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Abstract
As of 2017, 1.8 — 2.1 million children vertically infected with HIV were living in sub-Saharan Africa,

of whom an estimated 320, 000 were in South Africa. Since implementation of the prevention of mother
to child transmission (PMTCT) strategy, the infection rate has been substantially reduced. More
recently, the World Health Organisation’s (WHO) recommendation of early antiretroviral therapy
(ART) initiation for children with perinatal HIV infection has considerably decreased the immediate
effects of perinatal HIV infection, including mortality and morbidity. Despite this, not much is known
about the long-term outcome of continued ART on early-treated, perinatally HIV-infected children.

Early HIV invasion of the developing brain is associated with neurodevelopmental delays and
neurocognitive deficits including encephalopathy, slower processing speed, language impairment, lack
of concentration and attentiveness, and psychomotor slowing. Alterations in the neurodevelopmental
trajectories of brain morphology, including cortical thickness and folding (gyrification) and sub-cortical
volumes may be related to the observed neurocognitive deficits during a critical period of brain
development spanning from mid-childhood into early adolescence (age 5 -13 years). The effects may
be studied using structural magnetic resonance imaging (MRI) and automated segmentation software.

FreeSurfer (https://surfer.nmr.mgh.harvard.edu/) is a valuable tool for investigating brain morphology

but was not originally designed for segmenting pediatric brains. In this study we therefore first validate
the latest FreeSurfer version 6.0.0 against manual segmentation for the study of pediatric HIV. We then
assessed the long-term effects of perinatal HIV infection, early ART initiation as well as clinically
designed ART interruption, HIV-related encephalopathy, disease severity at ART initiation and
immune health measures on the developmental trajectories of cortical thickness and folding

(gyrification) over the period from 5-9 years.

Study participants were 141 children (75 HIV+, 66 uninfected controls; 72 male) from the Cape Town
arm of the children with HIV early antiretroviral therapy (CHER) clinical trial. HIV+ children were
randomized at age 6 -12 weeks to receive either immediate limited ART for 40 or 96 weeks, to be
restarted when clinical and/or immunological criteria were met, or to start ART only when they
developed HIV symptoms or CD4 percentage dropped below 20% (25% in the first year) as per
guidelines at the time. Uninfected controls comprised children born to HIV+ mothers (HIV-exposed
uninfected (HEU)) or uninfected mothers (HIV-unexposed (HU)) and were recruited from an
interlinking vaccine trial. MRI scans were performed at time points around their 5, 7" and 9™ birthdays,
in accordance with protocols approved by the human research ethics committees of the Universities of
Stellenbosch and Cape Town and voluntary informed consent was received from either participants or

their guardians.


https://surfer.nmr.mgh.harvard.edu/

Both automated and manual methods were used to segment brain regions from high-resolution
structural MRI scans. In addition, FreeSurfer was used to examine cross-sectional differences in cortical
thickness and gyrification over the cortical surface at age 5. Linear mixed-effects models were used in
conjunction with FreeSurfer’s longitudinal processing stream to calculate and compare the annual rate

of change in cortical thickness and gyrification between ages 5 and 9 in HIV+ children and controls.

Results showed that automated FreeSurfer segmentation tended to overestimate volumes of all
structures relative to manual segmentation, except the left caudate nucleus. Consistency and agreement
between methods were highest for the putamen (Consistency: right 1CC=0.89, left 1CC=0.90;
agreement: right 1ICC=0.84, left ICC=0.83) and lowest for the corpus callosum (consistency ICC=0.64,
agreement 1CC=0.26). There were no subcortical volume differences between HIV+ children and
controls, except the globus pallidus which was smaller in HIV+ children using both manual and

automated segmentation.

Subsequent cross-sectional FreeSurfer analyses showed widespread regional increases in cortical
thickness and decreases in gyrification at age 5 years, related to the effects of perinatal HIV-infection
and early ART initiation. Clinically designed interruption led to thicker cortex in the left rostral middle
frontal and right insula regions and, lower left precuneus and right superior frontal, as well as higher
lateral occipital gyrification compared to HIV- controls. There were significant regional differences due
to HIV severity based on CDC classification and viral burden at enrolment both in cortical thickness
and gyrification compared to controls. Cortical thickness was not associated with immune health
parameters, while gyrification was negatively associated with immune health measures. However, the
linear rate of change of cortical thickness and gyrification from age 5 to 9 in the HIV+ children was not
different from that of uninfected controls, nor was it different between controls and children on
interrupted or continuous ART. Children with HIV-related encephalopathy showed a decrease in
gyrification with age during this period, in contrast to controls who showed stable gyrification except

in frontal regions where gyrification increased with age.

Children with perinatal HIV infection display alterations in cortical development due to ART
interruption and disease severity at age 5 years, despite starting ART early in life. Our results suggest
that cortical gyrification is more sensitive than cortical thickness to effects of perinatal HIV infection.
ART interruption and disease severity at ART initiation affect cortical morphometry development at
age 5 years in a perinatally infected, early-treated pediatric cohort. However, on continued ART the
cortical developmental trajectory is no different from that of uninfected controls. Any structural defects
resulting from ART interruption appear to normalise by age 9, except in children with HIV-related

encephalopathy, who show an altered trajectory of gyrification development.

Vi
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Glossary
Astrocytes — star-shaped specialized glial cells that respond to any form of insult to the central

nervous system.

Basal ganglia — group of subcortical nuclei (caudate nucleus, putamen, substantia nigra, globus
pallidus, nucleus accumbens, subthalamic nucleus) that modulate and refine nerve impulse to the

cerebral cortex and primarily are involved in motor learning and control.

BrainVoyager — brain imaging research tool for analysing and visualising functional and structural
MRI data.

Calcification — neurological disorder that is characterised by deposition of calcium in brain regions
that control motor activities of the body.

CD4 count — absolute count of helper T-Helper cells (a type of lymphocyte or white blood cell) per
cubic millimetre of blood to determine health of the immune system. It fluctuates under conditions

like ill-health, time of the day, etc.

CD4 percentage — total number (percentage) of blood lymphocytes that are CD4 cells which also
represent the state of health of the immune system. It is a more consistent measure of body immune

system than CD4 count.

CD8 count — absolute count of T-lymphocytes (CD8 cells) per cubic millimetre of blood. CD8 cells
help in fighting neoplastic cells. It is often linked with inflammation due to microglial/macrophage

activation in the brain

CD4/CDS8 ratio — compares the ratio of the two major blood lymphocytes, usually used to check for
reduction of body immune system (CD4 cell) in comparison to CD8 cell. It is a complementary

measure of health of immune system.

Cerebral Haemorrhage — bleeding within brain tissue instead of outside which is caused by rupture
of blood vessels or vessel networks that supply the affected brain tissue. This is usually preceded by

formation of a blood clot (aneurysm) in blood vessels.

Choroid plexus — network of nerves that projects from the lateral ventricle and produces

cerebrospinal fluid (CSF). They are usually among the first tissues attacked by the HIV virus

Cortical thickness — measure of thickness of layers of the cerebral cortex in human brain, measured
either locally or by taking average global thickness. Cortical thickening usually positively correlates

with cognitive ability.

Corpus callosum — large c-shaped collection of white matter nerve fibres that connects the right and

left hemispheres of the brain.
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Cytokines — large group of proteins, peptides or glycoproteins secreted by specific cells of the

immune system that are important in cell signalling

Dementia — category of brain diseases that affect mental abilities such as memory loss, impaired
judgement or language skills, etc. Most commonly linked with disease conditions of old age and adult
HIV infection.

Efavirenz — non-nucleoside reverse transcriptase inhibitor class of antiretroviral drugs which prevents

nucleoside transcriptase enzyme from working, thereby preventing HIV from multiplying.

Endothelial cells — thin layer of cells that line the interior of the blood vessel and filter biochemical

substances that cross through the vessel. These cells are attacked by the HIV virus.

Encephalopathy — condition of brain malfunction or damage that leads to the slowing down, or
completely halting of developmental processes, functions or structures controlled by the affected brain
region(s). It is often linked with brain viral infections especially HIV infection.

FreeSurfer — neuroimaging software tool used in this study to perform morphometric analyses of T1
MRI scans of study participants’ brains. It is designed and developed at the Martinos centre for

biomedical and computational neuroimaging analyses.

Freeview — recent GUI and visualization tool developed for FreeSurfer, similar in functionality to
tkmedit, tksurfer. It differs from tkmedit in that it can load multiple volumes at once and can be used
to visualize high resolution (100um) data as well as tractography splines.

Gp120 — glycoprotein on HIV envelope that enters the host cell by binding on the CD4 cell receptor

of the host, then fusing the viral membrane with the host cell membrane.

Gyrification — the process that involves the changing of brain morphology to generate the gyral and
sulcal regions on cerebral cortex, it is also a measure of numeric value of gyral convolution in brain

imaging analyses.

Gyrus — convolutions on both brain hemispheres due to infolding of the cerebral cortex, they are

surrounded by grooves known as sulci. (Plural: gyri)
Hepatic steatosis — condition, also known as fatty liver disease, where fat accumulates in the liver

Hypercholesterolaemia — inability of the liver to metabolize and remove cholesterol or

lipoproprotein leading to their accumulation in the liver and a high cholesterol level in the blood

Hypertriglyceridaemia — condition where the level of triglyceride in the blood is higher than normal.

It can be caused by genetic or non-genetic factors.
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Intracranial volume — in context of the FreeSurfer reconstruction algorithm, it is all the volume

within the cranium including the brain, meninges and CSF
In utero — function(s), process (es) or action (s) that occur in the womb or before birth

IsiXhosa — language spoken by a group of tribes that live at the south-eastern part of South Africa.
Some of the children that participated in this study reported speaking home language of the isiXhosa
tribe.

Lymphocytes — immune cells that fight bacteria, toxins and neoplasmic cells and act as the body’s
defence mechanism against foreign and harmful organisms and substances. CD4 and CD8 cells are

types of lymphocytes.

Macrophages — specialized white blood cells that play the important immune system role of
detecting, ingesting and neutralizing bacteria, dead cells and other harmful organisms.

Meningitis — inflammation of the meninges — the three membranes that cover the brain and spinal

cord — due to bacterial or viral infection.

Microcephaly — condition of drastic reduction in brain volume or non-attainment of normal brain

size, usually due to neuronal atrophy associated with viral infections especially HIV infection.

Microglia — type of neuronal support cell (neuroglia) that acts as the first and main form of active

immune defence in the central nervous system.

Monocytes — type of undifferentiated white blood cell that plays an important role in destroying

invaders as well as being involved in healing and repair processes.

Morphometry — measurement of structural landmark, dimension and external shape of the whole

organism, tissue, organ of a living organism, for example the brain — brain morphometry.

mri_glmfit — FreeSurfer program that performs general linear model analyses in the surface or

volume brain models by making statistical estimation and inferences.

MultiTracer — Java-based 3D visualization tool for anatomical delineation and quantification of

volumetric grayscale images.

Myelination — process of growing an electric insulating, myelin sheath around neurones to improve

fast transmission of signals along neurones.

Neuroimaging — the part of medical imaging that is associated with the investigation of the nervous

system.
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Neuronal atrophy — terminology that translates to neuronal cell death and usually relates to a
decrease in size and loss of connection in neuronal tissue due to loss of cytoplasmic protein. It is
observed in cases like microcephaly in pediatric HIV infection.

Neuron — the basic unit of the nervous system that processes and transmits information through the

nervous system as chemical or electrical excitations.
Neuropathogenesis — origin and/or development of a disease condition of the nervous system.

Neurotoxins — biochemical substances that are toxic to neurones, nervous system or its peripheral

components.
Pancreatitis — acute or chronic inflammation of the pancreas.

Prostaglandins — group of active lipid compounds (eicosanoids) that aid in tissue recovery at the site
of damage or injury.

Spastic paraparesis — group of disorders that cause progressive and severe weakness and spasticity

of the lower extremities.

Query Design Estimate Contrast (QDEC) — FreeSurfer analysis tool used for group comparison and
analyses that run on graphic user interface (GUI) environment, a front-end to the mri_glmfit stream.

Radio frequency — band of pulse frequencies within the range of 10* and 102 Hz, usually applied in
MRI scan

Rhabdomyolysis — complex condition that involves rapid dissolution of injured or damaged skeletal

muscles

Spin — quantum characteristic of elementary particles which is visualized as the rotation of these

particles on their axes. It is responsible for measurable angular momentum and magnetic moment

Stavudine — antiretroviral drugs in the class of nucleoside reverse transcriptase inhibitors often used

in combination with other anti-HIV drugs

Structural MRI — The modality of MRI scan for examining the structure and pathology of structures

of the body, in this case the brain.
Subcortical — regions of the brain inferior to cerebral cortex

Sulcal enlargement — brain structural disorder in which the deep, narrow grooves of sulci and
fissures begin to widen and become shallow. This disorder is associated with ventriculomegaly and

has been observed as a structural defect in HIV infection.

Sulcus — deep, narrow groove that separates adjacent convolutions of the brain (plural: sulci).
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Tat — viral protein that works in efficient HIV transcription as well as in supporting its replication.
Thymidine — nucleoside pyrimidine with a thymine base that is attached to the sugar deoxyribose.

TKMEDIT - program used for visual inspection and editing of voxels in 2D slices of sub-cortical
segmented brain MRI scan during reconstruction process in FreeSurfer.

TKSURFER - program interface also used for inspecting voxels of 3D cortical brain MRI scan

during reconstruction process in FreeSurfer.

Voxel — basic unit of measurement for 3-dimensional, spatial or graphical or pictorial entity. Itis a

combination of “volume” and “pixel” — unit of measurement of 2-Dimensional pictorial entity.

Viral load — measure of the amount of viral substance in a host, environment or bloodstream, often

used to quantify the amount of HIV virus in infected subjects.

Ventriculomegaly — abnormal dilation of the lateral ventricles of the brain in which the ventricular
atrium diameter is 20mm or more. It is associated with hydrocephalus and advanced pediatric HIV

infection.

Zidovudine — an antiretroviral drug that belongs to the class of nucleoside reverse-transcriptase

inhibitors used to prevent perinatal transmission and prevent infection in newborns.
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Chapter 1 - Introduction
The Human Immunodeficiency Virus (HIV) burden in younger cohorts is still high (WHO, 2018; Smith,

2014; UNAID, 2018; AVERT 2018). By mid-2017, 1.8 - 2.1 million children living with HIV were
reported globally with 180, 000 new infections in children under 15 years of age, most of them in sub-
Saharan Africa (WHO, 2018; UNAID, 2018).

South Africa’s HIV profile is high compared to most other countries of the world (Spies et al., 2015;
Barron et al., 2013; Smith et al., 2014). Women between the ages of 15 and 24 account for about 25%
of new infections and contribute to the large HIV disease burden (AVERT, 2018). Every young woman
infected with HIV is a potential mother which increases the likelihood of perinatal HIV infection to her
children. Currently, most pediatric HIV infections are acquired through vertical transmission; during
pregnancy, birth or through breastfeeding (WHO, 2018; AVERT, 2018). It is expected that the
prevalence of HIV infection in pregnant women in South Africa will still be high at least for the next
two decades (Barron et al., 2013). Because of the difficulty in accessing antiretroviral therapy (ART),
this implies that vertical HIV transmission, from mother-to-child, may still be a major challenge (Le
Doare et al., 2012; Barron et al., 2013).

In South Africa in 2017 between 320, 000 — 331, 820 children were estimated to be living with HIV
(World Bank, 2016; UNAID, 2017), mostly vertically infected. HIV progresses faster in children than
in adults and its effects are more severe and obvious in younger, vertically-infected children, who are
not initiated to early ART (Sherr et al., 2014; Le Doare et al., 2012; Wachsler-Felder et al., 2002). HIV
infection is associated with developmental and behavioral delays and deficits (Le Doare et al., 2012;
Sherr et al., 2014). Cognitive deficits in children typically manifest as failure to reach developmental
milestones, or development of these milestones at a slower rate than a typically developing child (Sherr
et al., 2014). This affects the ability to engage in scholastic, educational and social activities, and is
associated with emotional and behavioral disorders. Neurocognitive defects can be in any or all the
domains of language and verbal fluency, executive performance, intellectual processing speed,
psychomotor and mental development. Behavioral issues that have been observed in HIV-infected
children are poor self-control, apathy, withdrawal syndrome, irritability, depression and personality
changes (Sherr et al., 2014; Paul et al., 2002; Rausch et al., 2001; Le Doare et al., 2012).

Neuroimaging studies in adult HIV cohorts have shown that cognitive deficits are associated with
specific changes to brain morphology, mostly caused by neural atrophy (Ances et al., 2012; Ellis, 2010).
Cortical thinning is a morphometric defect associated with neurocognitive deficits and reduced
intellectual skills in HIV infected adults (Thompson et al., 2005a; Kallianpur et al., 2011). Sulcal

widening is observed as the enlargement of sulci and reduction in cortical folding of the brain



(Steinbrink et al., 2013; Thurnher et al., 2000). Enlarged lateral ventricular volumes (Paul et al., 2002;
Kallianpur et al., 2016), white matter related abnormalities (Underwood et al., 2017; Baker et al., 2017),
and regional and total brain volume reduction both at cortical and subcortical levels (Paul et al., 2002;
Di Sclafani et al., 1997) are also frequently observed.

These structural abnormalities are the result of HIV and viral toxins penetrating the selectively
permeable blood brain barrier (BBB) which protects the brain from harmful foreign substances (Avison
et al., 2002; Banks., 1999). Once HIV gains access into the brain tissue, most of the brain’s immune
system, as well as the BBB, are compromised (Ellis, 2010; Avison et al., 2002; Steinbrink et al., 2013;
Banks., 1999). A compromised BBB leads to an increased influx of virus and viral product, while a
compromised brain immune system enables viral replication (Steinbrink et al., 2013; Banks, 1999;
Avison et al., 2002). This leads to continuous increase in brain viral load and severe damage to the brain
tissue (Ellis, 2010; Avison et al., 2002; Banks, 1999). Due to its conducive nature for replication of HI
virus and viral product, the brain is a major reservoir for HIV transmission to the periphery (Van Rie et
al., 2007; Ellis, 2010; Avison et al., 2002; Banks, 1999). Hence, different treatment strategies have been
implemented to mitigate these effects and protect the delicate tissues of the pediatric brain.

Early ART initiation protects children with HIV from neuropsychological defects, and is beneficial to
neurodevelopment, at least in the short term (Le Doare et al., 2012; Laughton et al., 2012; Lindsey et
al., 2007). Most guidelines recommend that all children born to HIV-infected mothers should be started
on ART as soon as possible after birth, regardless of CD4 count, and that all pregnant and breastfeeding
women living with HIV should be on ART, regardless of CD4 count or WHO clinical stage (NUNLM,
2019; WHO, 2015a; 2015b; AVERT, 2018). The children with HIV early antiretroviral therapy (CHER)
clinical trial (Violari et al. 2008) conducted at the Perinatal HIV Research Unit at Chris Hani
Baragwanath Hospital in Soweto, and the Children’s Clinical Research Unit at Tygerberg Children’s
Hospital in Cape Town, found that early ART (at a mean age of 7.2 weeks) reduced infant mortality by
76% and HIV progression by 75% compared to the previous standard of treatment initiation once
children became symptomatic or their CD4 percentage dropped lower than a threshold of 25% (WHO,
2015a; 2015b; Violari et al., 2008). Implementation of the early ART guidelines for infants has raised
concerns over the long-term effects especially on development of the central nervous system (CNS),
with previous studies showing adverse effects of specific antiretroviral drugs (ARV) in the CNS in
adults (Shah et al., 2016; Chang et al., 2008; Robertson et al., 2012).

After conclusion of the CHER trial, a longitudinal follow-up study with clinical, neuropsychological
and neuroimaging components was designed to investigate the possible long-term effects of perinatal
HIV/early ART initiation on neurodevelopment. The neuroimaging sub-study started acquiring
magnetic resonance imaging (MRI) scans of children from the Cape Town arm of the CHER cohort in

2010 when the first children reached 5 years of age, which at the time was the youngest age at which it



was considered feasible to acquire MRI data from non-sedated children. Subsequent scans were
acquired at 2-year intervals, when the children were 7, 9 and 11 years of age. MRI scans at ages 5 and
7 were obtained using a Siemens 3T Allegra brain scanner, which was decommissioned part way
through acquisition of the 9-year MRI scans. Some of the 9-year scans were reacquired on the new 3T
Siemens Skyra full body scanner, which was also used to acquire the remainder of the 9-year as well as
11-year scans. The MRI protocol at each age included structural MRI, as well as diffusion tensor
imaging (Jankiewicz et al., 2017), single voxel magnetic resonance spectroscopy (Mbugua et al., 2016)
and, from 7 years onwards also resting state functional MRI (Toich et al., 2018), some of which data

has already been published.

Analysis of structural MRI from this cohort at age 5 focused on manually traced volumes of the basal
ganglia and corpus callosum (Randall et al., 2017), finding volume increases in the putamen and
decreases in the corpus callosum with HIV (Randall et al., 2017). However, no investigation was
performed of the cerebral cortex, which is known to be affected by HIV infection (Thompson et al.,
2005%). A cross-sectional investigation of cortical morphometry at age 7 years found reduced parietal
folding in HIV-infected children and increased frontal cortical folding with later ART initiation (Nwosu
et al., 2018). However, no longitudinal analysis was performed to model developmental changes in
brain morphometry in HIV-infected children on early ART in comparison to uninfected controls.
Longitudinal vertex-wise designs in neuroimaging are more sensitive to alterations than cross-sectional
designs and account for subject-related variation (Reuter et al., 2012). The change of scanner at the time
of the 9-year scan introduces possible confounding effects on longitudinal analysis, investigation of
which is outside the scope of this thesis. However, the time points of 5, 7 and 9 years at which data was
acquired from the Siemens 3T Allegra scanner fall within a period from early childhood to adolescence
that is critical for brain development (White et al., 2010; Magnotta et al., 1999; Sowell et al., 2003;
2004). To eliminate confounding scanner effects, in the current work we restrict longitudinal analysis

to this time period.

Accurate investigation of the development of pediatric HIV brain morphometry can only be achieved
using either tools built specifically for children based on a pediatric brain atlas, or robust tools that
accommodate pediatric brain morphometry variations through development. Existing automated
segmentation tools such as FreeSurfer (https://surfer.nmr.mgh.harvard.edu/) were originally designed
and built using adult brain atlases (Sabuncu et al., 2010; Fischl et al., 2002; 2004; Makris et al., 2004).

To ensure the accuracy of these tools in children, it is necessary to validate their brain volume outputs

against a gold standard method in healthy HIV+ children. Assessing FreeSurfer’s reliability and
accuracy will make it more useful in the investigation of the combined effects of HIV and early ART
in children. A comparison of a previous version (v5.3.0) of FreeSurfer with manual tracing in a pediatric

HIV cohort at age 5 years found major discrepancies and lack of agreement between methods (Randall,
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2015). The current study aimed to validate the use of the latest FreeSurfer version (v6.0.0 — release date:

23" January 2017) for investigation of pediatric HIV.

The goal of this study is to fill in gaps in knowledge about brain structural alterations in HIV from our
ongoing longitudinal neuroimaging study of perinatally HIV-infected children from the CHER cohort
(see Ackermann et al., 2016; Mbugua et al., 2016; Toich et al., 2018; Jankiewicz et al., 2017; Randall
et al., 2017; Nwosu et al., 2018). To achieve this, we aim firstly to validate FreeSurfer’s accuracy for
investigating pediatric subcortical morphometry and secondly, to investigate cortical morphometry and
its development in these children between 5 and 9 years. Morphometric measures of interest are those
previously associated with HIV infection which include; cortical thickness — a measure associated with
neurocognitive deficits (Dubois et al., 2008; Shaw et al., 2006; Wilke et al., 2003), gyrification index —
a measure that quantifies the amount of cortex buried within the sulcal folds (Schaer et al., 2008; White
et al., 2010; Treble et al., 2013), and volumes of subcortical brain regions including the basal ganglia

(caudate nucleus, nucleus accumbens, putamen and globus pallidus) and corpus callosum regions.

