56 (0.10) 0.031 (0.10) -1.47 (0.10) 0.019 (0.10)
L caudate-R thalamus & & ¥ -1.55(0.10) 0.008 (0.10) -1.16 (0.20) 0.024 (0.09) -1.87(0.07) 0.048 (0.02) -0.27 (0.80) 0.008 (0.50)
L putamen-R thalamus' -1.63 (0.10) 0.011 (0.10) -1.64 (0.10) 0.027 (0.10) -2.14 (0.04) 0.043 (0.04) -0.87 (0.40) 0.014 (0.40)
L pallidum-R thalamus® &1 -1.50 (0.10) 0.010 (0.10) -1.11 (0.30) 0.020 (0.30) -1.87(0.07) 0.036 (0.07) -0.72 (0.50) 0.012 (0.50)
R caudate-L thalamus -1.73 (0.09) 0.010 (0.09) 0.22 (0.80) -0.004 (0.80) -0.88 (0.40) 0.016 (0.40) 0.56 (0.60) -0.010 (0.50)
R putamen-L thalamus? ¢ # -1.27 (0.20) 0.008 (0.20) -1.83(0.07) 0.031 (0.07) -2.40 (0.02) 0.052 (0.007) 0.09 (0.30) 0.017 (0.30)
R pallidum-L thalamus® & f -1.01 (0.30) 0.006 (0.20) -1.10(0.30) 0.019 (0.30) -1.34 (0.20) 0.026 (0.20) -0.59 (0.50) 0.008 (0.60)
R putamocerebellar® 2?8 1 -1.00 (0.30) 0.004 (0.30) -0.38 (0.70) 0.005 (0.70) -0.56 (0.60) 0.010 (0.60) 0.21(0.80) -0.004 (0.80)
R pallidocerebellar®® Bt -0.50 (0.60) 0.002 (0.60) 0.07 (0.90) -0.001 (0.90) 0.43(0.70) -0.010 (0.60) 0.20 (0.80) -0.003 (0.80)
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Cerebellothalamic group

L thalamocerebellar® ™ ¥ -0.32(0.70) 0.001 (0.80) 0.81 (0.40) 0.011 (0.40) -0.28 (0.80) 0.005 (0.80) 0.68 (0.50) 0.008 (0.50)
R thalamocerebellart2 5 8 -1.76 (0.08) 0.007 (0.07) -0.74(0.40) | -0.010(0.40) 1.43 (0.10) -0.027 (0.10) -0.55 (0.60) -0.008 (0.50)
L thalamo-vermis’ 0.53 (0.60) -0.003 (0.60) 0.02(1.00) | 0.0004 (1.00) | -0.04 (1.00) 0.001 (1.00) 0.11 (0.90) 0.001 (0.90)
R thalamo-vermis® " £ 1 0.22 (0.80) -0.001 (0.80) -0.61(0.50) | -0.010(0.50) 0.82 (0.40) -0.021 (0.40) -0.66 (0.50) -0.007 (0.60)
Interthalami? ® t 0.87 (0.40) -0.004 (0.30) 2.61(0.01) | 0.031(0.008) | -2.56(0.01) | 0.035(0.01) 1.95 (0.05) 0.022 (0.04)
L cerebello-vermis b 8 F %t 0.10 (0.90) -0.001 (0.90) 0.003 (1.00) | -0.001 (0.90) 0.17 (0.90) -0.005 (0.70) -0.03 (1.00) -0.001 (0.90)
R cerebello-vermist 58 % 1 1.05 (0.30) -0.004 (0.30) 0.68 (0.50) 0.009 (0.50) -0.74 (0.50) 0.013 (0.40) 0.48 (0.60) 0.006 (0.60)
Intercerebellit- b A * T 0.30 (0.70) -0.001 (0.80) -0.14(0.90) | -0.003(0.80) | -1.06(0.30) 0.017 (0.30) 0.28 (0.80) 0.004 (0.80)

Independent one-tail t-test; B is unstandardised regression coefficient after controlling for potential confounders related to the outcome at p<0.10: The model includes potential
confounders related to the outcome at p<0.1:

FA:- 1 = infant sex; 2 = Equivalent GA of infant at MRI; 3 = infant weight at MRI; 4 = infant head circumference at MRI; 5 = maternal weight change per week; 6 = maternal age at

delivery;

MD:- a = infant sex; b = Equivalent GA of infant at MRI; ¢ = infant weight at MRI; d = infant head circumference at MRI; e maternal weight change per week; f = maternal age at

delivery;

AD:- A = infant sex; B = Equivalent GA of infant at MRI; C = infant weight at MRI; D = infant head circumference at MRI; E = maternal weight change per week; F = maternal age at

delivery;

RD:- * = infant sex; T = Equivalent GA of infant at MRI; ¥ = infant weight at MRI, 8 = infant head circumference at MRI; ¥ = maternal weight change per week; # = maternal age at

delivery; Bold indicates significance at p<0.05. Bold indicates significance at p<0.05.
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Table 2.3b Comparison of DT parameters (FA, MD, AD and RD) in WM tracts connecting manually traced seeds/targets among HEU infants between those whose mothers had detectable or undetectable viral loads within 6 months of enrolment. We present the comparison for all
HEU infants separately for those in the pre- and post-conception ART groups.

FA MD AD
HEU pre-conception ART HEU post-conception ART HEU pre-conception ART HEU post-conception ART HEU pre-conception ART HEU post-conception ART HEU pre-conception ART HEU post-conception ART
(n=29) (n=28) (n=29) (n=28) (n=29) (n=28) (n=29) (n=28)
WM-Rol Detectable vs Detectable vs Undetectable Detectable vs Undetectable Detectable vs Undetectable Detectable vs Undetectable Detectable vs Undetectable Detectable vs Undetectable Detectable vs Undetectable
Undetectable maternal VL maternal VL maternal VL maternal VL maternal VL maternal VL maternal VL maternal VL
t(p) B(p) t(p) B(p) t(p) B(p) t(p) B(p) t(p) B (p) t(p) B(p) t(p) B (p) t(p) B (p)
Intrinsic basal ganglia connections
L caudoputamen® 5™ 1.8 -0.05 (0.90) -0.001 (0.80) 0.19 (0.80) -0.00004 (1.00) -0.41 (0.70) 0.011 (0.50) -1.85 (0.08) 0.03 (0.10) -0.28 (0.80) | 0.007 (0.80) -1.44 (0.20) 0.032 (0.20) -0.47 (0.60) 0.011 (0.40) -1.96 (0.06) 0.029 (0.08)
L caudopallidum? ' -0.19 (0.80) | -0.0002 (1.00) | 0.49 (0.60) -0.001 (0.90) 0.37 (0.70) -0.007 (0.70) -1.10 (0.30) 0.023 (0.30) 0.28 (0.80) | -0.008 (0.80) -0.91 (0.40) 0.026 (0.40) 0.43 (0.70) 0.0001 (1.00) -1.15(0.20) 0.022 (0.30)
L putamopallidum? bt -0.73 (0.50) 0.003 (0.70) -0.21 (0.80) 0.002 (0.70) 0.55 (0.60) -0.004 (0.80) -0.73 (0.50) 0.010 (0.60) 0.23 (0.80) | -0.007 (0.80) -0.51 (0.60) 0.017 (0.60) 0.82 (0.40) -0.005 (0.70) -0.87 (0.40) 0.010 (0.60)
R caudoputamen? & 11 -0.07 (0.90) -0.001 (0.80) -0.10 (0.90) 0.003 (0.40) -1.15 (0.30) 0.02 (0.30) -1.42 (0.20) 0.020 (0.20) -1.10(0.30) | 0.027 (0.30) -1.39 (0.20) 0.031 (0.20) -1.11 (0.30) 0.027 (0.10) -1.32(0.20) 0.019 (0.30)
R caudopallidum? * 1 -0.78 (0.40) 0.003 (0.60) -0.30 (0.80) 0.005 (0.30) -0.16 (0.90) 0.004 (0.90) -0.21 (0.80) 0.004 (0.80) 0.55 (0.60) | -0.012 (0.60) -0.40 (0.70) 0.011 (0.70) 0.012 (1.00) 0.001 (0.90) -0.04 (1.00) -0.002 (0.90)
R putamopallidum? -1.57 (0.10) 0.009 (0.20) -0.15 (0.90) 0.002 (0.70) -1.31(0.20) 0.027 (0.20) -1.80 (0.08) 0.041 (0.08) -1.69 (0.10) | 0.050 (0.10) -1.64 (0.10) 0.055 (0.10) -0.88 (0.40) 0.022 (0.20) -1.85 (0.07) 0.027 (0.10)
Inter-caudate® -2.26 (0.03) 0.01 (0.07) 0.30 (0.80) -0.002 (0.80) 1.25(0.20) -0.050 (0.20) -0.44 (0.60) 0.010 (0.60) 0.82(0.40) | -0.003 (0.40) -0.59 (0.60) 0.016 (0.60) 0.90 (0.40) -0.029 (0.40) -0.32 (0.70) 0.009 (0.70)
L putamen-R caudate® -2.85(0.008) | 0.027 (0.008) | -0.17 (0.80) 0.002 (0.90) 2.85(0.008) -0.065 (0.01) -0.51 (0.60) 0.007 (0.70) 1.89 (0.07) | -0.050 (0.07) -0.71 (0.50) 0.017 (0.50) 3.12 (0.004) -0.078 (0.004) -0.34 (0.70) 0.008 (0.70)
Extrinsic basal ganglia connections