1.1 Study aim and objectives

The aims of validating FreeSurfer’s volumetric measures in children and investigating the

development of pediatric morphometry in HIV were divided into specific objectives as follows:

1.1.1 FreeSurfer validation with manual segmentation:
To determine the degree of agreement and consistency between volumes of the caudate nucleus,

nucleus accumbens, putamen, globus pallidus and corpus callosum obtained using manual
tracing and automated FreeSurfer segmentation in 7-year-old children, and to investigate the

effect of HIV on these measures.

1.1.2 Cross-sectional investigation of effects of HIV on cortical morphometry at age 5 years:
To investigate effects of HIV, early ART initiation and interruption, immune health at ART

initiation and HIV severity on brain morphometry at an early age using cortical thickness and

local gyrification indices (LGI) derived from FreeSurfer’s automated processing pipeline.

1.1.3 Longitudinal investigation of the effects of HIV on cortical development:
To evaluate typical longitudinal development of cortical brain morphometry over the period

from 5 to 9 years and determine how this may be altered because of perinatal HIV infection,
early ART initiation, ART interruption and HIV-related encephalopathy (HIVVE).



Table 1.1: Outline of sample sizes, age ranges and comparisons for the study objectives

FreeSurfer validation with manual segmentation

Sample size

age range (years)

target comparisons

N =82
(HIV+: 42, HEU: 17; HU: 23)

7.00 -7.84

Sub-cortical: HIV+ vs. HIV-;
HU vs. HEU

Cross-sectional investigation of effects of HIV on corti

cal morphometry at age 5 years

N=75

(HIV+ with/without ART interruption: 21/25;
HIV+ classified as mild/severe 12/32:
HIV+ with  high/low viral load
enrolment:25/21; HIV- 29)

at

4.94 -6.52

Cortical:

HIV+ vs. HIV-;

HIV+ grouped by interruption vs. HIV —;
HIV+ grouped by early disease severity vs.
HIV -;

HIV+ grouped by viral load at enrolment
vs. HIV -

Longitudinal investigation of the effec

ts of HIV on cortical development from age 5 — 9 years

N =144
HIV+: 75; HIV+ with encephalopathy: 12
HIV-: 66)

4,94 -9.43

Cortical:

Rate of change in HIV- children
Comparison for rate of change: HIV+ vs.
HIV-; HIV+ with encephalopathy vs HIV-

HIV+ = HIV-infected children.

HIV- = HIV-uninfected children. HEU= HIV- children exposed to HIV.
HU=HIV- children unexposed to HIV

The key strength of this study is its setting — South Africa, which has rich data on pediatric HIV infection
and management. The study has a relatively large (n=141: 75 HIV+; 66 HIV-) sample of an early (< 18
months) ART-initiated cohort whose viral suppression was achieved quite early. They have been on a
government policy-regulated homogenous ART regimen and have been clinically followed from birth
till age 9 years. Furthermore, manually generated brain volume data are rare and to our knowledge no

previous study has followed pediatric cortical development in a HIV+ cohort in a longitudinal design.

1.2 Thesis outline
Chapter 1 gives a brief introduction to the background and motivation for the study and its aim and

objectives.
Chapter 2 focuses on the background and review of literature in this research area, including
description of key concepts required for this study as well as related previous work relevant to

neuroimaging in HIV.

Chapter 3 presents in journal article format, the findings on the validation of FreeSurfer’s segmentation
of basal ganglia and corpus callosum for HIV+ and HIV- children at age 7 years, compared to data

obtained via manual segmentation.

Chapter 4 presents in journal article format the findings of cross-sectional vertex-wise analyses of
cortical morphometry at 5 years investigating the effects of perinatal HIV infection, early ART
initiation, ART interruption, HIV severity and immune health at ART enrolment on cortical thickness

and gyrification at age 5 years.



Chapter 5 presents in journal article format the findings from longitudinal investigation of the effects

of HIV infection, early ART initiation, ART interruption and HIV encephalopathy on the trajectory of

cortical morphometry from age 5 to 9 years.

Chapter 6 provides a general discussion on the implication of the key findings presented in chapters 3,

4, 5 and conclusion of the thesis.

The work presented in this thesis is being prepared for publication. Results from chapters 3 and 4 were

presented in the following conference proceedings;

a.

13" International Meeting of the Society of Neuroscientists in Africa (SONA), Entebbe,
Uganda as poster and oral presentation. “Effects of antiretroviral therapy (ART) initiation
timing on frontal cortical morphometry at age 5 years” — June 2017. Poster number:09.
Abstract number: MD 11

23 Annual Meeting of the Organization for Human Brain Mapping (OHBM), Vancouver,
Canada as poster presentation. “Comparison of FreeSurfer longitudinal and cross-sectional

streams for children’s brain morphometry” — June 2017. Poster number: 4108

22" International AIDS Conference (AIDS 2018) in Amsterdam, the Netherlands as oral poster
discussion. “Neuroimaging findings in children from the CHER (Children with HIV early
antiretroviral therapy trial) cohort™ — July 2018. Abstract and poster number: TUPDB0103

10" International workshop on HIV PEDIATRICS in Amsterdam, the Netherland as poster
presentation. “Antiretroviral therapy (ART) interruption is associated with reduced
cortical structures at age 5 years compared to uninterrupted” — July 2018. Abstract

number: 68


http://www.aids2018.org/

Chapter 2 - Background and literature review

2.1 HIV infection and the human brain
Studies of adult and pediatric HIV infection have shown that the brain is one of its first targets and is

severely affected by the virus (Avison et al., 2002; George et al., 2009; Banks., 1999). The brain acts
as a reservoir for HIV and its viral products, from where replication, maturation and subsequent
dispersion of the virus to various organs of the body commences (Paul et al., 2002; Van Rie et al., 2007;
Avison et al., 2002; Ellis, 2010). The process that enables the virus to cross the selectively permeable
blood-brain barrier (BBB) and enter the brain to cause the debilitating effects that are often observed in

HIV infection is not completely understood.

There are several theories that explain how the virus penetrates through the semi-permeable structure
of the BBB. One of these speculates that the virus and viral products flowing in blood vessels stimulate
endothelial cells (astrocytes and microglia) of the BBB to release neurotoxins (cytokines, nitric oxides
and prostaglandins) and viral gene products (tat and gp 120), which cause neuronal atrophy and allow
the influx of free virus and viral products through the compromised BBB into the CSF and brain tissue
(Banks, 1999; Steinbrink, 2013). Another theory proposes that brain infection results from trafficking
of infected cells of monocyte-macrophage lineage across the BBB or “Trojan Horse” effects during
principal infection of activated CD4 + lymphocytes, and infiltration of infected cells through the choroid
plexus (Avison et al., 2002; Ellis, 2010).

Most studies accept that HIV enters the CNS within days to weeks after infection and that viral load
increases with disease progression (Van Rie et al., 2007; Paul et al., 2002; Persidsky et al., 1999; Banks,
1999). On entering the CNS, HIV neurotoxins and mediator hosts (monocyte-macrophages cells)
destroy neuronal connections (dendrite-synapse linkage) and damage the complex networks, leading to
HIV-associated neurocognitive disorders (HAND) (Ellis, 2010; Lindsey et al., 2007; Chriboga et al.,
2005). These pathophysiological processes are observed in the brain tissues that are most susceptible to
high viral load, including the caudate nucleus, hippocampus, lateral ventricle, putamen, thalamus,
corpus callosum, deep white matter and basal ganglia, and affect global grey matter and total brain
volume (Paul et al., 2002; Holt et al., 2012).

Alterations in CSF markers of monocyte activation, CNS injury and brain pathology have been detected
at autopsy in infected cohorts (Cardenas et al., 2009; Spies et al., 2015). Even after peripheral viral
suppression with ART, there may still be residual effects in brain tissue, since some classes of ART are
not able to permeate the BBB (Cardenas et al., 2009; Ances et al., 1999; Banks, 1999; Ellis, 2010). In



the ART era, residual minor or severe neurocognitive impairments have also been observed, since many
brain injuries that include loss or contraction of the axonal branches or supporting glia cannot be
reversed by antiretroviral treatment (Avison et al., 2002; Becker et al., 2011; Chriboga et al., 2005).

Previous studies have associated HIV infection in adults with neurocognitive impairment related to
executive functioning, spatial working memory retention, intellectual and learning development,
language and verbal learning, psychomotor ability and information processing speed (Vance et al.,
2013; Mclntosh et al., 2015). Psychomotor abnormality is characterized by disorders of the motor
system, such as gait disturbances, pure spastic parapresis, acute meningitis, tremors, fine motor
clumsiness, and general leg weakness (Epstein et al., 1986; Rausch et al., 2001; Spudich et al., 2012).
Neuropsychological effects of HIV include differences in behaviour compared to uninfected children
manifested as apathy, withdrawal syndrome, irritability, depression, and personality changes (Sherr et
al., 2014; Le Doare et al., 2012; Mitchell, 2001; Mclintosh et al., 2015). There are cases of compromised
social skills, and emotional difficulties (Paul et al., 2002; Rausch et al., 2001).

Studies are currently investigating the roles different brain tissues play in the manifestation of these
symptoms and their neuropathogenesis, since most symptoms are also linked with comorbid disease
conditions and with aging (Paul et al., 2002; Holt et al., 2012).

HIV-associated neurological disorders (HAND) have been re-defined into stages of severity, based on
the results of neurocognitive tests. These stages are: Asymptomatic Neurocognitive Impairment (ANI),
which is seen at the earliest stage of infection; Mild Neurocognitive Disorder (MND), which occurs as
infection progresses; and the most significant and severe case: HIV-Associated Dementia (HAD) (Leon
et al., 1986; Rausch et al., 2001; Spudich et al., 2012), which is characterized by loss of concentration,
impaired short-term memory loss and general loss of memory (Epstein et al., 1986; Rausch et al., 2001).
HAD is linked with AIDS dementia complex (ADC) or sub-acute encephalitis, a syndrome of
progressive dementia associated with cognitive, motor and behavioral dysfunction, which is one of the
earliest manifestations of AIDS (Navia et al., 1987; Broderick et al., 1993).

Structurally, studies have shown that HIV positive participants have reduced white matter compared to
controls (Cardenas et al., 2009; Sarma et al., 2014). Cardenas et al. (2009) reported significant white
matter volume loss in the whole brain as well as in the frontal, temporal and parietal lobes, while
perinatally HIV-infected youths who started early ART showed reduced white matter volume in
bilateral posterior corpus callosum, external capsule, ventral and temporal white matter, mid-cerebral
peduncles and basal pons (Sarma et al. 2014). HIV infection in the adult brain is also associated with
regional and global brain volume loss, and increased CSF volume due to neuronal atrophy and

ventricular enlargement caused by viral proteins and toxins (Cardenas et al., 2009; Ances et al., 2012;
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Ellis, 2010; Paul et al., 2002). Individuals at an advanced disease stage, with greater
immunocompromise (e.g lower nadir CD4) and viral burden have faster brain tissue loss and greater
neurocognitive impairment (Cardenas et al., 2009; Spies et al., 2015; Centers for Disease Control and
Prevention, 1993). Major tissue losses and abnormalities are linked with the cerebellum, brainstem,
thalamus, caudate nucleus and frontal-striatal brain regions (Ances et al., 2006; Becker at al., 2011,
Cardenas et al., 2009; Spies et al., 2015).

2.1.1 Neurodevelopmental implications of HIV in children
About 90 percent of HIV transmission to children is by perinatal means — either before birth (in utero),

just after birth (post-partum) or from breastfeeding (Smith, 2014; Sharland & Handforth, 2005; Le
Doare et al., 2012). It is estimated that without treatment, the chance of perinatal transmission from
mother-to-child (MTCT) is between 15 and 45 percent, but with the recent recommendation of ART
for HIV+ expectant mothers and early ART, at least for the first 4-6 weeks after birth in their children,
the probability of perinatal HIV transmission has reduced to 5 percent (AVERT, 2018).

Evidence from previous studies has shown that, without ART, HIV infection has a more debilitating
effect on younger children than on adults (Epstein et al., 1986; Wachsler-Felder et al., 2002; Rausch et
al., 2001). Effects such as severe psychomotor dysfunction, neurological defects, permanent behavioral
deficits, learning and intelligence deficiencies, language impairment, progressive loss of executive
function/performance, impaired intellectual ability, loss of some life survival skills, memory loss, and
impaired performance in both behavioural and emotional spheres are common in pediatric HIV
infection (Wachsler-Felder et al., 2002; Rausch et al., 2001; Epstein et al., 1986; Wachsler-Felder et al.,
2002; Van Rie et al., 2007; George et al., 2009; Kieck et al., 2004).

One of the most severe neurological effects is progressive HIV-encephalopathy (PHE) — a clinical
condition associated with impaired brain growth and delay or loss of developmental milestones which
progresses to neurocognitive deterioration, and symmetric motor deficits (Tardieu et al., 2000; Rausch
et al., 2001; George et al., 2009; Kieck et al., 2004; Mitchell, 2001: McCoig et al., 2002). Other
neurological effects of HIV on the brain include microcephaly (a condition associated with
shrinking/reduction of the brain volume due to neuronal atrophy in cortical and subcortical regions),
white matter lesions, damage and calcification of the basal ganglia and corpus callosum, cortical
thinning, sulcal widening and ventricular enlargement. In addition, progressive multiple
leukoencephalopathy (PML), abnormal cerebral vasculature and brain tumours may occur (Van Rie et
al., 2007; George et al., 2009; Kieck et al., 2004). The lifelong consequences of these effects and the
extent to which they can be reversed by ART are still subjects for investigation (Van Rie et al., 2001;
Le Doare et al., 2012; Mitchell, 2001; Wachsler-Felder et al., 2002).



Structural and physiological alterations in children’s brains are associated with neuropsychological and
cognitive effects in the short term (Sherr et al., 2014; Le Doare et al., 2012; Sharland et al., 2005), but
of greater concern is their implication on long term neurodevelopment. With the introduction of early
ART for treatment of pediatric HIV (AVERT, 2018; WHO, 2015a; 2015b) there are concerns about;
first, the effect of ART exposure on the developing brain; secondly, the effectiveness of early ART to
reverse neuropsychological and cognitive effects of HIV and thirdly, the effect of lifelong chronic HIV
infection and ART.

2.1.2 Antiretroviral therapy (ART): Benefits and adverse effects
ART drugs are generally designed to slow HIV progression, mostly by preventing viral replication, thus

reducing the quantity of virus in the blood of a carrier (WHO, 2015a). By reducing viral load and
replication, ART also helps reduce the chances of transmission, especially vertical transmission from
mother-to-child either in utero, post-partum or through breastfeeding. Some of the most recent HIV
treatment strategies include the use of different classes of ART in combination therapy, to attack
different stages of viral replication and growth, preventing viral drug resistance and increasing CD4+
lymphocytes (Ellis, 2010; Lindsey et al., 2007; Avison et al., 2012).

There are several classes of ART medication; non-nucleoside reverse transcriptase inhibitors
(NNRTIs) are used to directly inhibit the activities of reverse transcriptase, thereby disabling the protein
required for the virus to replicate itself in its host. Nucleoside reverse transcriptase inhibitors
(NRTISs) are pseudo analogues of nucleosides incorporated into HIV DNA, which act as false substrates
for reverse transcriptase and thus terminate the proviral DNA chain formation. This class also acts to
prevent HIV from replicating itself, thus reducing the amount of HIV in the blood. Protease inhibitors
(PIs) prevent the HIV protease enzyme from cleaving viral proteins, preventing the replication of
immature, non-infectious viral particles (Smith, 2014; Robertson et al., 2012; McCoig et al., 2002; Ellis,
2010). Integrase strand-transfer inhibitors (ISTIs), which include the recently introduced
dolutegravir and raltegravir, prevent HIV integrase from transporting and attaching proviral DNA to
host-cell chromosomes, and subsequent transcription of viral protein and assembling of viral particles
by binding metallic ions to the active sites (Hazuda et al., 2000; Dyda et al., 1994). Fusion inhibitors
(FI) prevent the fusion of HIV and CD4 or other target cells in the extracellular space using various
genetic means at the target sites, thereby ensuring that HIV does not bind to the host cells and the
immune building blocks are not compromised (Weissenhorn et al., 1997; Chan et al., 1997).

ART has been associated with several adverse outcomes and side effects which affect the brain either
directly or indirectly through effects on other organ systems (Cardenas et al., 2009). For example, the
NNRTI efavirenz is associated with brain tissue loss (Fortin and Joly, 2004; Shibuyama et al., 2006),
while Pls are associated with cardiovascular disease (Hsue et al., 2004), which is linked to the presence

of lacunar infarcts and abnormal white matter in the brain (Chui, 2000), as well as metabolic

10



abnormalities; hypercholesterolaemia, hypertriglyceridaemia and insulin resistance (Smith 2014).
Lipodystrophy (fat maldistribution) is reported as a common late complication with ART (Smith, 2014;
Robertson et al., 2012; Bartlett and Lane, 2012). Some ISTIs are linked to gastrointestinal effects
(nausea and diarrhea), myopathy, rhabdomyolysis, and depression. (Fettiplace et al., 2017; German et
al., 2012).

Long-term HAART treatment has been associated with adverse effects like hepatic steatosis,
neuropathy, cardiomyopathy, pancreatitis, lactic acidosis, ototoxicity and retinal lesions (Robertson et
al., 2012; Bartlett and Lane, 2012). NRTIs can cause mitochondrial dysfunction leading to toxicity
which varies with different tissues (Robertson et al, 2012; Kakuda, 2000; Musielak & Fine, 2015). Since
early initiation of ART increases the duration of ART exposure, increasing the possibility of adverse
effects, there is a need to investigate the long-term effects of ART on the brain (Musielak & Fine, 2015).

2.2 Magnetic resonance imaging (MRI).
Its high spatial resolution and good contrast in soft tissues like the brain make MRI the modality of

choice for neuroimaging (Tucker et al., 2004; Du et al., 2012; Spudich et al., 2012). In MRI, different
tissue properties are exploited to manipulate contrast, including relaxation times, density of nuclear
particles (protons), perfusion, temperature and diffusion. Images generated with these contrasts are
useful in clinical research, for studying functional and structural connections, functions of different
regions and developmental structure of the brain (Weishaupt et al., 2008; Plewes and Kucharczyk,
2012).

2.2.1 Principles of MRI
MR signal is generated by exploiting the property of spin possessed by elements with an odd atomic

mass number (odd protons and/or neutrons) (Khan, 2013). Hydrogen, an element with a single proton
is in large supply in water and fat in the human body, and in a strong magnetic field this allows the

generation of high spatial resolution images of different tissues of the body (Horowitz, 1989).

At the microscopic level, each proton has mass and charge as well as spin angular momentum, which
generates a magnetic dipole moment. Inside the strong magnetic field (BO) of an MR scanner, these
proton magnetic dipole moments will tend to align themselves in the direction of the BO and precess
around it at a frequency known as the Larmor frequency, L. The Larmor frequency is determined by
strength of the external magnetic field B0 as well as the gyromagnetic ratio y of the nucleus as indicated

by the formula:

wL =y .p0
Bulk magnetisation is created in the direction of the BO field from the summation of millions of these

dipole moments. Application of an alternating magnetic field, B1, perpendicular to BO and oscillating
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at the Larmor frequency, causes the net magnetization to rotate away from the equilibrium position
parallel to BO towards the transverse plane (Horowitz, 1989; Weishaupt et al., 2008). The transverse,
time-varying component of the magnetisation can be detected and measured through the current induced

in a receiver coil.

At equilibrium, the transverse magnetisation is zero while the longitudinal magnetisation is at its
maximum. The decay of the signal to zero as spins dephase and return to their equilibrium position
aligned to BO is known as relaxation (Horowitz, 1989; Weishaupt et al., 2008; Plewes and Kucharczyk,
2012; Khan, 2013). There are two main forms of relaxation, the first is T1 relaxation — describing the
time in which the net magnetization vector returns to its equilibrium position in the direction of BO -
also known as spin-lattice relaxation. The second is T2 relaxation — which describes the rate at which
magnetisation in the transverse plane decays because of loss of phase coherence due to interaction with
the magnetic fields of other spins, also known as spin-spin relaxation.

The key timing parameters that vary contrast in MRI scans are repetition time (TR) and echo time (TE).
TR is the time interval between successive radiofrequency (RF) pulses, which controls the T1 contrast
of the MR signal. TE is the time in milliseconds between the application of the radiofrequency pulse
and the peak of the echo signal (Weishaupt et al., 2008; Plewes and Kucharczyk, 2012) which
determines the T2 weighting of the image. Different image contrasts are generated depending on the
nuclear spin density and by manipulating the timing variables described above. Since T1 and T2
relaxation times and spin density vary from one tissue type to another (Horowitz, 1989; Weishaupt et
al., 2008) these contrasts can differentiate pathologies from normal tissue (Weishaupt et al., 2008;
Plewes and Kucharczyk, 2012).

The basic contrasts in MRI are:

1. T1-weighted contrast, which is created by using short TR and TE, maximizing contrast
arising from differences in T1 between different tissues. T1 contrast is useful for detection of
anatomical abnormalities in soft tissues like the brain. In T1-weighted images, tissues with high
fat content (like white matter) appear bright and compartments filled with water (like

cerebrospinal fluid — CSF) appear dark

2. T2-weighted contrast, is created by using long TR and long TE, maximizing contrast due
to differences in T2 relaxation time between tissues. T2 weighting is often used in structural
imaging and for investigating fluid in the body. With T2-weighted contrast, compartments filled

with water (CSF) or fat appear bright.

3. Proton density-weighted contrast involves the use of long TR and short TE to reduce the

effect of T1 and T2 contrast. Such images are dependent on the density of protons in different
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tissue types in the slice or volume of interest. Higher proton density in a given tissue gives a
greater magnetisation and brighter signal, while fewer protons generates darker signal.

This study was done with T1-weighted MRI scans, since their contrast is considered optimal for
visualising anatomy and for this reason automated segmentation software is usually designed for T1-

weighted images.

Figure 2.1: (a) T1-weighted (b) T2-weighted (c) Proton density-weighted
Source: Elnakib, 2013

Studies that require multiple scans and contrasts usually produce rapid magnetic signal changes leading
to image distortion due to imperfect shimming (Van der Kouwe et al., 2008). The multi-echo
magnetisation prepared rapid gradient echo (MEMPRAGE) sequence was designed to reduce BO
distortion while maintaining a high signal-to-noise ratio (SNR) for improving automated brain
morphometry analyses. MEMPRAGE images have similar grey matter, white matter and cerebrospinal
fluid contrast to MPRAGE, with less distortion and comparable signal/contrast-noise ratio (S/CNR)
(Van der Kouwe et al., 2008). The MEMPRAGE sequence is recommended to ensure accurate
estimation of intracranial and subcortical volume, as well as cortical thickness. Its bandwidth can also
be matched with other multispectral morphometry protocols so that distortion is the same and fine edges
of structures are registered accurately across different contrasts (Van der Kouwe et al., 2008).

2.2.2 MRI for studying structural brain development
Structural changes in brain development are investigated by segmenting MRI scans of the brain into

anatomical regions and quantifying parameters such as the volume, surface area, and cortical thickness
and folding. Segmentation of brain structures can be done using either manual tracing or automated

software.

Manual tracing
Manual brain tracing involves freehand delineation of brain structures slice-by-slice on an MRI scan,

often on a touch screen device, to create anatomic boundaries (Wood, 2003). It is adjudged the gold

standard for segmentation of brain tissues, especially for subcortical structures like the hippocampus
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and amygdala, which are associated with several mental and neurological disorders (Wenger et al.,
2014; Clerx et al., 2015; Grimm et al., 2015; Morey et al., 2009). However, with certain brain tissues
such as the hippocampus it is difficult to establish a clear-cut neuroanatomical landmark and delineate
manually especially on T1-weighted images (Grimm et al., 2015). There is no agreement on how
manual segmentation represents the actual volume of regions of interest (ROISs), because of inconsistent
labelling on different brain slices (Fischl et al., 2002) and lack of agreement on neuroanatomical
boundaries for structures such as the ventral striatum (Amunts et al., 2013; Grimm et al., 2015; Wenger
et al., 2014). The accuracy of manual segmentation is dependent on the expertise and efficiency of the
researcher and the protocol being used. Although it is tedious, time consuming and requires substantial
neuroanatomical knowledge and expertise, manual segmentation tools in the hands of an expert
neuroanatomist are considered more reliable and accurate than automatic segmentation (Morey et al.,
2009; Grimm et al., 2015). There are several tools available in the neuroimaging research community

for manual brain segmentation and editing, including MultiTracer.

MultiTracer (http://www.bmap.ucla.edu/portfolio/software/MultiTracer/) is a software tool used for
manual anatomic boundary segmentation, to generate volumetric data for regions of interest. It
combines a backend algorithm and a graphic user interface (GUI), is written entirely in the Java
language and runs on any machine that supports Java 1.3.1 or higher version (Wood, 2003). Files loaded
or saved in MultiTracer must be 8- or 16-bit per pixel files and in Analyze Image Compatible format
(Wood, 2003; Robb and Hanson, 1991). Usually, the software is downloaded and installed on a tablet
computer with a touchscreen and stylus device for tracing. The segmentation process is manually driven
and is largely dependent on the knowledge of brain anatomy and manual tracing skills of the user, as
well as the tracing protocol being used for the structure of interest. The steps in the manual tracing

process used in this study are as follows:

1. DICOM files are first transformed and realigned into the anterior commissure-posterior commissure
(AC-PC) plane and rotated for hemispheric symmetry using BrainVVoyager QX software
(http://www.brainvoyager.com/products/brainvoyagergx.html) and exported in Analyze compatible

format (*.img; *.hdr).
2. MRl scans in Analyze compatible format are then imported into MultiTracer, where a digitizer stylus
is used for slice-by-slice manual delineation of regions of interest. Errors in delineation can be corrected

and resaved to ensure accuracy.

3. The final segmented structural volume is then computed automatically by MultiTracer’s algorithm

and the volumetric data can be exported to a spreadsheet for analysis.
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Automated segmentation
Several automated brain segmentation tools are available for both surface- and voxel-based analyses.

These are replacing time-consuming and labor-intensive manual segmentation (Wenger et al., 2014,
Grimm et al., 2015; Morey et al., 2009) since with the large MRI datasets being acquired in modern
neuroimaging research come the requirements for consistency and uniformity in segmentation (Grimm
et al., 2015; Morey et al., 2009), as well as the efficiency of batch processing of large amounts of MRI

data. One of the most versatile automated segmentation tools is FreeSurfer (http://www.freesurfer.net/).

FreeSurfer is an open source tool with reconstruction and analysis functionality for human
neuroimaging data (Fischl et al., 2000; Dale et al., 1999), developed and is managed by the Laboratory
for Computational Neuroimaging at the Martinos Center for Biomedical Imaging (Fischl, 2012). The
latest stable version, FreeSurfer 6.0 runs on 32- or 64-bit Linux machines. From a simple package aimed
at constructing cortical surface models of the brain, FreeSurfer has evolved into a tool that can perform
automated segmentation of the macroscopic visible structure of the brain from T1-weighted scans
(Fischl et al., 1999, 2002; Fischl, 2012). FreeSurfer is primarily used to produce volumetric
segmentation and labelling of subcortical brain structures and to create a surface model of the cerebral
cortex (Fischl and Dale, 2000; Fischl et al., 2004a), which can be overlaid with fMRI data or used to
obtain cortical thickness and folding (gyrification) data (Fischl and Dale, 2000; Fischl et al., 2004a,
2004b, 2008, 2009). Volumetric data of global and regional volumes can be obtained from the
subcortical segmentation. Both cortical and subcortical data can be used for cross-sectional and
longitudinal studies (Fischl et al., 2004a, 2004b).

FreeSurfer cross-sectional segmentation and reconstruction
Cross-sectionally processed data is useful for performing vertex-wise comparison of morphometric data

between subject groups and investigating the relationship of morphometric parameters with clinical

variables when there is only one scan per subject. Cross-sectional processing with FreeSurfer involves:
e Conversion of T1 structural MRI scans from DICOM format to FreeSurfer’s “. mgz” format.
e Execution of the “recon-all” process to perform reconstruction of brain models in three

stages;

- autoreconl: performs motion correction, conforms resolution to Imm? as well as Talairach

transform computation, intensity normalization and skull stripping.

- autorecon-2: performs linear volumetric registration, white matter segmentation, smoothing

and incorporating of any white and pial matter edits.
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e - autorecon-3: performs spherical mapping and registration, maps average curvature to all
subjects, performs cortical parcellation and computes statistics, then maps the parcellation

mapping to aseg.

¢ Quality inspection and correction of segmentation errors for reconstructed surfaces on the
FREEVIEW visual platform. This involves manual editing including:

++ Talairach transformation correction.

¢ Skull stripping edits.

+« Pial and white matter segmentation edits, which involve the correction of inaccurately
segmented boundaries between different brain surfaces (pial, white matter and
cerebrospinal fluid (CSF) boundaries).

e Repeated reconstruction and inspection after manual editing until the desired output is

generated with minimal parcellation and segmentation error.

At this stage, cortical thickness and volumetric data have been generated, but not local gyrification
indices (LGIs). To obtain LGI data the recon-all processing stream is rerun on the reconstructed
model with the —localGl flag.

The mri_glmfit utility can then be used to perform vertex-wise statistical group comparison on cortical
thickness and LGI data. mri_glmfit is more complex than the Query, Design, Estimate and Contrast
(QDEC) GUI, but is also more flexible, for example allowing analyses that control for multiple
confounding variables. Further statistical analyses of brain volume and cortical surface data can be

performed outside FreeSurfer using other statistical software.

FreeSurfer longitudinal segmentation and reconstruction
In longitudinal study designs where there are multiple scans per subject, longitudinal processing and

analysis can be used to examine within-subject variation of brain morphology over time. In longitudinal

investigations, the effect of inter-subject variation is reduced by using each subject as its own control.

The FreeSurfer longitudinal processing stream relies on the creation of a within-subject template for
each subject onto which scans from different time points are mapped (Figure 2.2) for reconstruction,
segmentations and subsequent longitudinal analysis of morphometric measures (Reuter et al., 2012).

The longitudinal pipeline consists of the following three steps:
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1. Cross-sectional reconstruction: this stage runs the normal cross-sectional processing stream,
performing surface reconstruction and image segmentation of all T1 scans for each subject at each time
point independently.

2. Subject base template creation: the second stage involves the creation of a mean or base template
for each subject using information from the different time points (Figure 2.2). Segmentation and surface

reconstruction are then performed on this unbiased base template.

3. Longitudinal reconstruction: the final stage uses information from the previous two stages to
reconstruct and create longitudinal data for each subject at each time point, which can then be used in

statistical within and between subject comparisons (Reuter et al., 2010; 2011; 2012).

The processes involved include: spatial and non-uniform intensity normalization, Talairach registration,
brain mask creation, normalization and atlas registration, subcortical segmentation, surface

reconstruction, cortical atlas registration and parcellation (Reuter et al., 2012).

Figure 2.2: Average/base template estimate for a subject and at different time-points — TP1, TP2, TP3, TP4 and
TP5. (Reuter et al., 2012)

Automated vs. manual segmentation
Several studies have validated the accuracy and consistency of segmentation outputs from FreeSurfer

with manually traced data (Akudjedu et al., 2018; Dewey et al., 2010; Wenger et al., 2014; Morey et
al., 2009). Most comparisons between these segmentation techniques have focused on the hippocampus
and amygdala, mainly because of their importance in neuropsychiatric investigations and technical
challenges involved in their manual segmentation (Morey et al., 2009, Grimm et al., 2015; Wenger et
al., 2014). A few other studies have investigated other brain regions, including the caudate nuclei
(Akudjedu et al., 2018; Dewey et al., 2010). Studies have reported a strong correlation between
automatically and manually segmented region of interest (ROI) volumes (Wenger et al., 2014; Grimm

et al., 2015; Morey et al., 2009) but with low agreement between techniques (Grimm et al., 2015;
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Wenger et al., 2014). The slight discrepancies observed in correlation were attributed to variations in
neuroanatomical atlases used, rather than the algorithm used in automated segmentation (Grimm et al.,
2015; Wenger et al., 2014). The systematic and proportional differences between segmentation methods
are largely as a result of differences in the definition of anatomic boundaries (Wenger et al., 2014,
Morey et al., 2009; Grimm et al., 2015 ), and depend on the type of automated image processing
(surface-based or voxel-based) (Grimm et al., 2015), the brain region concerned and the software

version (Wenger et al., 2014) more than the segmentation method used(Grimm et al., 2015).

Unlike manual segmentation, the reliability and accuracy of FreeSurfer have been found to be lower in
cases of neurological abnormalities such as severe atrophy, also to vary with age (Sanchez-Benavides
etal., 2010; Wenger et al., 2014). FreeSurfer is seen as liberal, including regions beyond the anatomical
boundary while manual segmentation may be stricter in delineating boundaries that are difficult to
define, especially in the amygdala, entorhinal cortex, lateral ventricle and hippocampus (Wenger et al.,
2014; Sanchez-Benavides et al., 2010; Grimm et al., 2015). Manual segmentation may have more
sensitivity to detect right-left hemispheric asymmetries than FreeSurfer’s automated pipeline (e.g.
Sanchez-Benavides et al. 2010, Wenger et al. 2014). However, few studies have validated the accuracy
of FreeSurfer in a younger cohort (e.g Lyden et al., 2016; Schoemaker et al., 2016; Bender et al., 2018),
and brain regions associated with HIV infection have not been examined in children living with HIV.
Validating FreeSurfer’s automated volume output against manually traced regional brain volumes in
perinatally HIV-infected children will establish the accuracy and reliability of automated segmentation

in children at age 7 years, and in conditions like HIV that affect brain structure.

2.3 Pediatric brain involvement in HIV infection
The developing brain is severely affected by HIV infection, especially in cases of perinatal transmission

(Ackermann et al., 2014; Chriboga et al., 2005; George et al., 2009; Kieck et al., 2004). The harmful
effects of perinatal HIV on brain tissue, possible side effects of ART on the developing brain, as well
as the implications to both structural neurodevelopment and neuropsychological performance in the
long term are issues for investigation. Previous studies have described specific structural defects
resulting from HIV infection in younger cohorts which include; cortical thinning (Yadav et al., 2017;
Yu et al., 2019; Lewis-de los Angeles, 2017), alterations in total brain, white and grey matter, and
specific subcortical regional volumes (Paul et al., 2018; Sarma et al., 2014; Lewis-de los Angeles et al.,
2017; Cohen et al., 2016; ), ventricular enlargement and sulcal widening (especially the lateral ventricle
proximal to CSF channel) (Van Arnhem et al, 2013; Assefa, 2012), white matter
abnormalities/lesions/atrophy (Ackermann et al., 2014; Jankiewicz et al., 2017, Hoare et al., 2015; Van
Arnhem et al., 2013; Sarma et al., 2014, Uban et al., 2015) and basal ganglia calcification (Govender
et al,, 2011). These anatomical deficits were reported to have implications for developmental

milestones; intelligence, neurocognition, psychomotor and executive activities, and behavioural and
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emotional skills (Sherr et al., 2014; Le Doare et al., 2012; Wachsler-Felder et al., 2002), which
motivates the need to investigate brain morphometry measures in this study.

Several recent studies have quantitatively investigated cortical thickness, and ventricular and brain
volume differences due to pediatric HIV infection (Lewis-de los Angeles, 2017; Yadav et al., 2017;
Van Arnhem et al., 2013; Sarma et al., 2014; Cohen et al., 2016; Paul et al., 2018). Regional decreases
in gyrification due to HIV infection have also recently been reported in younger cohorts (Nwosu et al.,
2015; Hoare et al., 2018; Lewis-de los Angeles 2017).

Neuroimaging in the CHER cohort at age 5 years showed that early ART initiation was associated with
higher levels of choline, glutamate and creatine compared to later ART initiation while baseline
CD4/CDS8 ratio was observed to predict brain metabolite levels (Mbugua et al., 2016). In contrast, white
matter- related abnormalities due to perinatal HIV infection were observed in the corticospinal tracts,
despite early ART initiation and viral load suppression (Ackermann et al., 2016). These white matter
disruptions persisted at age 7 years in the form of regional lower fractional anisotropy and higher mean
diffusivity (Jankiewicz et al., 2017). In addition, poor immune health during infancy was associated
with greater functional connection in the somatosensory, salience and basal ganglia networks (Toich et
al., 2018). Prior morphometric investigations (Randall et al., 2017, Nwosu et al., 2018), have
highlighted the importance of age-specific and longitudinal studies of the development of cortical
thickness, gyrification and subcortical volumes for understanding the effects of HIV and ART on the
brain. The rest of this section focuses on cortical thickness, cortical folding (gyrification), and global

and regional brain volumes since these are the morphometric measures considered in this thesis.

2.3.1 Cortical thickness
The cerebral cortex largely consists of grey matter, which is an aggregation of neuronal cell bodies and

is the major point for higher order information analysis and processing. It is highly folded and compact,
with an average thickness of 2.5 mm, although it may vary between 1 and 4.5 mm in different regions
(Clarkson et al., 2011; Fischl and Dale, 2000). Fischl and Dale (2000) defined cortical thickness as a
measure of the distance between the pial surface separating the grey matter from the cerebrospinal fluid,
and the grey-white matter interface separating deep white matter from the overlying grey matter (Figure
2.3) at every point in the brain. Manual quantification of cortical thickness across the brain is tedious
and time consuming, but automated software like FreeSurfer can generate cortical thickness measures

at vertices covering the brain surface.

The cortex plays an important role in neurocognition, intellectual ability and other important functions
that are highly localised and represented by different regions, including visual processing, language,
calculation and executive functions. The thickness of the cerebral cortex is of interest generally because

of its continuous changes through development and aging, and its susceptibility to neurodegenerative
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diseases (Treble et al., 2013; Sowell et al., 2003; Shaw et al., 2008). Cortical thickness is associated
with cognitive and intellectual ability (Haier et al., 2004), especially in developing children (Dubois et
al., 2008; Shaw et al., 2006; Wilke et al., 2003), in whom major dynamic and region-specific changes
take place. The growth trajectory is roughly an inverted U-shape (Treble at al., 2013; Giedd et al., 1999;
Giedd 2004; Gogtay et al., 2004), with different brain lobes peaking at different ages and stages of
development (Sowell et al., 2003; 2004; Fischl & Dale, 2000; Gogtay et al., 2004; Epstein., 1986). The
initial period of thickness increase peaks during middle childhood (Treble et al., 2013; Gogtay et al.,
2004; Shaw et al., 2008), after which there is general cortical thinning into early adulthood, followed
by relative stability (Sowell et al., 2003; 2004; Shaw et al., 2008; Raznahan et al., 2011).

Cortical thinning has been reported in previous HIV studies (Masuah et al., 1992; Kallianpur et al.,
2011; Thompson et al., 2005). Wiley et al. (1991) attributed cortical neuronal loss and thinning observed
at autopsy in HIV encephalitis patients to loss of synaptic density and vacuolation of dendritic processes
in the neuropil of the neocortex, suspected to be an indirect effect of HIV infection on the CNS (Wiley
et al., 1991). In another study, HIV-related cortical thinning in key nodes for emotional and cognitive
processing was significantly correlated with psychomotor speed (Kallianpur et al. (2011). Even in a
cohort on ART, cortical thinning of 15 percent in the sensory, motor and premotor cortices was
observed, which correlated with immune system deterioration, and cognitive and motor deficits
(Thompson et al., 2005).

Although several studies have shown that in adults, HIV infection leads to cortical thinning (Kallianpur
etal., 2011; Thompson et al., 2005; Wiley et al., 1991; Masuah et al., 1992), it is not clear what effects
HIV and early ART will have on long term neurodevelopment in perinatally-infected children. Studies
in HIVV+ children have reported region-dependent decreases as well as increases in cortical thickness
(Yuetal., 2019; Yadav et al., 2017; Lewis-de los Angeles, 2017). In a previous neuroimaging follow-
up study on 7-year-old vertically HIV+ children who received early ART, HIVV+ children had thicker
cortex than uninfected controls in a small left hemisphere lateral occipital region only (Nwosu et al.,
2018). This is consistent with earlier studies that showed the benefit of early ART initiation on
neuropsychological performance (Laughton et al., 2012; Lindsey et al., 2007). It remains to be seen

whether the longitudinal trajectory cortical thickness is altered in this cohort.
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White surface Cortical thickness
@ Pial surface

Figure 2.3: Cortical thickness: the distance (indicated by the FYITCIILE) at each location from the interface between deep white
matter and the overlaying grey matter (WM/GM interface — indicated by the NEIENIIE). to the interface between the grey matter
and outer CSF space (GM/CSF interface — indicated by the purple line).

2.3.2 Cortical folding (gyrification)
Gyrification is described as the process of evolution of the cortical folding pattern of the brain to form

sulcal and gyral regions (Treble et al., 2013; White et al., 2010; Chi et al., 1977; Zilles et al., 1988).
This process starts in utero as early as the third trimester of pregnancy (Chi et al., 1977; White et al.,
2010, Mangin et al., 2010; Armstrong et al., 1995), peaks in early childhood, and continues to develop
more slowly into late adolescence/early adulthood. After gyrification changes comes a decrease in
cortical complexity and change in brain connectivity (Treble et al., 2013; White et al., 2010; Magnotta
etal., 1999). The development process follows a similar inverted U-shaped pattern to cortical thickness,
which peaks in late childhood/early adolescence (White et al., 2010; Raznahan et al., 2011, Magnotta
et al., 1999). Gyrification is measured by the gyrification index (Gl), which is the ratio of the amount
of cortex buried in the sulcal fold to the cortex on the visible surface (Schaer et al., 2012; White et al.,
2010) as shown in Figure 2.4. When Gl is measured for a localized region of interest it is known as
local gyrification index (LGI).

The cortical grey matter contains neuronal cells bodies and performs complex higher order neuronal
signal processing (White et al., 2010; Kallianpur et al., 2011; Thompson et al., 2005?), while the
subcortical white matter consists of the axonal branches of these cells and facilitates the transmission
and reception of neuronal signals (Kallianpur et al., 2011; Thompson et al., 2005%). Fitting a larger
number of cell bodies into a smooth, thicker cortex would increase brain size and volume (Zilles et al.,

1988; White et al., 2010; Sowell et al., 2002). The folding pattern according to a mechano-tensile theory
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increases the surface area of the cortical grey matter (Magnotta et al., 1999; Armstrong et al., 1995;
Sowell et al., 2003; 2004) allowing a compact grey matter structure and ensuring efficient organization
of neural connectivity (Armstrong et al., 1995; White et al., 2010; Magnotta et al., 1999). Hence, cortical
folding (gyrification) may be important for higher order activities and may also have implications for
neuropsychological skills and intelligence especially in developing children.

There are many theories of the mechanism by which the gyral and sulcal regions are generated. The
most popular proposes that the most connected neurones aggregate together, which leads to the buckling
of that region, and formation of gyri, while the most dispersed neuronal cells tend to pull away from
each other forming the sulci (Magnotta et al., 1999; White et al., 2010). If this is true, it is reasonable
to conclude that gyral and sulcal formation continues to change throughout life, as axonal pruning
occurs and new connections are made while old ones are disconnected, leading to variations in cortical
folding formation at different ages, between sexes, as well as in different regions of the brain (White et
al., 2010; Zille et al., 1988; Magnotta et al., 1999). The timeous development of gyrification in children
may be important in acquiring skills needed for the rest of their lives. The effect of early ART initiation
on the normal pattern of cortical folding development in perinatal HIV-infected children therefore

requires investigation.

Compared to cortical thickness, gyrification is less frequently investigated in diseases affecting brain
structure. However, it has shown promise for investigating morphological changes associated with
neuronal development, neurodegenerative disorders and disease patterns in the brain (Magnotta et al.,
1999; White et al., 2010) and may be sensitive to the effects of HIV and HIV-related events (Lewis-de
los Angeles, 2017; Hoare et al., 2018; Nwosu et al., 2018). Gyrification has been investigated together
with cortical thickness in disease conditions like spina bifida myelomeningocele (Treble et al., 2013)
and has been found to be related to 1Q and motor dexterity even in healthy children (Treble et al., 2013;
White et al., 2010).

Gyrification has been found to be altered in psychiatric disorders; in schizophrenia flatter sulci and
steeper gyri have been observed (White et al., 2003), while in velo-cardio-facial syndrome decreased
gyrification has been observed in frontal and parietal regions (Schaer et al., 2006) as well as greater
gyral complexity in the occipital regions (Bearden et al., 2009). Cao et al. (2017)° showed that there is
a relationship between number of episodes in bipolar disorder and alterations in brain gyrification.
Increased cortical complexity in Williams syndrome has also been shown (Thompson et al., 2005P).
Kesler et al. (2006) also showed increased temporal lobe gyrification due to preterm birth. Although
the development of gyrification in healthy children and adolescents (Cao et al., 2017%; White et al.,
2010), as well as variation in gyrification between sexes (Luder et al., 2004; Magnotta et al., 1999) has
previously been demonstrated, not much is known about the developmental trajectory of gyrification in

pediatric HIV infection. Incorporating gyrification into longitudinal morphometric investigations of
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HIV-infected children may provide further understanding of the effects of HIV and early ART on

structural neurodevelopment.

To our knowledge, studies are yet to investigate the longitudinal long-term effects of HIV and/or ART
on gyrification, especially during the critical period of neurodevelopment in children. A recent cross-
sectional study of effects of HIV infection and early ART on brain morphometry in children at age 7
years showed that frontal and parietal gyrification is sensitive to HIV infection, while only minor
alterations in cortical thickness and regional brain volumes were observed relative to uninfected
controls (Nwosu, 2015). Based on those findings, we aimed to determine how early these alterations
in gyrification become apparent, by comparing gyrification between children with HIV and controls at
age 5 years. We also aimed to investigate the longitudinal development of gyrification in these children
to clarify the neurodevelopmental implications of early ART initiation in perinatal HIV.

Figure 2.4 Gyrification index (GI): ratio of the folded and
convoluted external brain surface (Green line) with the outer
surface (White line) excluding the sulci.
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2.3.3 Global and regional brain volumes
In adult HIV infection, brain volume reductions are obvious in global grey and white matter, cortical

and subcortical grey and white matter (Thompson et al., 2006; Di Scalafani et al., 1997; Becker et al.,
2011; Broderick et al., 1993). Subcortical tissues often affected by neuronal atrophy include the corpus
callosum, basal ganglia (especially caudate nucleus, putamen, nucleus accumbens, globus pallidum),
thalamus, lateral ventricle and hippocampus regions (Di Scalafani et al., 1997; Becker et al., 2011;
Epstein et al., 1986). Most studies reviewed by Paul et al. (2002) reported neuronal atrophy and volume
reduction of the bilateral caudate nucleus and linked this with neurocognitive impairments, executive
dysfunction, and poor memory retention as well as greater disease burden (Raininko et al., 1992; Hall
et al., 1996; Jernigan et al., 1993).