L caudothalamus® @b & A * 1,8 0.17 (0.90) -0.002 (0.70) 0.70 (0.50) -0.001 (0.70) 0.59 (0.50) -0.009 (0.60) -1.26 (0.20) 0.018 (0.30) 0.63 (0.50) | -0.010(0.50) -1.03 (0.30) 0.022 (0.30) 0.51 (0.60) -0.007 (0.70) -1.35(0.20) 0.017 (0.30)
L putamothalamus? 2 d.A % 1.8 0.17 (0.90) -0.002 (0.70) | 0.70(0.50) -0.001 (0.70) 0.59 (0.50) -0.009 (0.60) -1.26 (0.20) 0.019 (0.30) 0.63 (0.50) | -0.018 (0.40) -1.03 (0.30) 0.23 (0.30) 0.51 (0.60) -0.007 (0.70) -1.35(0.20) 0.017 (0.30)
L pallidothalamus?® -0.99 (0.30) 0.004 (0.40) 0.33(0.70) 0.0001 (1.90) -0.28 (0.80) 0.006 (0.80) -1.31(0.20) 0.028 (0.20) -0.46 (0.60) | 0.012 (0.70) -0.75 (0.40) 0.025 (0.40) -0.11 (0.90) 0.005 (0.80) -1.30(0.20) 0.019 (0.40)
R caudothalamus? @b f.BF T, # -1.25(0.20) 0.004 (0.40) 1.12 (0.30) -0.002 (0.60) 0.12 (0.90) -0.004 (0.80) -0.28 (0.80) 0.001 (0.90) -0.26 (0.80) | 0.015 (0.40) -0.18 (0.90) -0.005 (0.80) 0.36 (0.70) 0.001 (0.90) -0.32 (0.70) -0.001 (0.90)
R putamothalamus® % T -1.49 (0.10) 0.004 (0.30) 0.50 (0.60) -0.0007 (0.80) -1.28 (0.20) 0.026 (0.20) -0.60 (0.50) 0.011 (0.50) -1.58 (0.10) | 0.041 (0.10) -0.86 (0.40) 0.014 (0.60) -1.01 (0.30) 0.025 (0.10) -0.59 (0.50) 0.009 (0.60)
R pallidothalamus-$ -0.96 (0.30) 0.004 (0.30) -0.02 (1.00) 0.00001 (1.00) -1.78 (0.08) 0.041 (0.08) -0.26 (0.80) 0.004 (0.80) -1.86 (0.07) | 0.060 (0.07) -0.36 (0.70) 0.008 (0.70) -1.64 (0.10) 0.040 (0.05) -0.41 (0.70) -0.003 (0.90)
L caudate-R thalamus® &G * -3.14 (0.004) | 0.016 (0.008) 0.10 (0.90) -0.001 (0.90) 0.24 (0.80) 0.006 (0.80) -1.51 (0.10) 0.039 (0.10) -1.36 (0.20) | 0.048 (0.09) -1.06 (0.30) 0.040 (0.20) 1.27 (0.20) -0.009 (0.60) -1.39 (0.20) 0.021 (0.30)
L putamen-R thalamus® -2.71 (0.01) 0.026 (0.01) 0.11 (0.90) -0.001 (0.90) -0.46 (0.60) 0.009 (0.60) -1.45 (0.10) 0.039 (0.10) -1.80(0.08) | 0.046 (0.08) -1.14 (0.30) 0.037 (0.30) 0.78 (0.40) -0.014 (0.40) -1.34 (0.20) 0.03 (0.20)
L pallidum-R thalamus® & -2.31(0.03) 0.020 (0.03) -0.26 (0.80) 0.002 (0.80) 0.31(0.70) -0.003 (0.90) -1.51 (0.10) 0034 (0.20) -0.17 (0.90) | 0.008 (0.70) -2.02 (0.05) 0.055 (0.09) 1.30(0.20) -0.022 (0.30) -1.57 (0.10) 0.04 (0.20)