In the corpus callosum, HIV infection is associated with regional thinning, myelin damage and
increased fluid diffusion, implying poorer white matter integrity (Thompson et al., 2006; Filipi et al.,
2001; Ragin et al., 2004; Paul et al., 2002). Corpus callosum thickness has been found to be positively
correlated with T-lymphocyte counts, which means that it can be useful in tracking viral disease burden
(Thompson et al., 2006). Other studies have also reported increased lateral ventricle volume (Paul et
al., 2002; Wachsler-Felder and Golden, 2002; Ances et al., 2012), which is suspected to be because it
serves as a channel for the transport of CSF, a major vehicle for viral transmission in the brain (Paul et
al., 2002; Kallianpur et al., 2013, Ances et al., 2012).

Neuronal atrophy is similarly associated with pediatric HIV infection. One of its most severe effects in
children is global and regional brain volume reduction (Lewis-de los Angeles et al., 2016; 2017; Yadav
etal., 2017; Cohen et al., 2016) and enlarged lateral ventricular volume (Assefa et al. 2012; et al., 2001).
Neurodevelopmental effects of neuronal atrophy and brain volume reduction include; neurocognitive
deficits, memory loss, minor cognitive motor disorder (MCMD), behavioural and emotion-related
disorders, and delayed development of mental and intelligence skills (Musielak et al., 2015; Sherr et
al., 2014; Paul et al., 2002; Wachsler-Felder and Golden, 2002; Ances et al., 2012). However, there are
also reports of greater global and regional gray matter volumes related to HIV infection in children and
youth (Sarma et al., 2014; Randall et al., 2017; Blokhuis et al. 2017; Paul et al., 2018). Reasons that
have been proposed for these unexpected results include increases in cell size, neural or glial genesis or
spine volume (Driemeyer et al., 2005; May et al., 2007). Gray matter hypertrophy may also be due to
neuroinflammation induced by HIV viral protein (Kaul et al., 2001; Mattson et al., 2005).

An issue raised in the review by Paul et al., 2002, is the improvement of cognition and white matter
abnormalities after ART initiation, without similar structural improvement in the caudate. This
highlights the question in children of whether damaging effects of HIV on morphometry are reversible

with ART, as well as whether ART can prevent such damage to brain structure when initiated early. In
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a recent study comparing HIV-infected children who started early ART and uninfected controls at age
7, most regional brain volumes were not different from those of uninfected controls, except the bilateral
putamen and right hippocampus (Nwosu, 2015). This may suggest that early ART initiation in children
may protect some of the vulnerable brain tissues from insult caused by HIV infection.

Caudate

Pulitaen Thalamus

Globus Pallidus——> .

Accumbens—>2" ’ocampus
Amygdal'\,o"

Figure 2.5 Subcortical structures: Some of the key subcortical tissues
affected by HIV infection especially in pediatric cohorts. Source: Jung et
al., 2014

2.7 Hypotheses

After reviewing existing literature, we hypothesized that:

1. There would be moderate to strong relationship between brain volumes generated from
FreeSurfer automated processing and manual segmentation although FreeSurfer may
overestimate sub-cortical volumes of interest compared to manual method (Sanchez-Benavides
et al., 2010; Wenger et al., 2014).

2. That HIV status-related statistical group comparison would be similar using outputs from both

methods, although HIV infection is expected to affect the accuracy of automated segmentation.

3. At age 5 years, because of the beneficial effect of early ART we would observe little or no
difference or similar results as in age 7 (Nwosu et al., 2018) of thicker cortex and lower LGls
in HIV-infected children compared to uninfected controls. The difference will be due to residual
damage that may persist but is less severe than without early ART.
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4. At age 5 years, ART interruption will not affect morphometry development, due to the
resilience of children’s immune systems, early ART initiation and relatively short duration of

ART interruption.

5. Atage 5 years, neurodevelopment would be affected by higher viral load, poor immune health
before ART and HIV-related encephalopathy leading to regionally lower cortical thickness and

gyrification

6. In the longitudinal study, early ART initiation would lead to normal morphometric
development, even in regions with HIV-related differences identified in cross-sectional
analyses. Furthermore, ART interruption and HIV-related encephalopathy will not impact

developmental trajectories.
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Chapter 3 — Comparison of manual tracing and automated
FreeSurfer segmentation of subcortical brain structures in a
cohort of 7-year old HIV-infected children and uninfected
controls.

3.1 Introduction
In typical childhood development the brain undergoes rapid changes due to neurodevelopmental

processes including cortical pruning, neural rewiring and myelination (Shaw et al., 2008; Sowell et al.,
2003; 2004; White et al., 2010). During the critical period from embryo through to adolescence (Rice
et al., 2000), pediatric brain is particularly vulnerable to damage from a range of infectious and other
diseases (Giedd et al., 2010; Granato et al., 2018; Friedman et al., 2015; Richards et al., 2013) as well
as environmental factors (Weiss et al., 2000; Rice et al., 2000; Lyden et al., 2016). Perinatal HIV
infection, for instance, is known to lead to structural brain alterations in children, including ventricular
enlargement and sulcal widening (van Arnhem et al., 2013), cortical thinning (Yadav et al., 2017;
Lewis-de los Angeles et al., 2017), basal ganglia calcification (Govender et al., 2011), white matter
lesions/abnormalities and atrophy (van Arnhem et al., 2013; Uban et al., 2015; Ackermann et al., 2016;
Sarma et al., 2014), neural atrophy and brain volume alterations (Yadav et al., 2017; Lewis-de los
Angeles et al., 2017, Sarma et al., 2014).

To quantify disease-related volumetric alterations of subcortical structures, manual segmentation is
considered the most accurate and reliable method, and therefore the “gold standard” (Pardoe et al.,
2009; Rodionov et al., 2009; Barnes et al., 2009; Boccardi et al., 2011; Grimm et al., 2015; Wenger et
al., 2014). It involves the manual delineation of brain structures on anatomical boundaries based on a
pre-defined atlas or protocol. Manual brain segmentation, although more reliable than automated
methods, is tedious, time intensive and requires expert knowledge of the neuroanatomy of the structure
of interest to ensure accurate segmentation (Schoemaker et al., 2016; Grimm et al., 2015; Fraser et al.,
2018). Moreover, in the era of large MRI datasets, manual segmentation is inefficient and can introduce
inconsistencies in boundary delineation due to human and fatigue-related biases (Lyden et al., 2016;

Akudjedu et al., 2018) and non-uniformity if more than one person is tracing a dataset.

The large MRI datasets used in neuroimaging research require automated algorithms that can perform
segmentation faster and delineate brain structures efficiently and objectively. Automated segmentation
is consistent, uniform and allows for batch processing of large amounts of data based on

algorithmically-defined anatomical boundaries. In addition, less time is required for segmentation in
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comparison to manual delineation. There exist several user-friendly and easily accessible automated

segmentation tools. FreeSurfer (http://www.freesurfer.net/) is a commonly-used tool that performs

segmentation by assigning each voxel a structural label derived from a manually segmented training
data set using Markov random field-based probabilistic estimation (Fischl et al., 2002). The FreeSurfer
atlas was generated from a training data set of 39 manually segmented adult brains (aged 18-87 years)
(Sabuncu et al., 2010; Fischl et al., 2002; 2004; Makris et al., 2004). Nevertheless, FreeSurfer is
currently also used for investigating pediatric brain structures (e.g. Barch et al., 2019; Nwosu et al.,
2018; Shiohama et al., 2019; Harrach et al., 2019), which may not have the same size and anatomical
boundaries as their adult counterparts (Casey et al., 2008; Shaw et al., 2008; Sowell et al., 2003; 2004).

Studies on the reliability and validity of automated segmentation tools have shown outputs to be
comparable to manually delineated brain volumes (Morey et al., 2009; Fischl et al., 2002) but focus
mostly on adult cohorts (Akudjedu et al., 2018; Dewey et al., 2010; Wenger et al., 2014). Key validation
measures for comparison between segmentation methods are spatial overlap between techniques,
measures of segmented volume agreement and consistency (e.g. correlation) between techniques,
similarity of contralateral structure volumes (Dewey at al 2010) or comparison of associations between
a variable of interest and, manually and automatically derived brain volumes (Lyden et al., 2016). The
similarity of outputs from automated segmentation and manual delineation depends on the structure
being quantified, the technique or protocol used for segmentation and the neuroanatomical
characteristics of the study population (Schoemaker et al., 2016; Sanchez-Benavides et al., 2010).
Mostly moderate to strong (r=0.45-0.87) relationships have been shown between FreeSurfer outputs
and manual techniques in the hippocampus (Cherbuin et al., 2009; Sanchez-Benavides et al., 2010),
amygdala (Schoemaker et al., 2016; Grimm et al., 2015), and caudate nucleus (Akudjedu et al., 2018;
Dewey et al., 2010). However, there may be greater differences between automated and manual
segmentation techniques in the presence of atrophy, as well as an age-differential bias (Sanchez-
Benavides et al., 2010; Wenger et al., 2014).

There is relatively little evidence of the reliability and accuracy of automated segmentation tools in
children, and the few existing studies have focused mainly on the hippocampus and amygdala (Lyden
et al., 2016; Schoemaker et al., 2016; Bender et al., 2018). Because of the smaller size of children’s
brains, inter-individual variation in brain size and growth, and differences in the rate of development of
different brain structures during childhood (Casey et al., 2008; Shaw et al., 2008; Sowell et al., 2003),
automated segmentation may compromise accuracy when used for pediatric brain volume
quantification. Volume quantification in children is further complicated by neuropathology (Lyden et
al., 2016; Giedd et al., 2010) such as HIV that targets specific brain structures leaving others unaffected.
Perinatal HIV infection is known to particularly affect the basal ganglia and deep white matter (Mitchell

et al., 2001) and structural alterations in the basal ganglia and corpus callosum (Hoare et al., 2018;
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Randall et al., 2017; Nwosu et al., 2018; Wade et al., 2019) have been observed in HIV+ children on
antiretroviral therapy (ART). However, to our knowledge, only one study has compared automated and
manual segmentation of basal ganglia structures in children (Loh et al., 2016) and none have examined
the corpus callosum. Validating the reliability of FreeSurfer for quantifying these subcortical volumes
in HIV+ children will further its use for investigating brain volume trajectories during typical

development, and in the presence of disease conditions, including HIV.

The aim of the study is to validate the accuracy of FreeSurfer’s automated cross-sectional processing
stream for segmentation and quantifying of subcortical brain structures in a cohort of 7-year-old
children living with HIV. This is achieved by comparing volume measures to those obtained via gold
standard manual delineation of the same structures. We focus on the corpus callosum and the basal
ganglia structures — comprising caudate nucleus, nucleus accumbens, putamen and globus pallidus —
regions that are implicated in pediatric HIV but have received little attention in previous validation
studies. Further aims are to investigate whether the results of a group comparison of subcortical volumes
between HIV+ and HIV- children would give the same results regardless of method used, and to
determine whether there is any interaction of segmentation method and HIV status on output volumes.

We hypothesized a moderate to strong correlation between the outputs of manual segmentation and
FreeSurfer, but that FreeSurfer would overestimate volumes of the structures of interest relative to
manual tracing (Sanchez-Benavides et al., 2010; Wenger et al., 2014). Regardless, we expected that
HIV status group differences would be similar using outputs of either method, even if HIV infection

affected the accuracy of automated segmentation.
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3.2 Methods

3.2.1 Study participants
Participants in the study are 82 South African children — 42 children living with HIV (HIV+) and 40

uninfected controls (HIV-). HIV+ children were recruited from the Cape Town cohort of the children
with HIV early antiretroviral therapy (CHER) clinical trial, who are currently undergoing

neurodevelopmental and clinical follow-up.

The original CHER trial was conducted at the Family Clinical Research Unit at Tygerberg Children’s
Hospital, Cape Town. In the trial, children on early time-limited ART were compared to later
continuous ART to investigate the outcome of early ART initiation on vertically HIV-infected children.
Infants with CD4 percentage > 25% were randomized at age 6 -12 weeks to receive either limited ART—
interrupted at 40 or 96 weeks — and restarted treatment when clinical and/or immunological criteria
were met, or to commence continuous ART only when they developed HIV symptoms or CD4
percentage dropped below 20% (25% in the first year) as per guidelines at the time (WHO, 2006; Cotton
etal., 2013; Violari et al., 2008). All HIVV+ children started ART before 76 weeks of age and viral loads
were suppressed at the time of scan.

The HIV- controls were recruited from an interlinking vaccine trial (Madhi et al., 2010) and comprised
children born to mothers living with HIV (HIV-exposed uninfected, HEU; n=17) and to HIV- mothers
(HIV-unexposed; HU; n=23).

3.2.2 Magnetic resonance image (MRI) acquisition
MRI scans of all participants were acquired around about their 7" birthday on a 3T Allegra brain scanner

(Siemens, Erlangen, Germany) at the Cape Universities Brain Imaging Centre (CUBIC), according to
a previously described scanning protocol (Nwosu et al., 2018) optimized for automated processing of
MRI data.

Ethics approval for the study was obtained from the Human Research Ethics Committees of the
Universities of Cape Town and Stellenbosch. Parents or guardians of participants gave written informed

consent and participants gave their oral assent for the scans.

3.2.3 Manual segmentation.
MRI scans were manually inspected for quality, and low-quality images were excluded. MR images

were subsequently manually transformed for anterior commissure-posterior commissure (AC-PC) plane
realignment for symmetrical display of all scans with BrainVoyager ( )

software and converted from DICOM format to Analyze format before manual delineation.
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After transformation, images were imported into MultiTracer
( ) — a Java-based tool for anatomical
segmentation (Wood, 2003) — running on the Windows 10 operating system. Anatomical delineation
was performed on a 13-inch Wacom Cintiq Pro display monitor with Wacom stylus pen. All data were
segmented at 4X magnification, display brightness of 92, contrast between 13000- and 18000-pixel
intensity units (PIU) depending on the structure being traced, with pixel scaling at 1.35. Segmentation
was performed with protocols developed by an expert neuroanatomist as described by Randall (2015),
Biffen et al. (2018) and Randall et al. (2017).

Caudate nucleus
Nucleus accumbens

Corpus callosum
Putamen
Globus pallidus

Figure 3.1: Manually segmented subcortical regions of interest where automated and manual brain
segmentation techniques were compared in children at 7-years-old.

In the first instance, two trained researchers together traced a selected sample of data to ensure
consistency and agreement. Subsequently, both raters traced subsets of the AC-PC aligned data based
on the developed protocol while blinded to each other’s outputs. Segmented regions of interest are the
sagittal area of the corpus callosum, and bilateral basal ganglia regions including caudate nucleus,
nucleus accumbens, putamen and globus pallidus (as shown in Figure 3.1). The corpus callosum was
traced in the sagittal view, caudate nucleus and nucleus accumbens were traced in the coronal view
while putamen and globus pallidus were traced in axial and coronal views. Brain volume measures for

each subject and each region were extracted from MultiTracer and used for further statistical analyses.
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3.2.4 Automated segmentation with FreeSurfer
Automated subcortical segmentation was performed on all MRI scans with FreeSurfer version 6.0 on a

Linux Ubuntu version 16.04 LTS machine. Each DICOM image file was converted and reconstructed
with the FreeSurfer “recon-all” pipeline. Quality checks were performed on all outputs. Subcortical
volume measures for corpus callosum, bilateral caudate nucleus, nucleus accumbens, putamen and
globus pallidus for all subjects were extracted with FreeSurfer’s asegstats2table command for

comparison with manually generated volume measures.

3.2.5 Statistical analyses
All brain volume data generated from manual and automated segmentation were collated and exported

to R version 3.4.1 (https://www.r-project.org/) under RStudio version 1.0.143 (2016) for further

statistical analyses.

To check the similarity of subcortical tracings by two different tracers, we calculated the Pearson
correlation, intra-class correlation (ICC) for consistency and agreement and performed a one sample t-
test on the difference between the volumetric outputs from the different tracers.

To investigate differences between the outputs of manual and automated segmentation we computed

the percentage volume difference (A %) for each structure of interest:

A% = ((AV — MV)/MV) * 100

where AV — Automated volume

MV — Manual volume

A one sample t-test was performed on the differences. Bland-Altman plots were used to visualize the
agreement between methods and the ICC for consistency and agreement were calculated between

manual and automated outputs.

Secondly, to investigate the relationship between volume measures from automated and manual
techniques, we used scatter plots of manual vs. automated volumes and fitted a least-squares linear
regression line for comparison with the line of no difference with slope (s) — = 1 and intercept (i) =0.

For each region of interest, we report the goodness-of-fit of the linear regression model (R?).

To investigate whether selection of a particular segmentation technique would affect the results of a
group comparison, we performed analysis of covariance (ANCOVA) comparing brain volumes of

regions of interest between HIV+ and HIV- groups and HEU vs. HU groups, and examined the results
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from automated and manual techniques. Statistical tests for HIV status group differences in FreeSurfer
volume measures were performed accounting for sex and estimated intracranial volume (ETIV).
Statistical tests for HIV status group differences in manually segmented data additionally accounted for
the two tracers. False discovery rate (FDR) correction was performed to account for multiple testing.
We consider an FDR corrected p<0.05 statistically significant for all tests.

We further sought to determine whether HIV status influences discrepancies between the two
segmentation techniques. The mean difference in regional volumes between the two methods was also
computed for HIV+ and HIV- groups separately. The interaction effect of HIV status and segmentation
technique on volume measures was investigated with a repeated measure analysis of covariance
(ANCOVA). We report the p-value of the interaction term.
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3.3 Results

After excluding the MRI scan of one HIV+ subject for poor image quality due to motion, we present

results for 81 children. Table 3.1 shows the demographic data for all participants. Groups were similar,

except that there were fewer Afrikaans-speaking (mixed ancestry) children in HIV+ and HEU groups.

Table 3.1: Sample demographics.

HIV+ HIV- 9 or w2 | p-value
HEU HU

Sample size (N) 41 17 23
Age at scan (years) 7.24 (0.18) 7.22 (0.14) | 7.25(0.15) | 0.18 0.84
Number of males (% males) 19 (46) 10 (59) 12 (53) 0.78 0.68
Home language (Afrikaans /Xhosa) 5/36 1/16 7/16 5.29 0.07
Birth weight (g) 3136 (414) 3175 (585) | 3079 (395) | 0.24 0.79
Estimated total intracranial volume (ETIV) (cm?) 1427 (111) 1449 (145) | 1427 (124) | 0.22 0.80
Neuropsychological measures
KABC? 11 scores accessed at ages 7 years

Mental processing index (MPI) 73 (8.40) 74 (9.52) 76 (10.82) | 0.97 0.38

Non-verbal index (NVI) 74 (11.02) 73(12.42) | 76(11.64) |0.41 0.66

aKaufman Assessment Battery for Children: second edition composite

bf-values are for 3-way ANOVA

Table 3.2 shows the comparison and agreement of outputs for 29 subjects manually segmented by both

tracers for all the regions of interest. There is strong correspondence between the two tracers’ outputs

as shown by the Pearson’s correlation co-efficient (r) and ICCs, with lowest agreement for the globus

pallidus. Percentage differences between the two tracers in all regions were in single digits except right

globus pallidus with a difference of 12.33%.
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Table 3.2: Relationship between raters outputs (N= 29; raters = 2).

Brain regions Pearson One-sample t-test Percentage | Intra class correlation (ICC) | Intra class correlation (ICC)
correlation difference (Consistency) (Absolute agreement)
R p-value | Meandiff. ggm2 t-value p-value A% co-efficient p-value co-efficient  p-value
(mm?)
L caudate nucleus 090 <0.001 | 76.78 25.82  2.05 0.05 2.12 0.90 <0.001 0.89 <0.001
R caudate nucleus 096 <0.001 |32.15 12.15 1.83 0.08 0.82 0.98 <0.001 0.98 <0.001
L nucleus accumbens 0.83 <0.001 | -29.53 1350 -2.19 0.04 -6.08 0.82 <0.001 0.80 <0.001
R nucleus accumbens 0.98 <0.001 | -6.10 3.33 -1.83 0.08 -1.24 0.99 <0.001 0.98 <0.001
Corpus callosum 0.93 <0.001 |-3.50 2.97 -1.07 0.29 1.94 0.93 <0.001 0.93 <0.001
L putamen 0.96 <0.001 |-138.42 26.34 -5.07 <0.001 -2.94 0.96 <0.001 0.93 <0.001
R putamen 0.95 <0.001 |-151.07 30.30 -4.81 <0.001 -3.21 0.96 <0.001 0.92 <0.001
L globus pallidus 0.67 <0.001 -21.83 29.65 -0.71 0.48 -1.39 0.66 <0.001 0.66 <0.001
R globus pallidus 0.60 <0.001 186.43 3195 5.63 <0.01 12.33 0.59 <0.001 0.41 0.05

ICC is based on Shrout et al., 1979; Bartko et al., 1966; McGraw et al., 1996 2 standard error of the mean
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3.3.1 Differences between manual and automated output volumes

Using manually segmented data as the reference, Table 3.3 and the Bland Altman plots in Figure 3.2

show that automated segmentation tends to overestimate volumes of all regions except the right caudate

nucleus, which showed the smallest discrepancy between segmentation methods. The bilateral nucleus

accumbens, corpus callosum and right globus pallidus had the lowest absolute agreement. There was a

generally high ICC for consistency, particularly for the putamen.
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Figure 3.2: Bland-Altman mean-difference plots for automated compared to manual segmentation. The blue line on each plot
is the mean volume difference (bias) while the red lines on each plot are the 95% limits of agreement.

36



Table 3.3: Differences in regional volumes between automated and manual techniques (N=81).

Brain regions Mean A% | t-value | p-value Intra class correlation Intra class correlation
difference (ICC) (ICC)
(SE) mm® (Consistency) (Absolute agreement)
co-efficient p-value co-efficient p-value
L caudate nucleus 196 (34) 5.59 5.83 <0.001 | 0.72 <0.001 0.64 <0.001
R caudate nucleus -7 (29) -0.20 | -0.27 <0.001 |0.81 <0.001 0.81 <0.001
L Nucleus Accumbens | 157 (8) 29.58 | 19.63 <0.001 | 0.82 <0.001 0.44 0.11
R Nucleus Accumbens | 132 (9) 25.17 | 14.24 <0.001 | 0.77 <0.001 0.49 0.08
Corpus callosum 145 (8) 27.54 |18.08 <0.001 | 0.64 <0.001 0.26 0.15
L Putamen 219 (28) 4.59 7.82 <0.001 | 0.90 <0.001 0.83 <0.001
R Putamen 189 (31) 3.90 6.17 <0.001 | 0.89 <0.001 0.84 <0.001
L Globus Pallidus 138 (25) 8.26 5.46 <0.001 | 0.63 <0.001 0.56 <0.001
R Globus pallidus 260 (20) 18.53 | 12.88 <0.001 | 0.72 <0.001 0.46 0.07

SE — standard error A % - percentage volume difference

3.3.2 Relationship between automated and manual segmentations
Figure 3.3 shows the scatterplot and least-squares regression line (blue) for automated against manual

volumes, the line of no difference (red) for all regions of interest. The highest R? (best linear fit) was
obtained for the putamen (R?: left= 0.81, right= 0.78). Overestimation in the automated method vs.

manual is apparent for most structures, with points falling one side of the slope=1 line of no difference.
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Figure 3.3: Scatter plot of automated and manual segmentation volumes for regions of interest. Least-squares regression line for
automated against manual volumes are shown in blue. Red lines have slope=1 and intercept =0. The R? value is indicated on each
graph. 37



3.3.3 HIV status and HIV exposure volumetric differences using manual and

automated techniques

Analysis of group differences between HIV+ and HIV- children showed similar results using

automatically or manually traced volumes (Table 3.4). There were no significant differences between

HIV+ and HIV- groups in bilateral caudate nucleus, nucleus accumbens and putamen using either

segmentation method. Similarly, both techniques showed that HIV- children had larger globus pallidi

than HIV+ children, which remained significant even after multiple comparison correction. In

manually-segmented data HIV- children showed larger corpora callosa than HIVV+ children but this

difference did not survive multiple comparison correction and was not detected using the volumes from

automated segmentation. In all five brain regions of interest there was no difference between HEU and

HU children using either manual or automated segmentation techniques.

Table 3.4: Subcortical volume differences between HIVV+ and HIV- groups using automated and

manual techniques N=81 (41 HIV+, 17 HEU, 23 HU).

Brain regions Manual Automated
HIV+ HIV- p-value FDR HIV+ HIV- p-value FDR
Mean (std.) Mean (std.) Q(\jlj;itee d Mean (std.) Mean (std.) ':t(\j);zt: d

L caudate nucleus 3531 (373) 3494 (319) 0.64 0.72 3721 (481) 3696 (423) 0.74 0.75

R caudate nucleus 3893 (404) 3865 (362) 0.74 0.74 3855 (501) 3888 (430) 0.67 0.75

L Nucleus Accumbens | 515 (122) 544 (120) 0.26 0.45 672 (126) 699 (108) 0.26 0.41

R Nucleus Accumbens | 510 (145) 535 (113)  0.34 0.45 658 (135) 650 (95) 0.75 0.75

Corpus callosum 511 (78) 543 (69) 0.04**  0.12 661 (103) 681 (84) 0.27 0.41

L Putamen 4732 (496) 4816 (550) 0.35 0.45 4936 (576) 5051 (576) 0.24 0.41

R Putamen 4784 (546) 4934 (594) 0.12 0.27 4964 (601) 5134 (560) 0.09* 0.27

L Globus Pallidus 1581 (240) 1756 (274) <0.001** 0.003** | 1709 (231) 1902 (246) <0.001** <0.001**

R Globus pallidus 1339 (199) 1470 (237) <0.001** 0.005** | 1566 (227) 1764 (248) <0.001** <0.001**
HEU HU HEU HU

L caudate nucleus 3529 (389) 3469 (262) 0.56 0.93 3799 (435) 3619 (407) 0.12 0.54

R caudate nucleus 3909 (418) 3832 (320) 0.51 0.93 3983 (450) 3817 (410) 0.12 0.54

L Nucleus Accumbens | 536 (110) 550 (129)  0.71 0.93 703 (74) 696 (129)  0.81 0.83

R Nucleus Accumbens | 551 (122) 523 (107)  0.42 0.93 661 (106) 642 (88) 0.52 0.83

Corpus callosum 546 (62) 540 (79) 0.76 0.93 698 (93) 670 (78) 0.22 0.66

L Putamen 4810 (681) 4821 (448) 0.90 0.93 5034 (715) 5064 (465) 0.83 0.83
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R Putamen
L Globus Pallidus
R Globus pallidus

4943 (692)
1734 (344)
1435 (304)

4928 (526) 0.93
1772 (215)  0.51
1497 (176) 0.2

0.93 5005 (647) 5163 (499)  0.60 0.83
0.93 1013 (256) 1895 (244) 0.74 0.83
0.93 1789 (289) 1745 (218) 0.41 0.83

*p<0.1 **p<0.05

3.3.4 Does HIV status influence differences between the two segmentation

techniques?

Table 3.5 shows the mean differences between the two techniques (manual - automated) in HIV+ and

HIV- children separately for all regions of interest. Repeated measures ANCOVA showed that

segmentation technique did not interact significantly with HIV status in any of these regions as shown

by p-value of the interaction term in Table 3.5.

Table 3.5: Mean difference comparison between HIV+ and HIV-, and interaction effects between
HIV status and segmentation technique (N=81).

Brain regions

HIV+
Mean diff. (std.)

HIV-
Mean diff. (std.)

p-value for HIV status and
segmentation method interaction
term in repeated measures

ANCOVA
L caudate nucleus - 191 (281) - 202 (327) 0.93
R caudate nucleus 38 (259) - 23 (262) 0.65
L Nucleus Accumbens -158 (60) -155 (83) 0.41
R Nucleus Accumbens -147 (76) -115 (88) 0.95
Corpus callosum 151 (78) 139 (66) 0.66
L Putamen -204 (293) -235 (204) 0.86
R Putamen -179 (280) -200 (275) 0.91
L Globus Pallidus -128 (242) -147 (213) 0.81
R Globus pallidus -228 (178) -293 (182) 0.36
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3.4 Discussion
In this study we compared an automated segmentation tool, FreeSurfer, to manual tracing of subcortical

structures in a 7-year-old pediatric cohort made up of children living with HIV and uninfected controls.
Our study adds to the limited knowledge on the reliability of FreeSurfer for automated brain
segmentation in children (Loh et al. 2016, Schoemaker et al., 2016), both in healthy controls and those
with HIV.

3.4.1 Consistency and agreement of subcortical volumes between methods
We found moderate to strong Pearson correlations (r=0.63-0.90) between FreeSurfer outputs and

manual segmentation across the structures considered, as well good consistency (ICC=0.63-0.90).
Previous studies have similarly shown that FreeSurfer outputs are comparable with manual
segmentation (e.g. Akudjedu et al., 2018; Fraser et al., 2018; Dewey et al., 2010), although most
strongly recommend visual inspection and manual editing of FreeSurfer outputs (Dewey et al., 2010;
Schoemaker et al., 2016). We found that absolute agreement (ICC=0.26 — 0.84) was lower than
consistency and was lowest for the nucleus accumbens, corpus callosum and globus pallidus, which
unlike other structures, showed a mean volume difference between methods of greater than 5%. The
poor agreement between automated and manual segmentation in the nucleus accumbens may be due to
different protocols for selection of a separation boundary between it and surrounding structures, since
this is defined algorithmically rather than anatomically (Biffen et al., 2018; Randall et al., 2017). This
is supported by the high inter-rater reliability for the manually traced nucleus accumbens. The globus
pallidus on the other hand showed low agreement and consistency between tracers as well as between
methods.

The lower absolute agreement between manual and automated segmentation was largely due to
FreeSurfer overestimating the volumes of structures including the putamen, nucleus accumbens and
globus pallidus, as well as the left caudate nucleus. VVolume overestimation of the hippocampus and
amygdalae has frequently been noted (Dewey et al., 2010, Schoemaker et al., 2016; Cherbuin et al.,
2009; Nugent et al., 2013; Pipitone et al., 2014), and is attributed to the more liberal structure boundaries
in FreeSurfer’s segmentation algorithm (Grimm et al., 2015; Wenger et al., 2014). A handful of studies
have also reported volume overestimation in the basal ganglia, including the putamen and caudate
nucleus (Nugent et al., 2013; Perlaki et al., 2017; Makowski et al., 2018; Dewey et al., 2010), globus
pallidus (Nugent et al., 2013, Makowski et al., 2018) and nucleus accumbens in healthy adult cohorts

and in various disease conditions including HIV (Dewey et al., 2010).

Akudjedu et al. (2018), however, showed that despite overestimating hippocampus volume, FreeSurfer
underestimated caudate nucleus volumes compared to manual segmentation. Similarly, in children

FreeSurfer has been found to overestimate volumes of the nucleus accumbens and putamen compared
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to manual tracing, but not the caudate nucleus and globus pallidus (Randall 2015, Loh et al. 2016).
Interestingly, although we observed overestimation of the left caudate nucleus, we found very little
mean difference between right caudate nucleus volumes from automated and manual segmentations.
The right caudate nucleus was also larger than the left in this sample of subjects, which might have
made it easier to trace accurately by hand, as suggested by the fact that inter-rater reliability was higher
for the right caudate. Alternatively, its larger size may be more similar to that of an adult's and
FreeSurfer’s overestimation of the left caudate volume may be an indication that automated methods

are less able to capture developmental asymmetry.

It should be noted that automated software is continually being improved and all the aforementioned
comparison studies have used FreeSurfer version 5.3 or older. FreeSurfer version 6.0 is known to differ
from older versions (Bigler et al., 2018) and produces outputs that are closer to those from manual
segmentation, even in children. In studies that use older FreeSurfer versions, percent differences
between manual and automated volumes were ~65% for the globus pallidus (Makowski et al., 2018), -
17% (Akudjedu et al., 2018) and 5% (Perlaki et al., 2017) for the caudate, and 10-15% for the putamen
(Loh et al., 2016, Perlaki et al., 2017), whereas in the current study using FreeSurfer 6.0 the caudate
and putamen were both overestimated by less than 5% relative to manual segmentation.

The accuracy of an automated tool is more severely affected by variable errors, but consistent systematic
errors in automated segmentation outputs can be minimized or corrected for afterwards (Dewey et al.
2010). Irrespective of the slight bias for larger structures using FreeSurfer, we found good consistency
between methods, suggesting that the ability to capture group differences might be preserved. Dewey
et al. (2010) reported that FreeSurfer’s consistent overestimation was reflected in a lower sample
standard deviation in many subcortical structures than the Individual Brain Atlases using Statistical
Parametric Mapping (IBASPM) method, which showed less consistent errors relative to manual tracing.
By contrast, we found lower standard deviation in the manually segmented caudate nucleus compared
to FreeSurfer segmentation. This was apparent in both HIV+ and HIV- groups, implying that it is not
an effect of HIV infection. The lower variation could imply greater consistency in manually traced data
but could also possibly reflect FreeSurfer’s robustness to pick up subtle inter-individual variations in
brain structures that are known to exist in younger children (Casey et al., 2008; Shaw et al., 2008;
Sowell et al., 2003; 2004; White et al., 2010). Fatigue and human bias in deciding anatomical boundaries
may lead to inaccurate delineation if the protocol designed for segmentation is not flexible enough to
capture inter-subject variation, particularly for complex structures such as the caudate nucleus. Robust
automated tools can maintain accuracy and consistency in delineation of complex boundaries,

particularly in large samples of MRI scans (Akudjedu et al., 2018).
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3.4.2 Volumetric differences between HIV status groups
Group analysis using manual and automated outputs were largely in agreement. Both manual and

automated segmentation methods showed no volume differences between HIV+ and HIV- children in
caudate nucleus, nucleus accumbens and putamen, but smaller bilateral globus pallidi in HIV+ children.
Manual segmentation showed that the corpus callosum was smaller in HIV+ children, but this result did
not survive multiple comparison correction and was not observed using FreeSurfer. This may either
represent a type 1 error or reflect greater accuracy and sensitivity of manual tracing. On images from
the Siemens Allegra scanner used in this study, the intensity and contrast of arteries in close proximity
to the corpus callosum was similar to that of white matter, so that FreeSurfer tended to misclassify
arteries as part of the corpus callosum. A software add-on was subsequently developed to address this.
Other recommended tools with improved corpus callosum segmentation include CCSeg

(https://www.nitrc.org/projects/ccseq/; Szekely et al., 1996), C8 — a standalone MATLAB toolbox for

computation of corpus callosum from a high resolution T1 MRI — (https://www.nitrc.org/projects/c8c8;
Herron et al., 2012) and other customized techniques (Ardekani et al., 2012; Adamson et al., 2014). The

finding of smaller corpus callosum in HIV is, however, consistent with findings of Yadav et al (2017)
as well as with a manual tracing study on our cohort at age 5 (Randall et al. 2017). However, in the
current study as well as the latter, the protocol for manual tracing of the corpus callosum is restricted to
the 3 most central slices in the sagittal view representing a cross-sectional area, differing substantially
from the volume that FreeSurfer describes, partitioned into anterior, mid-anterior, posterior, mid-
posterior and central segments. This limits comparison between methods, as can be seen from the low
between-method ICC for agreement (0.26). It is therefore difficult to draw conclusions about the
marginal reduction in corpus callosum size that was found only in the small section that was traced

manually.

Although several studies have compared manual and automated segmentation methods, fewer have
looked at the relationship between variables of interest (e.g HIV) and subcortical volumes obtained
using different segmentation methods. Dewey et al. (2010) found different correlations with HIV
clinical variables depending on the segmentation method used. Similarly, in an adolescent cohort Lyden
et al. (2016) found that different segmentation methods resulted in different associations between early
family aggression and volumes of the hippocampi and amygdalae. Morey et al. (2009) showed that two
different automated methods had significant overlap with manual segmentation but found smaller
hippocampal volumes in individuals with depression using FreeSurfer and not FSL. However, in first
episode psychosis larger striatum and pallidum were found across different methods (Makowski et al.,
2018), which is comparable to our finding of smaller globus pallidus with HIV but no other basal

ganglia volume differences using both manual and automated segmentation.
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In HIV+ adults, basal ganglia volume reductions have been frequently observed (Ances et al., 2102;
Aylward et al., 1993; Becker et al., 2011; Wright et al., 2016), although more recent studies find smaller
effects as ART has become more effective (O'connor et al., 2018). In contrast to our findings, Randall
etal. (2017) using manual tracing in a subset of this cohort at age 5, reported marginally larger volumes
of left globus pallidus, as well as larger nucleus accumbens and putamen in HIV+ children. Studies
using FreeSurfer have also found larger nucleus accumbens (Yadav et al., 2017) and a trend for larger
putamen (Blokhuis et al. 2017) in HIV+ children, attributed to inflammation and chronic stress.
Interestingly, recent work has shown larger volumes of the caudate and accumbens in HIV+ children
under 12 years, with no volume differences among older children (Paul et al., 2018), suggesting that

HIV-related enlargement of subcortical structures may not persist at older ages.

The fact that some studies have failed to detect basal ganglia volume changes in HIV+ children on ART,
suggests that effects of HIV on the basal ganglia are subtle (Wade et al. 2019). Shape analysis has
revealed deformations consistent with localized volume loss of the thalamus, caudate, pallidum, and
putamen related to peak HIV viral load (Lewis-de Los Angeles et al., 2016). Pertinent to our globus
pallidus finding, Wade et al. (2019) found no basal ganglia volume differences, but a subregion of the
globus pallidus that was significantly thinner in HIV+ children (Wade et al. 2019). In addition, lower
CD4 count was associated with larger globus pallidus volume. Baseline CD4 count was also positively
associated with volume change at follow-up, implying that children with low CD4 counts initially had
larger globus pallidus volumes, but these decreased more rapidly within a year than those of children
with higher CD4 counts, whose volumes remained stable or increased slightly. A similar pattern of
change within the HIV+ children in our cohort might explain our observations of increased globus

pallidus volume in HIVV+ children at 5 years but decreased volume relative to controls 2 years later.

Immune health depletion and HIV severity affects the basal ganglia probably because of its proximity
to the ventricles (Ances et al., 2012; Avison et al., 2004) and may reflect local breakdown of the blood-
brain barrier (Avison et al., 2004). Even in children on continuous ART, severe past disease may result
in changes in thickness, surface area, volume, and metabolism (Wade et al., 2019; Randall et al., 2017;
Blokhuis et al., 2017), which may explain the globus pallidus volume reductions we observe. The basal
ganglia are involved in motor control as well as motor learning, executive functions and behaviour
(Lanciego et al., 2012; Hall, 2015), suggesting that HIVV-related structural alterations in this region may

have consequences for these functional domains.

Although in this study we did not find any group differences in putamen volume, we previously reported
smaller putamen in HIV+ than HIV- children using FreeSurfer in the same cohort described here
(Nwosu et al., 2018). However, the previous study included 24 HIV+ and 10 HIV- children whose scans

were not manually traced and therefore did not form part of the current study. The current study also
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incorporated data from an additional 5 HIV+ and 8 HIV- children. Although we see a trend for lower
right putamen volume in HIV+ children, the reduced sample size and increased variability may have
affected our power to detect small volume differences. The globus pallidus, in which we detect an HIV-
related volume difference, was not examined in our previous study. It is noteworthy that this difference
was detected using both manual and automated segmentation, despite the globus pallidus being the
structure with the lowest consistency and agreement between methods, as well as having the lowest

inter-rater reliability in manual tracing.

3.4.3 Interaction between segmentation method and HIV status.
Since greater discrepancies between automated and manual segmentation methods can be expected in

cases of brain atrophy (Sanchez-Benavides et al., 2010; Wenger et al., 2014), one of the aims of the
study was to determine whether HIV-related neuropathology would affect the accuracy of either
segmentation method. Repeated measure ANCOVA did not detect a significant interaction between
HIV infection and segmentation method, suggesting that either method could be selected for analysis
of HIV-related volume alterations.

3.4.4 Limitations
Because no intracranial volume data was obtained for manual segmentation, we used estimated

intracranial volume (ETIV) generated from FreeSurfer to control for brain size variation in statistical
analyses for manually segmented data. AC-PC alignment was done before manual segmentation but is
not part of the protocol for FreeSurfer segmentation as it is not part of the protocol of the automated
segmentation. However, we aimed to compare each technique as it is normally performed. Manual
segmentation by two tracers may introduce human-related bias. However, tests showed good inter-rater

reliability and the effect of tracer was accounted for in all statistical analyses.

3.5 Conclusion
FreeSurfer overestimates volumes of most subcortical structures compared to manual segmentation

except for the right caudate nucleus where the difference between methods is small. However, there is
moderate to strong consistency between methods; highest in the putamen and lowest in the globus
pallidus. This consistency allows very similar results to be obtained from group difference analysis
between HIV+ children and HIV- controls, despite systematic volume overestimation by FreeSurfer.
FreeSurfer basal ganglia volumes are comparable with those from manual segmentation, even in
children, and may be used equivalently for neuroimaging research provided that quality control
protocols in the form of visual inspection and manual corrections are implemented. Because of its
demands, manual segmentation should be reserved for high precision quantification of brain structural

volumes in small samples (Akudjedu et al., 2018).
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Chapter 4 — Cortical structural changes related to early
antiretroviral therapy (ART) interruption and disease history in
perinatally HIV-infected children at age 5 years.

4.1 Introduction
Untreated perinatal HIV infection has severe consequences that include depletion of immunity and

permanent neurodevelopmental and cognitive deficits (Weber et al., 2017; Sdnchez-Ramon et al., 2003;
2002). High viral load burden in perinatally HIV-infected (pHIV+) children is associated with
neurological consequences including HIV encephalopathy (HIVE) (Sanchez-Ramén et al., 2003; 2002).
In addition, pHIV+ infants are at greater risk for co-infections including cytomegalovirus (CMV)
(Adachi et al., 2018; Kfutwah et al., 2017; Slyker et al., 2009), which itself is a major cause of hearing
loss and cognitive impairment (Adachi et al., 2018; Barbi et al., 2006; Manicklal et al., 2013).

International guidelines including the pediatric HIV guideline of the World Health Organisation (WHO
2008; ART Guideline, 2008; PENTA, 2009) have recommended early antiretroviral therapy (ART)
initiation as the standard for treatment of pediatric HIV infection. Early ART aims to achieve viral load
suppression within the shortest possible time to prevent mortality and severe clinical events in infancy
(Ndongo et al., 2018; Crowell et al., 2015; Phongsamart et al., 2014; Violari 2008). Starting ART within
the first year of life minimises neurological insult (Weber et al., 2017; Crowell et al., 2015; Puthanakit
et al., 2013; 2012). The early treatment strategy has increased survival amongst HIV+ infants and
provided protection from at least the short-term clinical and neuropsychological consequences of HIV
(Laughton et al., 2013; Cotton et al., 2013; Brahmbhatt et al., 2014).

Several factors predispose to ART interruption. These include poor adherence, stock-outs, ART
intolerance due to lack of pediatric ART formulation and pill size. (Dubrocq and Rakhmanina, 2018;
Ananworanich et al., 2016; Wamalwa et al., 2016; Ebonyi et al., 2015; Biadgilign et al., 2009).
Recently, HIV cure research has employed an intensive monitored antiretroviral pause as the ultimate
test for an HIV cure (Ananworanich et al., 2016; Li et al., 2015). However, ART interruption may lead
to viral rebound, resistance or neurodevelopmental consequences, especially with a longer period of

interruption (Montserrat et al. 2017; Wamalwa et al., 2016; Ananworanich et al., 2016).

ART interruption affects children and adults differently (Lewis et al., 2017; Calin et al., 2016;
Ananworanich et al., 2016). In adults and adolescents, since ART plays dual roles of both treatment and
prevention of further HIV replication (Calin et al., 2016; Tubiana et al 2002; Ananworanich et al.,

2016), interruption may have severe adverse effects (Wamalwa et al., 2016; Ananworanich et al., 2006;
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Danel et al., 2006). Long term ART interruption may lead to rapid viral rebound that may not be
reversed within at least the first two years of ART resumption, with possible neurological consequences
(Calin et al., 2016; Montserrat et al., 2017) and immune health remaining lower than on continuous
treatment (Ananworanich et al., 2006; Danel et al., 2006; Lewis et al., 2017). On the other hand, since
early treatment prevents many of the adverse effects associated with pediatric HIV (Lewis et al., 2017;
Wamalwa et al., 2016; Ananworanich et al., 2016; Bunupuradah et al., 2013?%), interruption may have
little effect on children in the short term (Lewis et al., 2017). Infants’ immune systems are also more
plastic and dynamic than those of older children and adults (Lewis et al., 2017; Wamalwa et al., 2016)
and children restarting ART after a planned interruption are likely to have CD4 recovery similar to
children on continuous treatment (Bunupuradah et al., 2013?%; Lewis et al., 2017). Interruption may,
however, affect development, and pHIV+ children may be particularly at risk if ART is interrupted

during critical developmental cycles.

In the Children with HIV Early antiRetroviral therapy (CHER) trial, early ART prevented a decline in
CD4 count, but did not lead to complete recovery to the CD4 counts seen in uninfected children (Lewis
et al. 2017). ART interruption led to a decline in CD4 T-cells, which on resumption of treatment
returned to the original levels before interruption. This study concluded that immune health before ART
initiation is an important indicator of overall CD4 level and immune health during subsequent
development. Early ART initiation helps to stabilize immune health, to the extent that any disturbance
due to ART interruption will recover once treatment is resumed. Whether this short-term recovery and
dynamism in children will translate to normal neurodevelopment is not known. While timing of first
ART initiation and duration on ART before interruption are considered relevant as determining factors
for neurodevelopmental insult (Ananworanich et al., 2016; Puthanakit et al., 2013; Bunupuradah et al.,

2013%), the effect of ART interruption on neurodevelopment in children has not been studied.

Our main aims in this study were, first to investigate the effect of early limited ART followed by ART
interruption, on brain morphometry at age 5 years in a subset of children from the CHER study resident
in Cape Town. Further, we proposed to determine whether elements of HIV disease history, including
HIV viral load and immune health (CD4 percent, CD4/CD8 ratio and CD8 count) at study enrolment
and CDC staging, affect neurodevelopment at age 5 years — a critical period in brain development. We
aimed to identify which of these factors influence brain morphometry — cortical thickness (CT) and

cortical folding, measured via local gyrification indices (LGIs) — in early treated pHIV+ children.

We hypothesized that early ART would prevent structural damage and that there would be little or no
morphometric difference between HIVV+ and HIV- children. We also predicted no difference between
ART interrupted children and children on continuous treatment, due to the resilience of children’s
immune systems, early ART initiation and relatively short duration of ART interruption. We

hypothesized that neurodevelopment would be more strongly influenced by higher viral load and poorer
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immune health before starting treatment, as well as occurrence of HIV-related adverse events, and that

these factors would be associated with regionally higher cortical thickness and gyrification.