R caudate-L thalamus -2.09 (0.04) 0.019 (0.04) -0.36 (0.70) 0.003 (0.70) 1.36 (0.20) -0.036 (0.20) -1.38 (0.20) 0.026 (0.20) 0.43 (0.70) | -0.011(0.70) -1.69 (0.10) 0.040 (0.10) 1.54 (0.10) -0.004 (0.10) -1.00 (0.30) 0.018 (0.40)
R putamen-L thalamus? ¢ # -1.56 (0.10) 0.009 (0.30) -0.20 (0.80) 0.003 (0.70) -0.12 (0.90) -0.002 (0.90) -2.65 (0.01) 0.053 (0.02) -0.83 (0.40) | 0.029(0.30) -2.61 (0.01) 0.076 (0.005) 0.51 (0.60) -0.012 (0.60) -2.32 (0.03) 0.042 (0.04)
R pallidum-L thalamus® & f -1.11 (0.30) 0.005 (0.50) -0.26 (0.80) 0.004 (0.60) -0.25 (0.80) 0.007 (0.80) -1.63 (0.10) 0.034 (0.10) -0.53 (0.60) | 0.017 (0.60) -1.79 (0.08) 0.038 (0.08) -0.16 (0.90) 0.005 (0.80) 1.30(0.20) 0.018 (0.40)
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R putamocerebellar® 2?8 1 -0.66 (0.50) 0.004 (0.50) -0.64 (0.50) 0.002 (0.70) 0.26 (0.80) 0.004 (0.80) -0.78 (0.40) 0.010 (0.60) 0.16 (0.90) | 0.006 (0.80) -0.93 (0.40) 0.019 (0.50) 0.61 (0.50) -0.007 (0.80) -0.53 (0.60) 0.008 (0.70)
R pallidocerebellar® B 0.39 (0.70) -0.002 (0.80) 0.24 (0.80) -0.002 (0.70) 0.96 (0.30) -0.011 (0.60) -1.02 (0.30) 0.013 (0.50) 0.98 (0.30) | -0.018 (0.60) -0.37 (0.70) 0.008 (0.80) 0.90 (0.40) -0.008 (0.70) -0.55 (0.60) 0.008 (0.70)
Cerebellothalamic group
L thalamocerebellara ™ # 0.31(0.80) -0.005 (0.40) 0.18 (0.80) -0.00004 (1.00) -0.58 (0.60) 0.011 (0.60) -0.68 (0.50) 0.016 (0.40) -0.68 (0.50) | 0.019 (0.50) 0.19 (0.80) -0.004 (0.80) -0.42 (0.70) 0.014 (0.50) -0.68 (0.50) 0.013 (0.50)
R thalamocerebellar®? & 0.38 (0.70) -0.004 (0.50) 1.88 (0.07) -0.009 (0.09) 1.41 (0.20) -0.019 (0.30) -0.37 (0.70) 0.003 (0.90) 1.60(0.10) | -0.041 (0.10) 0.14 (0.90) -0.007 (0.80) 1.21(0.20) -0.015 (0.40) -0.27 (0.80) 0.006 (0.80)
L thalamo-vermis® -0.40 (0.70) 0.004 (0.70) -0.29 (0.80) 0.002 (0.80) -0.25 (0.80) 0.006 (0.80) -0.09 (0.90) 0.002 (0.90) | -0.090 (0.90) | 0.003 (0.90) -0.26 (0.80) 0.009 (0.80) -0.58 (0.60) 0.010 (0.60) 0.10 (0.90) -0.003 (0.80)
R thalamo-vermis® & 1 -0.85 (0.40) 0.008 (0.40) 0.44 (0.60) -0.003 (0.60) 0.82 (0.40) -0.019 (0.40) -0.01 (1.00) -0.006 (0.80) -0.81 (0.40) | -0.030 (0.40) 0.06 (0.90) -0.012 (0.70) 1.01 (0.30) -0.008 (0.70) -0.07 (0.90) 0.00004 (1.00)