4.2 Methods

4.2.1 Study participants
Study participants were 83 South African children (53 HIV+, 30 uninfected controls (HIV-); age 5.44

+ 0.37 years; 38 boys) from a follow-up study of the CHER trial conducted at the Family Clinical
Research Unit at Tygerberg Children’s Hospital, Cape Town. In this trial, HIV+ infants with CD4
percentage > 25% were randomized at age 6 -12 weeks to receive immediate limited duration ART
followed by planned interruption, restarting when clinical and/or immunological criteria were met, or
to start continuous ART only when they developed clinical symptoms or CD4 percentage dropped
below 20% (25% in the first year) as per treatment guidelines at the time (WHO, 2006). All HIV+
children started ART before 76 weeks of age and received comprehensive immunological and clinical
follow-up. The first line ART regimen consisted of Zidovudine (ZDV) + Lamivudine (3TC) +
Lopinavir-ritonavir (LPV/r, Kaletra®) (CHER, 2010; Violari et al. 2008; Cotton et al. 2013). The HIV-
control group was recruited from an interlinked vaccine trial (Madhi et al., 2010) and comprised both
children born to HIV+ mothers (HIV exposed uninfected, HEU; n=17) and to HIV- mothers (HIV-
unexposed, HU; n=13). The Griffiths Mental Development scales were performed at 5 years of age to

assess neurodevelopment.

4.2.2 Image acquisition and analysis
The children completed magnetic resonance imaging at age 5 years using a procedure described

previously (Nwosu et al., 2018). Scans were performed without sedation according to protocols
approved by the Faculty of Health Sciences Human Research Ethics Committees of both the
Universities of Cape Town and Stellenbosch. Parents/guardians provided written informed consent and
the children gave oral assent. Viral loads were supressed (<400 copies/mL) at time of scanning in 93.5%

of children.

MR images were manually checked and those with poor quality were excluded. The remaining images
were  processed  using the  automated stream  in  FreeSurfer  version 6.0

(https://surfer.nmr.mgh.harvard.edu/fswiki/ReleaseNotes), — which  generates cross  sectional

morphometric data for all subjects. FreeSurfer outputs were manually checked for errors. Outputs were
manually edited and reconstructed if there were minimal errors in cortical segmentation but were
excluded completely for major errors. Reconstructed data were sampled to the FreeSurfer average
subject template for vertex-wise analysis. The smoothing kernel for cortical thickness analyses was

10mm FWHM; no smoothing was used for LGI.
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4.2.3 Vertex-wise analysis of cortical thickness and LGl
Group comparisons of CT and LGIs over the whole brain were performed using FreeSurfer’s mri_glmfit

function. We examined differences due to HIV status, ART interruption (ART interrupted or
continuous), the presence and severity of HIV-related disease (CDC-severe, i.e. CDC class C and severe
B, or CDC-mild), and viral load (VL) at enrolment (high: >750,000 copies/mL or low: 400-750,000

copies/mL). In each case, groups were compared to HIV- controls.

Vertex-wise regression analyses of CT and LGI were performed using immune health variables (CD4%,
CD4/CD8 ratio, CD8 count) at initial clinical trial study enrolment to investigate whether immune

health before ART initiation relates to brain morphometry at age 5 years.

Since HIV+ and HIV- groups differed on age at scan, all analyses were performed adjusting for the age
at scan variable. Moreover, since sex-related differences in cortical and sub-cortical structures have
been reported in brain development (Wierenga et al., 2017; Fisher et al. 2016), we adjusted for sex. All
vertex-wise results were thresholded at an initial uncorrected threshold of p<0.05, after which cluster-
wise correction for multiple comparisons was performed using precomputed Monte Carlo simulation
for a two-tailed test. We report clusters surviving a cluster-wise corrected threshold of p<0.05, with no
adjustment for the two hemispheres.

Mean LGI and CT for significant clusters generated from the vertex-wise regression analysis were
extracted from FreeSurfer and exported to the statistical analysis programming language R

(https://www.r-project.org/) for plotting, visualization and computing Pearson’s correlation coefficient

(r).
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4.3 Results

4.3.1 Sample characteristics

We excluded data for 7 HIV+ children due to inaccurate automated cortical segmentation; one HIV-

child was excluded due to incomplete MRI acquisition. There were no failures in LGl computation.

Biographical data for all participants included in this analysis are presented in Table 4.1, and clinical

data for HIVV+ children in Table 4.2. The HIV+ group was significantly younger and comprised only

4% Afrikaans speaking children compared to 38% for the HIV- group. Among the HIV+ children, 21
children (46%) had ART interrupted and restarted. Age at nadir CD4% was lower in the ART

uninterrupted children. Viral loads of all except 8 HIV+ children were suppressed (<400 copies/mL)

before 2 years of age.

Table 4.1: Biographical data for all participants (N=75).

HIV+ HIV- torx2 | p-value

Sample size (N) 46 29
Age at scan (years) 53+0.2 5604 -4.00 <0.001
Number of males (%) 20 (44%) 16 (55%) 0.56 0.45
Home language (Afrikaans/Xhosa) 2/44 11/18 11.75 <0.001
Birth weight (g) 3066 + 416 3005 + 586 0.56 0.58
Estimated total intracranial volume (ETIV) (cm®) | 1373 + 98 1361 + 111 0.50 0.62
GMDS? assessed at age 5 years

Performance (EQ) scores 73.9+9.38 76.5+18.5 -0.83 0.41

Practical reasoning (FQ) scores 76.8+8.3 76.2+10.2 0.27 0.78

Sub-scales aggregate (GQ) scores 83.3+6.1 83.1+8.1 0.11 0.91

2 Griffiths Mental Development Scales — Extended Revised: 2-8 years. All values are mean * standard deviation except where indicated
otherwise. In the design of the CHER trial children who started ART before 12 weeks were interrupted at either 40 or 96 weeks.

Table 4.2: Clinical data for HIV+ children (N=46).

ART-Interrupted

Continuous ART

Sample size (N)

Clinical data at ART enrollment(6-8 weeks)

CD4 count (cells/mm3)
CD4% (cells/mm?)
CD4/CD8 ratio

CD8 count (cells/mm?)
Viral load at enrolment

High (>750,000 copies/mL)
Low (400-750,000 copies/mL)
Suppressed (<400 copies/mL)

Clinical data at scan (5 years)
CD4 count (cells/mm?)

CD4% (cells/mm3)

CD4/CDS8 ratio

CD8 count (cell/mm?3)

21

1934 + 1080
35+9
1.4+0.7
1464 + 645

9 (42.86%)
12 (57.14%)
0 (0%)

1072 + 360
35+6

1.2 (0.4) [0.5 - 30.2] 2
920 + 398

25

1777 + 824

33+10
1.3+0.8
1706 + 988

16 (64%)
9 (36%)
0 (0%)

1317 + 675
37+8

1.2 (0.8) [0.5 — 4.2] ®
1069 + 553
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Viral load at scan (Age 5 years)

Other

High (>750,000 copies/mL)
Low (400-750,000 copies/mL)
Suppressed (<400 copies/mL)

Age at ART initiation (weeks)*

ART interruption age (40weeks / 96 weeks)
Age of first viral load suppression (weeks)

Duration of ART interruption (weeks)
Cumulative duration on ART (weeks)
Nadir CD4% (cells/mm?)

Age at nadir CD4% (weeks)

CDC classification

A

B

Severe B

C

Unknown
HIV encephalopathy diagnosis

0 (0%)
1 (5 %)
20 (95%)

8.3 (2.6) [6.6 — 12.0] *
15/6

34.1 (16.8) [30.6 — 213.3] ®
44.1 (53.9) [5.7 - 299.4] *
211+ 54

20+ 6

99 (69) [2 - 278]

4 (19%)
4 (19%)
0 (0%)
13 (62%)
0 (0%)

4 (19%)

0 (0%)
2 (8%)
23 (92%)

20.9 (25.9) [6.3 — 75.7]°

47.6 (50.4) [29.1 — 169.7] ®
0

252 + 24

20+ 6

30 (30) [5 - 259] @

0 (0%)
4 (16%)
8 (32%)
11(44%)
2 (8%)
3 (12%)

*All ART-Interrupted were initiated before age 12 weeks, 12 Continuous ART were initiated before 12 weeks, 13 Continuous ART were
initiated after 12 weeks. Values are mean * standard deviation, except where indicated otherwise.

2 median (IQR) [range].

Table 4.3 summarises regions showing cortical thickness and gyrification differences compared to

uninfected control children for the group comparisons performed.

4.3.2 Effects of HIV status on cortical thickness and gyrification
HIV+ children had significantly thicker cortex than HIV- controls in bilateral frontal and left superior

temporal/insular regions (Figure 4.1a), and lower gyrification in an overlapping left superior frontal

region, as well as bilateral medial orbitofrontal regions extending into rostral anterior cingulate cortex

(Figure 4.1b).
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Table 4.3: Regions showing cortical thickness and gyrification differences compared to uninfected control children (HIV-)

CORTICAL THICKNESS GYRIFICATION
Comparison | Region Size MNI peak Region Size MNI peak
(mm?) | Coordinates (mm?) | Coordinates
Infection
HIV+ vs HIV- | D L superior frontal gyrus 3748 (-9, 42, 25) J L superior frontal gyrus 1512 (-7, 19, 58)
M R caudal middle frontal 880 (46, 24, 32) J L medial orbitofrontal extending into 1138 (-16, 25, -22)
M L superior temporal / insula 1445 (-56, 3, -11) rostral anterior cingulate
J' R medial orbitofrontal extending into 1664 (15, 35, 21)
rostral anterior cingulate
Treatment Interruption
ART N L rostral middle / superior | 974 (-30, 30, 28) | { L precuneus 1789 (-9, -74, 45)
interrupted frontal J' R rostral and caudal anterior cingulate 722 (16, 44, 9)
vs HIV- M Rinsula 763 (35,-20,1) M R lateral occipital 1334 (25, -87, -9)
Continuous No differences J' R superior frontal gyrus, posteriorly 518 (8, 3, 58)
ART vs HIV- J' R superior parietal lobule 588 (15, -39, 72)
N L fusiform 936 (-41,-53, -12)
‘M R rostral middle frontal / pars 832 (50, 34, -7)
triangularis / pars orbitalis
M R lateral occipital 469 (36,-77,-12)
Early Disease Severity
CDC-mild vs ‘M R superior frontal gyrus, 1028 (8, 44, 28) M L fronto-temporal-insular region 2498 (-35,-17,19)
HIV- anteriorly M Linferior temporal 1353 (-56, -45, -19)
M R fusiform 5735 (29, -68, -7)
M R lingual 469 (23,-51,2)
CDC-severe M L fusiform 774 (-31,-61, -8) | & R superior parietal lobule 757 (17, -46, 66)
vs HIV- M Rinsula 918 (34,-21,16) | A Rfusiform 623 (41, -70, -15)
Viral load at Enrolment
HVL vs HIV- ‘M R caudal anterior cingulate and | 831 (12, 6, 45) M R fusiform 1546 (30,-73,-12)
adjoining superior frontal gyrus / R postcentral 653 (48, -23, 48)
LVL vs HIV- N Linferior frontal / insula / 836 (-33,-22,3) No differences
anterior superior temporal

N greater; { lower; L left; R right; HVL high viral load at baseline; LVL low viral load at baseline
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CT: HIV+ vs HIV- LGI: HIV+ vs HIV-

Figure 4.1 Colour maps showing parameter estimates for HIV status from vertex-wise unstandardized regression of (a)
cortical thickness (CT) and (b) local gyrification indices (LGIs), controlling for sex, age and ethnicity. Positive regression
coefficients (red/yellow) indicate HIV+ > controls (HIV-) and negative coefficients (cyan/blue) indicate HIV+ < controls.
The colour bar scale applies to both lateral (top) and medial (bottom) views. N=75 (46 HIVV+, 29 HIV-). Results reported
at a threshold of p<0.05, with a cluster size corrected threshold of p<0.05.

a) Frontal (left: superior frontal/cingulate/precentral/caudal middle frontal and right: caudal middle frontal) and
left superior temporal / insula regions outlined in black indicate where HIV+ children have thicker cortex
compared to HIV- controls.

b) The black outlines show the left superior frontal and bilateral medial orbitofrontal / rostral anterior cingulate
regions where HIV+ children have smaller local gyrification indices compared to HIV- controls.

4.3.3 Effects of ART interruption on cortical thickness and gyrification
HIV+ children whose treatment had been interrupted had thicker cortex than HIV- controls in left

superior/rostral middle frontal and right insular regions (Figure 4.2a), while HIV+ children on

continuous treatment showed no significant difference in cortical thickness from HIV- controls.

ART-interrupted children showed lower gyrification than controls in left precuneus and right rostral
and caudal anterior cingulate regions, but higher gyrification in a right lateral occipital region (Figure
4.2b). Children on continuous treatment showed lower gyrification posteriorly in the right superior
frontal gyrus and superior parietal lobule than HIV- controls, but higher gyrification in left fusiform,
and right rostral middle frontal/pars triangularis/pars orbitalis and lateral occipital regions (Figure
4.2c).

52



C: RT—Interrupted vs HIV-

Figure 4.2: Colour maps showing parameter estimates for group (ART-Interrupted or Continuous ART vs. HIV- controls)
from vertex-wise unstandardized regression of (a) cortical thickness (CT) and (b, c¢) local gyrification indices (LGISs),
controlling for sex, age and ethnicity. Positive regression coefficients (red/yellow) indicate ART-Interrupted/Continuous
ART > controls, and negative coefficients (cyan/blue) indicate ART-Interrupted/ Continuous ART < controls. The colour
bar scale applies to both lateral (top) and medial (bottom) views. N=75 (21 ART-Interrupted, 25 Continuous ART, 29 HIV-
controls). Results reported at a threshold of p<0.05, with a cluster size corrected threshold of p<0.05.

a) The left superior / rostral middle frontal region and right insula outlined in black show where ART-Interrupted
children have thicker cortex compared to HIV- control children.

b) The left precuneus and right rostral and caudal anterior cingulate regions outlined in black show where ART-
Interrupted children have lower gyrification compared to HIV- control children, while higher gyrification is
observed in a right lateral occipital region (indicated with a white arrow).

c) The posterior right superior frontal and superior parietal lobule (indicated with a white arrow) regions outlined
in black show where Continuous ART children have lower gyrification compared to HIV- control children, while
higher gyrification is observed in the left fusiform, right rostral middle frontal / pars triangularis / pars orbitalis
(indicated with a white arrow) and lateral occipital regions.
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4.3.4 Effects of early disease severity on cortical thickness and gyrification
When compared to HIV- control children, CDC-mild children showed thicker cortex only anteriorly in

the right superior frontal gyrus (Figure 4.3a), but higher gyrification in a large left fronto-temporal-
insular region, as well as left inferior temporal, right fusiform and right lingual regions as shown in
Figure 4.3b.

In contrast, CDC-severe children showed thicker cortex than HIV- control children in the left fusiform
and right insula (Figure 4.3c). While there were no gyrification differences in the left hemisphere,
CDC-severe children showed lower gyrification in the right superior parietal lobule and higher
gyrification in the right fusiform region as shown in Figure 4.3d
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Figure 4.3: Colour maps of parameter estimates for group (CDC-mild or CDC-severe vs. HIV- controls) from vertex-wise
unstandardized regressions of (a, c) cortical thickness (CT) and (b, d) local gyrification indices (LGIs), controlling for sex,
age at scan and ethnicity. Positive regression coefficients (red/yellow) indicate CDC-mild/CDC-severe > controls, and
negative coefficients (cyan/blue) indicate CDC-mild/CDC-severe < controls. The colour bar scale applies to both lateral (top)
and medial (bottom) views. N=73 (12 CDC-mild, 32 CDC-severe, 29 HIV- controls). Results reported at a threshold of
p<0.05, with a cluster size corrected threshold of p<0.05.

a) The right medial frontal region outlined in black shows where CDC-mild children have thicker cortex compared
to HIV- control children.

b) The left fronto-temporal-insular and inferior temporal, and right fusiform and lingual regions outlined in black
show where CDC-mild children have higher gyrification compared to HIV- control children.

c) The left fusiform and right insula regions outlined in black show where CDC-severe children have thicker cortex
compared to HIV- control children.

d) The right superior parietal lobule and fusiform regions outlined in black show where CDC-severe children have
lower and higher gyrification, respectively, compared to HIV- control children.

4.3.5 Effects of early immune health on cortical thickness and gyrification
In comparison to HIV- control children, children with high baseline (>750, 000 copies/mL) viral load

(HVL) (n= 25) showed thicker cortex only in a right caudal anterior cingulate region extending into
the adjoining superior frontal gyrus (Figure 4.4a), and higher gyrification in right fusiform and

postcentral regions (Figure 4.4Db).
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Children with low (400 — 750,000 copies/mL) viral load (LVL) (n=21) at baseline showed thicker
cortex than HIV- control children in a left fronto-temporo-insular region (Figure 4.4c) but did not

differ in gyrification from HIV- control children.

LGIl: HVL vs HIV-

Figure 4.4: Colour maps of parameter estimates for group (HVL or LVL vs. HIV- controls) from vertex-wise
unstandardized regressions of (a, c) cortical thickness (CT) and (b) local gyrification indices (LGIs), controlling for sex,
age at scan and ethnicity. Positive regression coefficients (red/yellow) indicate HVL/LVL > controls, and negative
coefficients (cyan/blue) indicate HVL/LVL < controls. The colour bar scale applies to both lateral (top) and medial
(bottom) views. N=75 (25 HVL, 21 LVL, 29 HIV- controls). Results reported at a threshold of p<0.05, with a cluster
size corrected threshold of p<0.05.

a) The right caudal anterior cingulate/superior frontal region outlined in black shows where HVL children
have thicker cortex compared to HIV- control children.

b) The right fusiform and postcentral regions outlined in black show where HVL children have higher
gyrification compared to HIV- control children.

c) The left insula region extending into the inferior frontal gyrus and anterior portion of the superior temporal
gyrus where LVL children have thicker cortex compared to HIV- control children.
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Among HIV+ children we found no regions where cortical thickness was associated with clinical
measures at enrolment into the CHER trial (at age 6-12 weeks). In contrast, lower CD4% at enrolment
was associated with greater cortical gyrification at age 5 in the regions listed in Table 4.4 and shown
in Figure 4.5a. Similar results were observed for CD4/CD8 ratio, while higher CD8 count was
associated with greater cortical gyrification in left superior (MNI co-ordinates at peak: -43.6 -10.6 -
15.7, cluster size: 5852.74 mm?, r=0.47) and right middle (MNI co-ordinates at peak: 64.0 -43.8 -5.7
cluster size: 927.45 mm?, r=0.48) temporal regions. Figure 4.5 b-d show mean LGl in the large left
fronto-parieto-temporal cluster, as well as the left superior parietal and rostral middle frontal clusters,

as a function of CD4%.

Table 4.4: Regions where lower CD4% at baseline was associated with higher local gyrification
indices at age 5 years. N =46 (Male=20, Female=26).

Location MNI co-ordinates at  Size (mm?)  Cor. Coeff. (r)
peak (x, Y, z)

Left hemisphere

Fronto-parieto-temporal (-45.5-2.7 13.5) 6456.31 -0.49
Inferior parietal (-43.5-64.3 10.3) 573.88 -0.28
Superior parietal (-28.1 -56.7 59.0) 567.61 -0.43
Rostral Middle frontal (-37.946.1 12.0) 556.36 -0.44
Postcentral (-43.2-21.6 36.4) 530.23 -0.34

Right hemisphere

Medial orbitofrontal (6.0 39.7 -23.2) 1713.80 -0.34
Inferior temporal (56.0 -25.2 -18.8) 1292.16 -0.39
Caudal middle frontal (36.4 16.8 49.5) 754.25 -0.36
Lateral occipital (28.4-96.1 -0.9) 573.25 -0.35
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Figure 4.5: (a) Colour map of unstandardized regression coefficients for LGI at age 5 years on CD4
percentage at enrolment. Clusters outlined in black show the regions indicated in Table 4 where
lower CD4 percentage was associated with greater LGI, after controlling for sex and age at scan.

(b - d) Plots of mean LGI at age 5 years as functions of CD4 percent at enrolment in the left fronto-
parieto-temporal, superior parietal and rostral middle frontal regions.
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4.4 Discussion
This study is the first to investigate the effect of early ART interruption and HIV disease history on

neuromorphometric development in young virally suppressed HIV+ children on treatment. HIV+
children had thicker cortex than HIV- controls in frontal regions of both hemispheres and a left superior
temporo-insular region. Since children in whom treatment had been interrupted had thicker cortex in
similar left frontal and right temporo-insular regions, while those on continuous ART showed no CT
differences to HIV- controls, thicker cortex in these regions may be attributable, in part, to treatment
interruption. Children who previously experienced severe CDC disease demonstrated thicker cortex in
a similar right insular region as interrupted children, and in left fusiform, while the CDC-mild group
had thicker cortex in the right superior frontal gyrus. Children with high viral load at enrolment had
thicker cortex in right caudal anterior cingulate, and those with low viral load in a left fronto-temporal

region.

HIV+ children had lower gyrification than HIV- controls bilaterally in rostral anterior cingulate and
medial orbitofrontal regions, as well as a left superior frontal region similar to that where HIV+ children
had thicker cortex. Of these, the lower gyrification in the right anterior cingulate was also evident in the
subset of children in whom treatment had been interrupted, but not in those on continuous ART.
Interrupted children additionally demonstrated lower gyrification compared to controls in the left
precuneus — a region not seen in the HIV+ group as a whole nor continuously treated children — and
higher gyrification in a right lateral occipital region. In continuously treated children, we found higher
gyrification in a similar right lateral occipital region, as well as left fusiform and right middle frontal
regions, and lower gyrification posteriorly in the right superior frontal gyrus and right superior parietal
lobule. Notably, the lower and higher gyrification seen in the continuously treated children were also
evident in the ART-interrupted group, although mostly not significant. With regards to disease history,
the CDC-mild group showed greater gyrification in left fronto-temporal-insular, left inferior temporal
and right lingual regions, while both the CDC-mild and -severe groups had greater gyrification in right
fusiform. None of these regions showed HIV- or interruption-related gyrification differences, but right
fusiform also had greater gyrification in children with high viral load at enrolment. The CDC-severe
group additionally had lower gyrification in the right superior parietal lobule — the same region where

lower gyrification was seen in the continuous ART group.

4.4.1 Effects of HIV
Similar to our findings here of lower medial frontal LGI and thicker right lateral frontal, left medial

frontal and left temporo-insular cortex at age 5 years in HIV+ children relative to HIV- controls, we
previously reported lower bilateral medial parietal and right temporal gyrification in children from the
same cohort at age 7 (Nwosu et al., 2018). At age 7 years, thicker cortex was only observed in a left

inferior lateral occipital region.
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Although to date a very small number of studies have examined gyrification in HIV, Hoare et al. (2018)
recently also reported lower gyrification in the right lateral occipital gyrus and left inferior temporal
gyrus in HIV+ adolescents compared to uninfected controls. Lewis-de los Angeles (2017) similarly
observed lower gyrification in perinatally HIV-infected youths in bilateral lateral and medial frontal
regions and medial temporal lobe. Lower regional cortical folding due to perinatal HIV infection is
therefore a consistent finding across studies, both in early childhood and into adolescence. The reason
for the variation in regions showing these differences in different age groups is not clear and may be
related to spatial variation in the rate of development of gyrification during childhood, as well as varying

disease course during and preceding this period.

The period of greatest increase in gyrification is thought to be after 24 weeks gestation (White et al.,
2010), continuing postnatally till age 2 years (Li et al., 2014) where it peaks (Raznahan et al., 2011).
Findings on gyrification during childhood and adolescence have been varied. An early study found
increasing cortical complexity from 6-16 years in bilateral inferior and left superior frontal cortices
(Blanton et al., 2001), while others have reported decreasing mean global gyrification after 3-4 years of
age (Raznahanetal., 2011; Cao et al., 2017), or regional decreases from pre-adolescence through young
adulthood, including in later maturing frontal and temporal regions (Su et al., 2013; Klein et al., 2014;
Aleman-Gomez et al., 2013). Recently, a study in children aged 1-6 years found age-related gyrification
increases in some regions over this period and decreases in others (Remer et al., 2017), suggesting that
gyrification is still increasing in some regions during early childhood, while it has already peaked and

is decreasing in others.

The regionally lower gyrification in HIV+ children than controls seen here could therefore result from
a failure or delay of gyral formation in early life, or an acceleration of the hypothesized normal reduction
in LGI that has been observed to occur during childhood maturation from about 4 years, and into
adulthood (Raznahan et al., 2011; Cao et al., 2017). Accelerated aging is known to occur in HIV+ adults
and adolescents (Horvath et al., 2018) and a similar phenomenon in HIV+ children might increase the

rate at which gyrification changes during maturation.

If gyrification failure or delay is the main cause of observed differences, one would expect deficits to
persist or resolve at an older age, while differences resulting from accelerated aging would presumably
appear or get progressively worse with age. Neither process alone can, however, explain our findings
of lower gyrification at age 5 years in distinctly different regions than reported previously in the same
children at age 7 years (Nwosu et al., 2018) — widespread lower medial frontal gyrification at 5
compared to more localised medial parietal and temporal regions at 7. Instead our findings suggest that
both processes play a role, albeit in different regions. In rostral anterior cingulate, for example, where
LGI has been shown to increase significantly from ages 1 to 6 years (roughly 61% on the right and 22%

on the left; Remer et al., 2017), LGI reductions appear to be due to HIV-related developmental delay
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that resolves by age 7 years. In contrast, in middle and superior temporal cortices where LGI decreases
from 1 to 6 years in normal developing children range from 4.9% to 9.4% (Remer et al., 2017), HIV-
related lower LGI seen at age 7 years are likely attributable to accelerated aging. Notably, we did see
non-significant lower gyrification in temporal regions at age 5 years, consistent with this interpretation.
In left superior frontal and bilaterally in medial orbitofrontal and paracentral cortices, LGI appears to
plateau over the period from 1 to 6 years, changing by +3% or less (Remer et al., 2017), making it more
difficult to unambiguously attribute differences observed in these regions to either process, although
the fact that lower LGI seen at 5 are not evident at 7 years, and vice versa, suggest developmental delay

in the former and accelerated aging in the latter.

It is interesting that the medial frontal regions where HIV+ children showed lower gyrification than
controls at age 5 correspond closely with the regions where, at age 7, children who initiated ART before
12 weeks had lower gyrification than controls, and those who initiated ART after 12 weeks had greater
gyrification (Nwosu et al., 2018). This discrepancy may explain why this region did not show HIV-
related differences at that age and supports that LGI differences in this region are due to alterations in
early life gyral formation which would be most impacted by differences in treatment timing. It is not
clear, however, why earlier treatment (before 12 weeks), which is considered beneficial, would result
in lower gyrification than later ART, unless this is an effect of interruption in early treated children.
Notably, interruption coincided with a period when rostral anterior cingulate gyrification increases
rapidly, especially on the right (Remer et al., 2017). An interruption-related effect is supported by our
finding at age 5 years of lower LGI in right anterior cingulate only in the subset of children in whom
ART had been interrupted and not in those on continuous ART. However, at age 7 years, lower medial
frontal gyrification was evident in both continuous and interrupted early treated children, suggesting an
effect of treatment timing rather than interruption. We found similar results in the same region at age 5
years for interrupted early treated children as at age 7 years but did not have enough power at age 5 to
perform separate comparisons for children on continuous ART who had initiated ART before and after

12 weeks to rule out a treatment timing effect.

HIV-related higher cortical thickness at age 5 years involved more regions, covered greater surface area
and were observed in both hemispheres, compared to age 7 years where only a small left inferior lateral
occipital region demonstrated thicker cortex (Nwosu et al., 2018). Similar to gyrification, neither
developmental delay nor HIV-related accelerated aging can satisfactorily account for the disparate and
anatomically distinct regions where cortical thickness differences were seen at these two ages,

suggesting that both processes play a role.

Maturation of cortical gray matter density in primary sensorimotor cortices, and frontal and occipital
poles is followed by progressive parietal to prefrontal development, with superior temporal association

areas maturing last (Gogtay et al., 2004). By age 2 years, CT is 97% of adult values (Lyall et al., 2015),
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where after logarithmic or linear thinning ranging from 10% to 20% occurs until age 6 years in most
brain regions, except for posterior regions where CT follows a quadratic trajectory with initial thinning
followed by thickening of 50-80% (Remer et al., 2017).

Thicker cortex at age 5 in left superior frontal, left superior temporo-insular and right caudal middle
frontal cortices, regions that show linear thinning ranging from 4.6% to 17.4% from 1 to 6 years of age
in normal development (Remer et al., 2017), point to HIV-related developmental delay. Since no
differences were found in these regions at 7 years, sustained viral load suppression and maintained
immune health appear to normalise CT development. In contrast, thicker cortex seen in HIV+ children
at age 7 years (but not age 5) in the left lateral occipital region, a region where CT normally increases
by 52% from age 1-6 years (Remer et al., 2017), may be a consequence of accelerated aging.

In contrast to our findings, recent studies have shown region-specific lower as well as higher cortical
thickness due to perinatal HIV infection. In a pediatric cohort on ART, Yadav et al. (2017) reported
thinner cortex in the bilateral postcentral and right superior temporal regions, and thicker cortex in the
left rostral middle frontal and right rostral anterior cingulate regions. Lewis-de los Angeles (2017)
similarly reported thinner cortex in the bilateral frontal and temporal lobes and left cingulate gyrus, but
thicker cortex in the occipital lobe, in a cohort of HIV+ adolescents all but one of whom were on ART.
Yu et al. (2019) reported thicker left occipital cortex (middle and inferior gyri) and right olfactory
sulcus, but thinning in middle temporal gyrus, temporal pole and orbitofrontal regions in HIV+

adolescents on ART compared to HIV-exposed uninfected adolescents.

It is interesting that we found only one region, namely left superior frontal cortex, that demonstrated
both thicker cortex and lower gyrification in HIVV+ children. For the remainder, HIV-related cortical
thickness differences were observed on lateral surfaces and gyrification differences medially. This
finding is similar to that of Klein et al. (2014) who found age-related cortical thinning and LGI decreases
from 12 to 24 years in largely distinct regions, and no associations of LGI with CT in the 8 regions

showing the largest age-dependent LGI decreases.

4.4.2 Effect of ART interruption

Contrary to our hypothesis that a short duration interruption would have little or no effect on children’s
brain morphometry at this age, we observed regionally thicker cortex and regions with lower and higher
gyrification than HIV- controls. In contrast, the continuous ART group showed no differences in
cortical thickness to HIV- controls and gyrification alterations in different regions to those seen in the
interrupted group, except that greater gyrification was again seen in a similar right lateral occipital
region. Notwithstanding these findings, Ananworanich et al. (2016) reported no effect of interruption
on neurocognitive measures 2 years after ART resumption in children whose ART was interrupted for
48 weeks or till CD4% dropped to 20% (PENTA, 2010). A short duration ART interruption also did

not affect immune health in children after resumption of treatment (Lewis et al., 2017; Wamalwa et al.,
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2016). Since cortical thickness in both regions decreases logarithmically from 1-6 years (Remer et al.,
2017), disruptions to the normal age-related decrease during interruption could account for the thicker
cortex seen at age 5 years. However, the fact that the thicker cortex observed in ART interruption
children was restricted to small left frontal and right insula regions suggests that short term interruption

may not have severe consequences on children’s cortical thickness when ART is initiated early.

Gyral folding appears to be affected to a greater extent by early childhood events and we have
previously reported its long-term sensitivity to timing of ART initiation (Nwosu et al., 2018). This
sensitivity may play a role in the differing effects on gyrification seen here in interrupted and
continuously treated children. Notably, children in the interruption group all started ART before 12
weeks, while all those who started ART after 12 weeks were on continuous treatment. In addition to
right anterior cingulate discussed earlier where gyrification was lower in both 5-year-old interruption
children and earlier ART children at age 7 years, the right pars triangularis region where continuously
treated children showed greater LGI at age 5 years, is adjacent to a region where later ART initiation
was associated with increasing LGI at age 7 years. These overlapping yet different results make it
difficult to distinguish between treatment- and interruption-related effects.

In normal development, LGI in the right lateral occipital region decreases logarithmically by about 5%
from 1 to 6 years (Remer et al., 2017). Greater LGI in this region at age 5 years in both interrupted and
continuously treated children, in whom viral load trajectories would have differed across the first few
years of life, suggests therefore that changes seen at this age may be due to effects of HIV on early life
gyral formation, before treatment differences would have played a role. However, greater LGI in a
region characterised by age-related decreases, together with the absence of differences in this region at
age 7 years (Nwosu et al., 2018), points to developmental delay. This region was probably not seen in
the HIV+ group as a whole due to the fact that the regions showing differences in the two subgroups

were in slightly different, albeit adjacent, locations.

From ages 1 to 6 years, gyrification changes in the left precuneus in normal development follow a
quadratic trajectory — slightly decreasing first, followed by a slight increase of about 2.7% (Remer et
al, 2017). Since the interruption period in the children studied here coincides with the trajectory
minimum, it is possible that higher viral loads during and following interruption disrupt the normal age-
related LGI increase that should be occurring in this region at this time, resulting in lower LGls at age

5 years.

While changes in right pars triangularis, superior frontal and superior parietal cortices in normally
developing children from ages 1 to 6 years are small, making interpretation of LGI differences observed
in these regions in continuously treated children difficult, LGI in left fusiform has been shown to
decrease logarithmically by 8.5% over this period (Remer et al., 2017). Greater LGI in this region at

age 5 years in only the continuously treated group, 52% of whom started ART after 12 weeks, therefore
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points to an effect of HIV on the normal age-related decrease that should have occurred in the first year
of life.

4.4.3 Effect of early HIV disease history on brain development
Although immune health status at enrolment into the CHER trial (6-12 weeks of age) showed no

association with cortical thickness at age 5 years, alterations in the trajectory of early gyrification may
not have been reversed by 5 years of age. High viral load, low CD4%, CD4/CD8 ratio and high CD8
count at enrolment were all associated with regionally higher gyrification on the lateral surface of the
cortex in HIV+ children.

We previously reported an effect of infant immune health in children from the same cohort on brain
metabolism at age 5 years (Mbugua et al., 2016) and brain connectivity at age 7 (Toich et al., 2018).
The current findings provide further support for the long-term consequences of early immune

compromise on brain development.

Since cortical folding increases within the first 2 years of life (Li et al., 2014), where after it begins to
decrease as part of cortical maturation, it is difficult to understand how immune compromise at age 6-
12 weeks could lead to greater rather than less gyrification at age 5 years. One possibility is that poor
immune health in infancy may result in an inflammation-related acceleration of the maturation process
during the early life period when gyrification is still increasing (Li et al., 2014), leading to greater
cortical folding in childhood. Alternatively, perinatal HIV infection and neuroinflammation in infancy
may change the developmental trajectory of microglia, which play a role in synaptic pruning and
regulation of synaptic plasticity and function (Schafer et al., 2012; Hong et al., 2016). This change in
turn may alter later-life immune function leading to disruptions in normal age-related gyrification
decreases and greater gyrification. Poor immune health earlier in infancy may therefore have a different
net effect on gyrification at 5 years compared to poor immune health due to interruption that occurred

much later in cortical development.

Our results also showed that CD8 count at enrolment — associated with higher frequency of activation
and proliferation with increased viral burden (Sainz et al., 2013; Nasi et al., 2018) — showed a positive
relationship with gyrification at age 5 years. This further supports the theory that immunoactivation and
regional cortical inflammation leads to greater gyrification. In addition, higher regional gyrification
(right fusiform and postcentral) observed in children with high viral load (HVL) at enrolment in
comparison to HIV- control children, while low viral load children (LVL) do not differ in gyrification
from HIV- controls, suggests immunoactivation and cortical inflammation due to viral burden.
Abnormally high cortical gyrification (hypergyria) has previously been reported in neurodevelopmental
disorders including schizophrenia (Narr et al., 2004; Sasabayashi et al., 2017; Palaniyappan et al.,
2012), autism (Jou et al., 2010; Wallace et al., 2013) and Williams syndrome (Gaser et al., 2006).
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4.4.4 Effects of CDC staging on cortical development
To our knowledge no study has investigated the effect of later CDC staging of HIV+ children on cortical

development. Surprisingly, the CDC-mild group showed greater gyrification than HIV- controls both
in more and more extensive regions than the CDC-severe group. The right fusiform was the only region
observed in both groups, and in children with high baseline viral load, but the implicated region was
roughly 9 times larger in the CDC-mild than the CDC-severe group. Although both groups
demonstrated regionally thicker cortex, affected regions were also distinctly different. Notably the right
superior frontal gyrus region seen in the CDC-mild group is similar, but on the opposite side, to the

region where cortex was thicker in the HIVV+ group as a whole compared to HIV- controls.

It is of interest that the right superior parietal lobule and fusiform regions showing gyrification
alterations in the CDC-severe group, were also implicated (although for the fusiform on the left) in
children receiving continuous ART. This may be due to treatment not being interrupted in children with
severe CDC diseases resulting in significant overlap in these groups. 19 children were common to both
groups.

4.5 Conclusion
Our study was focused on investigating the effects of ART interruption, early HIV-related events and

immune health in infancy on the brain morphometry of children at the neurodevelopmentally critical
age of 5 years. Cortical folding (gyrification) is sensitive to early life events and accordingly we find it
affected by interruption, early HIV-related disease, immune health status and early viral burden. In
contrast, cortical thickness development at age 5 years is less affected by early life events and infant
immune health. Immune health resilience in children can translate to long term preservation of
neurodevelopment especially for those on early and continuous treatment. The neuropsychological

implication of morphometric alterations in cortical folding requires further investigation.
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Chapter 5 — Longitudinal trajectories of cortical thickness and
gyrification in HIV-infected children on early antiretroviral
therapy (ART) and uninfected controls from 5 to 9 years.

5.1 Introduction
As of mid-2017, there were an estimated 1.8 - 2.1 million vertically HIV-infected (HIV+) children

under 15 years of age living in sub-Saharan Africa (SSA) (USDHHS, 2017; WHO, 2018; UNAIDS,
2018). Although the number of new vertical infections is declining due to the government’s
implementation of prevention of mother to child transmission (PMTCT) strategy, in South Africa there
are still about 320,000 children living with HIV (CLWH) (UNAIDS, 2017). Early antiretroviral therapy
(ART) initiation upon testing HIV seropositive is the current standard of care for perinatally HIV+
children (Violari et al., 2008; Lindsey et al., 2007; WHO, 2008). However, the consequences of long-
term ART on the developing brain are not well understood. As such, there is a need for longitudinal
brain development studies of well-described HIV+ cohorts on ART.

A key study that led to the international adoption of early ART was the children with HIV early
antiretroviral therapy (CHER) trial, which was conducted between 2005 and 2011 in Johannesburg and
Cape Town, South Africa. The study aimed to investigate clinical outcomes of early time-limited ART
in asymptomatic perinatally HIV-infected infants compared to deferred, continuous ART. Clinical,
neuropsychological and neuroimaging follow-up of the Cape Town CHER participants was performed
to investigate effects of perinatal infection, early ART initiation and interruption on the central nervous
system (CNS), which is a key viral reservoir, even in the combination ART (cART) era (Van Rie et al.,
2007).

In this cohort, both neuropsychological testing (Laughton et al., 2018; 2013; 2012) and cross-sectional
neuroimaging investigations suggest small but persistent effects of HIV/early ART on the developing
brain in subcortical regions, our group has found HIV-related volume increases and decreases at
different ages (Randall et al., 2017; Nwosu et al., 2018). At 5-, 7- and 9-years HIV-related differences
in metabolite levels in the basal ganglia were observed (Mbugua et al., 2016; Robertson et al., 2018).
In terms of white matter development, at 5-and 7-years HIV-associated abnormalities in localized white
matter integrity have been reported (Ackermann et al., 2016; Jankiewicz et al., 2017). Even though no
HIV-related microstructural differences were found in the corpus callosum, at age 5 we found reduced

corpus callosum volumes in HIVV+ children (Randall et al., 2017).

Looking at cortical gray matter, at 5 years we find HIV associated thicker cortex (CT) increases in

bilateral frontal and left temporal regions, as well as lower local gyrification indices (LGI) in bilateral
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medial orbitofrontal regions extending into the rostral anterior cingulate and left superior frontal regions
(Chapter 4). At 7 years we find similar HIVV-associated thicker cortex in a small left lateral occipital
region and lower LGI in bilateral paracentral and right temporal regions (Nwosu et al., 2018).

While HIV-related alterations have been observed cross-sectionally at each age, many of the alterations
are not observed across multiple time points. Longitudinal analysis may clarify the longer-term
consequences of cross-sectional findings. Longitudinal data is informative because it allows the
modeling of developmental changes as either physiologically normal or pathological in relation to
various disease conditions (Shaw et al., 2008), thereby enhancing understanding of developmental
patterns in the presence of these conditions. Longitudinal neuroimaging studies are increasingly
desirable in neuroimaging research due to their high sensitivity and potential to account for inter-subject
variability (Reuter et al., 2012).

Brain morphometric measures such as CT — the distance between the inner white/gray matter boundary
and the outer gray/pial interface in the cerebral cortex (Moeskops et al., 2015; Mills et al., 2014; Fischl
etal., 2000) and LGI —a measure of cortical folding, which increases the number of neurons and cortical
surface area within a limited skull space (Cao et., 2017; Li et al., 2014; Mills et al., 2014) can provide
valuable information on cortical anatomical development. Important micro-anatomical changes,
including synaptic pruning, neuronal specialization, rewiring of fibre tracts and structural folding and
compacting occur during development from late childhood into adolescence, and determine the
subsequent optimal function of the brain in adult life (Mill et al., 2014; Lebel &Beaulieu, 2011; Aubert-
Broche etal., 2013; Tamnes et al., 2013). Longitudinal investigation of these microstructural parameters
in CLWH is key to understanding whether the developmental trajectory of cortical anatomy during a
critical period of brain development (Mills et al., 2014; Lebel &Beaulieu, 2011; Aubert-Broche et al.,

2013; Tamnes et al., 2013) differs from that of uninfected controls.

The aim of this study was therefore to describe the longitudinal trajectory of morphological
development of the cerebral cortex between the ages of 5 and 9 years in the Cape Town arm of the
CHER cohort, who started ART before 2 years of age. We hypothesized that early ART initiation would
lead to normal morphometric development, even in regions with HIV-related differences identified in
cross-sectional analyses. In addition, we posited that periods of ART interruption would not impact
developmental trajectories. Lastly, we explored the possible effect of HIV-related encephalopathy

(HIVE) diagnosis on these measures.
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5.2 Methods

5.2.1 Study participants
Study participants were 141 children (75 HIV+ and 66 uninfected controls (HIV-); 72 male and 69

female). HIV+ children were from the Cape Town cohort of the CHER clinical trial conducted at the
Family Clinical Research Unit at Tygerberg Children’s Hospital, Cape Town. On the CHER trial,
infants with CD4 percentage > 25% were randomized at age 6 -12 weeks to receive either limited ART—
interrupted at 40 or 96 weeks — and restarted when clinical and/or immunological criteria were met, or
to start ART only when they developed HIV symptoms or CD4 percentage dropped below 20% (25%
in the first year) as per guidelines at the time (WHO, 2006). All HIV+ children started ART before 76
weeks of age and received comprehensive immunological and clinical follow-up thereafter, including
assessment for HIV-related encephalopathy. First line ART regimen consisted of Zidovudine (ZDV) +
Lamivudine (3TC) + Lopinavir-Ritonavir (LPV/r, Kaletra®) (CHER, 2010; Violari et al. 2008; Cotton
et al. 2013) and all HIV+ children were on first line ART regimen until the end point of the clinical trial
(CHER, 2010). The CHER cohort were matched with HIV- controls recruited from an interlinking
vaccine trial (Madhi et al., 2010) comprising children born to HIV+ mothers (HIV exposed uninfected,
HEU; n=31) and to HIV- mothers (HIVV-unexposed; HU; n=35).

5.2.2 Image acquisition and analysis
Study participants underwent brain MRI scanning on a Siemens 3T Allegra scanner at 5, 7 and 9 years

of age, using a protocol and procedure described previously (Nwosu et al., 2018). Scans were performed
without sedation according to protocols approved by the Faculty of Health Sciences Human Research
Ethics Committees of the Universities of Cape Town and Stellenbosch. Parents/guardians of study
participants provided written informed consent and the children gave oral assent at ages 5 and 7, and

written assent at 9 years.

MRI images were reviewed by a senior radiologist. Scans that met visual quality control criteria were
processed using the automated 3 stage longitudinal processing stream in FreeSurfer version 6.0
(https://surfer.nmr.mgh.harvard.edu/fswiki/LongitudinalProcessing). The longitudinal processing
stream first performs cross-sectional segmentation and cortical reconstruction for all subjects at all time
points. The next stage of the pipeline samples the cross-sectional data of each subject to a base template.
From the base template, longitudinal data are generated at all time points (Reuter et al., 2010, 2011,
2012). Outputs from the longitudinal stream were manually checked for errors. Reconstructed data were
sampled to the FreeSurfer average subject template for vertex-wise analysis. A 10mm full-width, half-
maximum (FWHM) of the spatial gaussian filter smoothing kernel was used for CT analyses. No

smoothing was used for LGI.
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5.2.3 Longitudinal vertex-wise analyses of cortical thickness and LGI
Morphometric data were analysed using FreeSurfer’s spatiotemporal linear mixed effect model (LME)

toolbox in MATLAB R2017a (https://www.mathworks.com/; Bernal-Rusiel et al., 2013). LME models

can handle longitudinal data such as ours that contains observations for each subject at a varying number

of time points. To establish regional CT and LGI trajectories in typically developing children, we first
created an LME model with HIV- children only. To investigate the influence of HIV and early treatment
on morphometric development in this age range, we performed an analysis on all participants using an
LME maodel that included an age by HIV interaction term to identify possible HIV-related differences

in developmental trajectories.

Further, the rates of change in CT and LGI of HIV+ children who had interrupted ART (Interrupted
ART) and HIV+ children who had continuous ART (Continuous ART) were compared to HIV-
controls. To assess the possible effect of encephalopathy on the trajectory of cortical development in
HIV+ children, we also compared children with a HIVVE diagnosis to HIV- controls.