Interthalami® T -1.53 (0.10) 0.007 (0.30) 0.09 (0.90) 0.001 (0.90) -1.09 (0.30) 0.020 (0.20) -2.17 (0.04) 0.028 (0.10) -1.69 (0.10) | 0.034(0.10) -1.69 (0.10) 0.031 (0.10) -0.38 (0.70) 0.010 (0.50) -1.89 (0.07) 0.022 (0.20)
L cerebello-vermisl &b 8F* 1 -0.90 (0.30) 0.006 (0.20) 0.48 (0.60) -0.003 (0.60) 0.06 (0.90) 0.006 (0.80) 0.06 (0.90) -0.015 (0.50) -0.02 (1.00) | 0.007 (0.80) 0.45 (0.60) 0.026 (0.30) 0.11 (0.90) 0.005 (0.80) 0.05 (1.00) -0.014 (0.50)
R cerebello-vermis® 2 b8 "1 -0.89 (0.40) 0.005 (0.30) -0.59 (0.60) 0.003 (0.60) -0.26 (0.80) 0.016 (0.50) -0.61 (0.50) 0.001 (0.90) -0.49 (0.60) | 0.024(0.30) -0.46 (0.60) 0.002 (0.90) -0.11 (0.90) 0.013 (0.50) -0.55 (0.60) 0.001 (1.00)
Intercerebellil b A " 1 -0.92 (0.40) 0.006 (0.30) 0.29 (0.80) -0.002 (0.60) 0.76 (0.40) -0.014 (0.60) -0.58 (0.60) 0.004 (0.80) -0.16 (0.90) | 0.004 (0.90) -1.36 (0.20) 0.030 (0.10) 0.04 (1.00) 0.006 (0.80) -0.47 (0.60) 0.001 (0.100)

Independent one-tail t-test; B is unstandardised regression coefficient after controlling for potential confounders related to the outcome at p<0.10: The model includes potential confounders related to the outcome at p<0.1:

FA:- 1 = infant sex; 2 = Equivalent GA of infant at MRI; 3 = infant weight at MRI; 4 = infant head circumference at MRI; 5 = maternal weight change per week; 6 = maternal age at delivery;

MD:- a = infant sex; b = Equivalent GA of infant at MRI; ¢ = infant weight at MRI; d = infant head circumference at MRI; e maternal weight change per week; f = maternal age at delivery;

AD:- A = infant sex; B = Equivalent GA of infant at MRI; C = infant weight at MRI; D = infant head circumference at MRI; E = maternal weight change per week; F = maternal age at delivery;

RD:- * = infant sex; T = Equivalent GA of infant at MRI; £ = infant weight at MRI, 8 = infant head circumference at MRl = maternal weight change per week; # = maternal age at delivery. Bold indicates significance at p-value.
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