All analyses were done using a vertex-wise LME model, with group as categorical fixed effect and
random participant-specific intercepts. Rate of CT and LGI change with age in HIV- control children

were modelled as follows:
Yij = P1+ B2 * tij+ b1 + €jj
where
Yij = cortical thickness or gyrification of subject i at time point j
B1 = intercept
tij = time variable — age in years of subject i at scan time point j
bsi = participant-specific intercept
ejj = error

To allow for different slopes in HIVV+ (or HIVE or interrupted ART or continuous ART) and HIV-

children, the following model was used:
Yii = B1t B2 * tij + B3 * HIVi+ Ba* HIVi* tij + Bs ™ sex i+ by +ejj

where
sexi = 1 if subject i was female and 0 if male
HIVi=variable for HIV status (or HIVE status or Interrupted ART or Continuous ART)

69


https://www.mathworks.com/

The null hypothesis of no difference in rate of change in CT/LGI with age between HIV+ and HIV-
groups was tested. Correction for multiple comparisons was performed using a false discovery rate
(FDR) corrected threshold of p< 0.05 for a two-tailed test. We report regression coefficients () —
indicating the rate of change of morphological parameters across the whole brain.

In addition, we present plots of the trajectories of LGl and CT for HIVV+ and HIV- children in regions
where group differences were reported in previous cross-sectional studies at ages 5- (N=75) and 7-
(N=102) years (chapter 4, Nwosu et al., 2018).
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5.3 Results

We present results for 141 participants whose MRI scan data at ages 5, 7 and 9 years were processed
for longitudinal analyses. Fifty-six children received a single scan, 63 children were scanned twice, and
22 children had 3 scans, for a total of 248 time points. Viral loads of 93.5% of children in this study
were suppressed (<400 copies/mL) at the first scan around age 5 years. There were no failures in
automated LGI computation, nor errors in cortical segmentation. Table 5.1 shows biographical data of
all HIV+ and HIV- children at age 5, 7 and 9 years. Table 5.2 presents clinical data for the HIV+
children.

HIV+ and HIV- children were age-matched at the time of scan, except at age 5 when HIV+ children
were 0.21 years younger than HIV- children. Scores on the Griffiths’ Mental Development Scales
(GMDS) — Extended Revision for South Africa at age 5 and on the Kaufman Assessment Battery for
Children (KABC) at ages 7 and 9, were not different between HIV+ and HIV- children. The number of

children diagnosed with HIVE was similar in the continuous and interrupted ART groups.
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Table 5.1: Biographical data for all participants (N=141; 75 HIV+, 66 HIV-).

Age: 5 years (N=82)

HIV+ HIV- tory2  p-value
Sample size (N) 52 30
Age at scan (years) 539+0.31 5.60£0.43 -2.64 0.01
Number of males (% males) 21 (40%) 16 (53%) 1.37 0.24
Birth weight (g) 3125 + 386 2973 + 603 1.47 0.14
Estimated total intracranial volume (ETIV) (cm®) | 1375 + 96 1363 £ 110 0.53 0.60
Neuropsychological measures
GMDS?
Performance scores 74 +10 76 £ 18 -0.55 0.58
Practical reasoning scores 77+8 76+ 11 0.60 0.55
Sub-scales aggregate scores 836 83+8 0.23 0.82
Age: 7 years (N=125)
Sample size (N) 71 54
Age at scan (years) 7.20+£0.13 7.24+0.13 -1.40 0.16
Number of males (% males) 36 (51%) 30 (56%) 0.13 0.72
Birth weight (g) 3081 + 454 3081 + 481 -0.01 0.99
Estimated total intracranial volume (ETIV) (cm?®) | 1419 + 101 1444 + 137 -1.17 0.24
Neuropsychological measures
KABCb composite scores
Mental processing index 72+8 75+ 10 -1.90 0.06
Non-verbal index 74+11 76+ 12 -0.96 0.34
Age: 9 years (N=41)
Sample size (N) 12 29
Age at scan (years) 9.13+0.27 9.03 +0.56 0.58 0.57
Number of males (% males) 7 (58%) 16 (55%) <0.001 1
Birth weight (g) 3126 + 479 3171 + 466 -0.28 0.78
Estimated total intracranial volume (ETIV) (cm®) | 1422 + 683 1437 £ 135 -0.38 0.71
Neuropsychological measures
KABCb composite scores
Mental processing index 73+10 79+12 -1.49 0.14
Non-verbal index 78+ 10 80+ 14 -0.46 0.65

aGriffiths” Mental Development Scales — extended revised: 2-8 years
bKaufman Assessment Battery for Children second edition

otherwise

All values are mean + standard deviation except where indicated
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Table 5.2: Clinical data for all HIV+ children (N=75).

Interrupted ART Continuous ART
Sample size (N) 39 36
Clinical data at baseline (6-8 weeks)
CD4 count (cells/mm?) 1826.95 + 955.41 1738.9 2+ 833.22
CD4% (cells/mm3) 33.18 +10.15 32,52 +10.12
CD4/CDS8 ratio 1.39 £ 0.88 [0.23 — 4.39]? 1.22 £0.73 [0.23 — 3.39]?
CD8 count (cells/mm?3) 1659.92 + 1217.64 1686.28 + 871.28
Viral load at enrolment
High (>750,000 copies/mL) 21 (53.8%) 23 (63.9%)
Low (400-750,000 copies/mL) 18 (46.2%) 13 (36.1%)
Suppressed (<400 copies/mL) 0 (0%) 0 (0%)
Other
Age at ART initiation (weeks) 8.70 £1.62 [6.57 - 12]* 2149+ 17.13[6.00-75.71]*
Age at ART interruption (weeks) 65.11 + 28.48 -
Age of first viral load suppression (weeks) 62.92 + 60.36 [30.57 —213.29]* 68.92 + 54.59 [29.14 — 285.57]°
Duration of ART interruption (weeks) 57.43 £ 68.39 [65.70 —299.43]*  0.00 + 0.00 [0.00-0.00]?
Nadir CD4% (cells/mm?) 19.15 +5.57 20.29 £ 6.28
Age at nadir CD4% (weeks) 91.18 £58.09 50.01 £58.72
CDC classification
A 8 (20%) 1 (3%)
B 9 (23%) 7 (19%)
Severe B 2 (5%) 7 (19%)
C 20 (51%) 19 (53%)
Unknown 0 (0%) 2 (6%)
HIV encephalopathy diagnosis 7 (18%) 5 (14%)

& mean = standard deviation [range]

5.3.1 Rate of change in CT and LGI in HIV- control children.

In HIV- children, there was widespread cortical thinning over the period from age 5 to age 9. This
decrease in thickness was significant at an FDR-corrected threshold p-value of 0.05 over much of the
lateral surface of the cortex and in medial superior parietal/lateral occipital/supramarginal regions as
well as in medial frontal regions. The decrease was greatest in the medial bilateral frontal and corpus
callosum regions (0.13 mm/year) followed by bilateral pre and post central and temporal regions (0.11

mm/year) as shown in Figure 5.1a.

There was increased gyral folding during childhood in large bilateral lateral frontal, temporal regions
and right medial inferior parieto-occipital regions. The greatest changes (0.047 units/year) were
observed in bilateral rostral middle frontal and right superior temporal regions as well in parts of

bilateral post central gyrus and parieto-occipital sulcus areas as shown in Figure 5.1b.
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Figure 5.1: Colour map of unstandardized regression coefficients for a) cortical thickness and b) local gyrification indices
(LGIs) showing rate of change through time points of age 5, 7 and 9 years in HI\VV-uninfected (HIV-) children controlling for
sex. Positive regression coefficients (red/yellow) indicate increases with age, and negative coefficients (cyan/blue) indicate
decreases with age. The colour bar scale in each figure applies to both lateral (top) and medial (bottom) views. (N = 66)

5.3.2 Rate of change in CT and LGl with age in HIV- compared to HIV+ children.

The vertex-wise rate of change in CT and LGI of HIV+ children from age 5 to 9 years was not
different from that of HIV- children in any region of the brain. There was also no difference in rate of
change of CT and LGI between either the Interrupted ART or Continuous ART groups and the HIV-

control group.

Figure 5.2 shows plots of cortical thickness/LGI against age in regions where there were significant
differences between HIV+ and HIV- children in previous cross-sectional analyses at ages 5- and 7-
years (chapter 4, Nwosu et al., 2018). For longitudinal analyses, regions of cross-sectional differences
showed significant differences in cortical thickness trajectories with time but no differences in LGI

trajectories.
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Figure 5.2: a) Plots of change with age (5 — 9 years) in cortical thickness and gyrification in regions
where HIV+ differed from HIV- children in cross-sectional comparisons at ages 5 and 7 years
respectively. b) Clusters outlined in black and shown with yellow arrow are regions where HIV+ differed
from HIV- children in cross-sectional comparisons.
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5.3.3 HIVE compared to HIV- controls
Although there was no significant difference in rate of change in CT between HIVE and HIV- children,

HIVE children showed nearly constant gyrification with time in bilateral rostral middle frontal regions
while HIV- controls showed a gyrification increase over this period as shown in Figure 5.3b. The
observed difference in rate of change in gyrification between HIV- children and HIVE children was
significant in the left hemisphere (MNI co-ordinates at peak: -38.6 45.9 1.5, cluster size: 1702.56 mm?)
outlined in blue (Figure 5.3a).

Difference in change with time between children with HIV-related encephalopathy (HIVE) and uninfected
controls (HIV-)

3.2

g
=}

Rostral middle frontal gyrification
N
)

Age (Years)

Figure 5.3: Colour map of unstandardized regression coefficients for local gyrification indices (LGIs) showing differences in
rate of change through time points of age 5, 7 and 9 years between HIV-uninfected children (HIV-) and children diagnosed with
HIV-related encephalopathy (HIVVE) controlling for sex. Positive regression coefficients (red/yellow) indicate HIV- children >
HIVE children, and negative coefficients (cyan/blue) indicate HIV- children < HIVE children. The colour bar scale applies to
both lateral (top) and medial (bottom) views. (HIV- = 66, HIVE = 12).

a) Bilateral rostral middle frontal regions where rate of change in gyrification differed between HIVE and HIV-. Left
hemisphere regions outlined in blue are where the difference is significant at a threshold of p<0.05, with a cluster size
corrected threshold of p<0.05

b) Plot showing the difference in rate of change (between age 5 and 9 years) in gyrification between HI\%E and HIV-
(left) and spaghetti plot of individual trajectories for rate of change with time (right) in the rostral middle?rontal
region.



5.4 Discussion
To the best of our knowledge, this study is the first neuroimaging investigation of longitudinal cortical

development in CLWH in a resource-limited setting who received ART before age 2 years. Similar to
previous studies, typically-developing control children showed a widespread decrease in cortical
thickness from age 5 to 9 years. There was less change in gyrification during this period, although
notably gyrification was observed to increase in frontal and temporal regions. The developmental
trajectory of cortical thickness and gyrification in CLWH was similar to that of matched typically

developing HIV- children during this important period of brain development.

5.4.1 Morphometric development in typically-developing HIV- children from age 5-9

years
The cortical thinning with age observed in both HIVV+ and HIV- children is similar to findings from

previous studies (Raznahan et al., 2011; Shaw et al., 2008; Sowell et al., 2004; Durcharme et al., 2016).
Cortical thinning from childhood into early adolescence is associated with physiological processes
related to neurodevelopment and regional specialization of the developing brain. These include
myelinogenesis (Sowell et al 2004; 2003; Shaw et al., 2008), synaptic pruning, and dendritic
arborisation (Sowell at al. 2004; 2003; White et al, 2010; Mills et al., 2014) which lead to a reduction
in the size and number of neurons and their synaptic processes (Mills et al., 2014; Sowell et al., 2004;
2003) and contribute the cortical thinning. It has been suggested that the process of myelination in the
lower cortical layer closest to the cortical white/grey matter interface may be the main process that
influences cortical thinning with brain growth (Shaw et al., 2008; Sowell et al., 2004; Gogtay et al.,
2004). These neurodevelopmental processes work together to reinforce and strengthen fibres and
connections that are in consistent use for transmitting brain impulses, while redundant fibres are

“pruned” or removed (Santos and Noggle, 2011).

We also observed increased gyrification with age in bilateral frontal regions. Although, the
developmental trajectory of cortical folding is not yet fully understood, the frontal cortex controls the
complex executive skills of planning, working memory and cognitive flexibility that develops in late
childhood (Shaw et al., 2008; Huizinga et al., 2006; Diamond 2002), corresponding to the period studied
here. Maturation of cortical morphology follows a back-to-front — occipital-to-prefrontal — (Gogtay et
al., 2004) developmental sequence, with prefrontal cortex maturing last in the continuous process of
development from childhood into adolescence. The regional variation in rate of change and
development in brain morphometry may be related to the complexity associated with the
cytoarchitecture, information processing and co-ordination functionalities of different cortical regions

(Shaw et al., 2008). In terms of functional complexity, primary sensory areas change and develop faster
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than the more complex polymodal, higher-order association areas (Shaw et al., 2008; Gogtay et al.,
2004).

A key theory of cortical folding formation links gyral and sulcal formation in the brain to neural
connectivity (Van Essen, 1997). It postulates that regions with greater neural connectivity are associated
with greater tension, ensuring that such brain regions are in close proximity during brain growth,
forming gyri, while regions with lower connectivity follow a similar pattern to form sulci (White et al.,
2010; Van Essen, 1997). Functional connections are associated with acquiring new skills and abilities
during neurodevelopment, leading to changes in surface morphology of the cortex. Hence it may be
worthwhile for future longitudinal studies to investigate gyrification development in relation to neural
connections using DTI measures. The increases in cortical folding we observed in this study may be
functionally related to the acquiring of critical developmental skills in late childhood into adolescence
(Chung et al., 2017; Kersbergen et al., 2016). The rostral middle frontal region observed to increase in
gyrification till age 9 years is similar to findings of Cao et al. (2017), who reported that although
regional gyrification decreases from medial to lateral regions starting as early as age 4, frontal gyral
complexity continues to increase, possibly into the teenage years (Blanton et al., 2001; Cao et al., 2017).

5.4.2 Effect of perinatal HIV infection and early ART initiation on morphometry
development
The main focus of this study was the long-term effect of perinatal HIV infection and early ART

initiation. By examining neuroimaging morphometry changes across multiple time points, we hoped to

further understand neurodevelopmental implications of pediatric HIV and early ART treatment.

Previous cross-sectional neuroimaging studies have investigated brain developmental indices between
CLWH and healthy controls and found that HIV infection was associated with regionally specific
thickening and thinning of the cortex (Lewis-de los Angeles, 2017; Yu et al., 2019; Yadav et al., 2017)
as well as regionally specific lower gyrification (Lewis-de los Angeles, 2017; Hoare et al., 2018) , and
neuropsychological investigations recently started to examine the long-term developmental outcomes
(Laughton et al., 2018).

Our previous cross-sectional study in this cohort at age 7 years showed little difference in cortical
thickness and gyrification between CLWH and healthy controls, except for a small left lateral occipital
region where CLWH children showed thicker cortex, and a bilateral paracentral region where HIV-
children showed higher gyrification. Cross-sectional investigation of this cohort at age 5 years showed
more widespread differences due to HIV infection, specifically thicker cortex in the frontal, temporal
and insula regions and reduced gyrification in the frontal lobe, extending into the rostral anterior

cingulate (Chapter 4). Although poorer visual perception scores at age 5 years were observed in CLWH
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from the CHER cohort compared to uninfected controls (Laughton et al., 2018), there was no
relationship between cortical thickness and visual perception at age 5 years (Ibrahim et al., 2019). There
were no other deficits in neuropsychological performance in CLWH, pointing to the resolution of earlier
observed differences (Laughton et al., 2018). In view of the near-normal performance on cognitive
assessments, the unaltered trajectory of cortical development relative to controls may better reflect the

effects of HIV on cognitive function than cross-sectionally observed alterations in LGI and CT.

Given the lack of HIV-related differences in cortical development from 5 — 9 years, early ART initiation
combined with ongoing treatment may prevent persistent HIV associated damage to the cortex in young
children. We suggest that previously reported HIV-related abnormalities at 5 and 7 years represent
transient localized maturation differences that may be a side effect of long-term HIV infection and

ongoing treatment.

5.4.3 Effect of ART interruption on morphometry development
Since perinatally HIV+ children start a lifetime of ART at birth, there is much interest in the possibility

of safe treatment interruption(s). Due to the design of the CHER trial, one of the goals of this follow up
study was to assess the long-term implication of either planned interruption or continuous ART in
perinatally infected, early ART initiated children. Cross-sectional comparison at age 5 years showed
that ART interrupted children had thicker cortex than HIV- controls in the left rostral and superior
frontal, and right insula regions, and lower gyrification in the left precuneus and right rostral and caudal
anterior cingulate regions, but higher gyrification in the right lateral occipital regions (Chapter 4).
However, longitudinal analysis showed that planned ART interruption had no significant effect on brain

morphometry developmental trajectories at least up to age 9 years.

According to previous studies, immune compromise related to a planned short ART interruption has a
similar recovery pattern as continuous ART (Lewis et al., 2017; Bunupuradah et al., 2013). Research
has shown infants” immune systems to be dynamic and malleable, allowing them to recover from short
ART interruption (Lewis et al., 2017; Wamalwa et al., 2016). Several studies demonstrate that the most
important factors in perinatal HIV treatment is ART initiation timing, and duration on treatment before
interruption (Cotton et al., 2013; Bunupuradah et al., 2013; Ananworanich et al., 2016). Early ART
initiation is beneficial for improved immune system and viral suppression as well as improved
neurodevelopmental outcome (Violari et al., 2008; Laughton et al., 2012; Cotton et al., 2013). These
results suggest that when ART is initiated before critical developmental processes are affected by viral
replication, a short interruption may not affect long-term immune health. In contrast, a longer
interruption may lead to viral rebound, resistance and neuropsychological consequences (Wamalwa et
al., 2016; Ananworanich et al., 2016; Monteserrat et al., 2017). The range of interruption durations for

the children in the cohort under study is quite large (6 — 300 weeks). Our study has shown that such
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longer ART interruption may lead to age specific alteration in brain morphometry development which

may not persist at later ages (Chapter 4).

In the current study, absence of ART interruption-related effect is consistent with general outcomes
from the CHER trial (Cotton et al. (2013) as well as 5-year longitudinal neuropsychological outcomes.
Results from the CHER studies and other similar studies have shown that timing of ART initiation but
not treatment interruption influences neurodevelopment (Lewis et al., 2017; Ananworanich et al., 2016).
The present study adds long-term neuroimaging measures to previous results. In conclusion, our
findings suggest cortical development is not affected by treatment interruption in childhood in the

presence of early ART initiation.

5.4.4 Effect of HIVE on morphometry development
There has been a continuous decline in HIVE incidence with the introduction of ART (Donald et al.,

2014; Chriboga et al., 2005). We found that 16% of our early-treated HIV+ cohort had HIV-related
encephalopathy diagnoses, compared with an incidence of 20-60% in previous studies of perinatally
infected but ART-naive pediatric cohorts (Foster et al., 2006; Lobato et al., 1995; Donald et al., 2014).
There was no difference in developmental trajectory of cortical thickness or gyrification between the
HIVE group and the HIV- controls except in the left rostral middle frontal region where HIVE showed
decreasing gyrification relative to HIV- controls. The small number of HIVE subjects calls into question
the reliability of the findings, however, the low number of HIVE children in our sample and the limited
number of localized regions found to show altered developmental trajectories, together reinforce the

benefits of early ART in reducing the occurrence and severity of neurologic conditions such as HIVE.

The left rostral middle frontal region identified in this study is in close proximity to the primary motor
cortex of the frontal lobe and may be connected to pyramidal tract-related neuromotor deficits reported
previously in HIVE on ART (Mitchell, 2006; Assefa, 2012). The corticobulbar set of the pyramidal
tracts originates from the primary cerebral motor cortex of the frontal lobe (Hall, 2015). Changes in
cortical folding are largely influenced by neural connectivity related factors (Van Essen, 1997)
including synaptic pruning and dendritic arborisation (Mills et al., 2014; Gogtay et al., 2004; White et
al, 2010). Regions with greater neural connectivity are associated with greater tension which ensures
that such brain regions are in close proximity during brain growth, forming gyri. The gyrification
decreases with age in HIVE children may be a sign of delayed neural connectivity in primary motor
cortex. However, there was no difference in neuromotor assessment between HIVE and HIV- control

children at any of the ages within this study.

The frontal lobe of the brain is expected to develop last, since brain development moves from posterior

(occipital lobe) to anterior (frontal lobe) (Gogtay et al., 2004). Maturation of gyri varies across the
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cortex and is expected to exhibit little or no change in late childhood (Mills et al., 2014; Mutlu et al.,
2013; White et al., 2010). The reduced regional age-related changes in HIVE children who initiated
early ART may point to developmental delay.

5.4.5 Limitations and future work
The small sample size at age 9 years, with fewer HIV+ children compared to HIV- controls, was due to

the decommissioning of the 3T Siemens Allegra brain scanner used for this study. More participants
were scanned at age 9 years on a 3T Siemen Skyra whole-body scanner, but these scans were not
included to avoid introducing inter-scanner variation. The small number of children diagnosed with
HIVE precludes strong conclusions about group differences. Although FreeSurfer’s longitudinal
pipeline was not originally designed for pediatric cortical segmentation, manual quality checks were

performed on the cortical model to ensure accurate extraction and segmentation of cortical surface.

Future investigations could look at the developmental trajectories of brain morphometry in conjunction
with data from other MRI modalities, for example DTI and functional MRI, to understand how other
brain developmental indices are linked to these changes. The relationship between cortical
developmental trajectories and longitudinal neuropsychological outcomes should also be examined.

5.5 Conclusion
We present results from a follow-up neuroimaging study of a subset of children from the CHER trial

during an important stage in neurodevelopment (5-9 years). We report similar developmental
trajectories of cortical thickness and gyrification in perinatally HIV-infected children who initiated ART
early and uninfected controls. Across all children, generalized cortical thinning was observed from age
5to 9 years, where the rate of thinning varied by region. Age-related changes in gyrification were only
observed in the bilateral frontal regions. Planned ART interruption did not affect development of
cortical morphology. HIV-related encephalopathy was associated with decreasing gyrification with age
in bilateral rostral middle frontal regions, compared to an increase with age in uninfected controls. Our
results suggest that early ART initiation preserves normal development of cortical morphology between
the ages of 5 and 9 years in perinatal HIV infection.
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Chapter 6 — Discussion and conclusion

6.1 Discussion
This study aimed to investigate structural changes in brain morphology — specifically subcortical

volumes and cortical thickness and folding (gyrification) — in children living with HIV infection who
were initiated to early ART as per pediatric HIV treatment guidelines. We also aimed to explore the
effects of early disease-related variables on cortical morphology, including immune health at enrolment
onto the CHER trial, viral load at enrolment, CDC classification and HIV-related encephalopathy, as
well as the effects of early (before six weeks) ART initiation and short clinically-designed ART

interruption, as specified by the design of the clinical trial.

Using automated segmentation software such as FreeSurfer is the most practical way to investigate
brain morphology, particularly in longitudinal studies. Although FreeSurfer has been used successfully
in several hundreds of studies of adults, it was not originally designed for use in children. Several studies
have investigated its suitability for use in children by comparing FreeSurfer segmentation to manual
tracing of subcortical structures (e.g Lyden et al., 2016; Schoemaker et al., 2016; Bender et al., 2018),
finding moderate consistency. However, the reliability of the latest version (v6.0.0) for segmentation in
children has not previously been established. Although it would be ideal to validate both the cortical
surface extraction and the subcortical segmentation with respect to manual segmentation, manual
tracing of the cortex would be excessively time-consuming. To avoid this, Dewey et al. (2010)
recommend a semi-automated process when using FreeSurfer for brain morphometry analyses, which
involves visual inspection and manual editing of inaccurate automated parcellation of cortical
structures. This is practically achievable and ensures the validity and accuracy of the final output

especially for measures like cortical thickness.

We therefore proposed to use semi-automated processes for the cortical morphology components of the
study, but first to assess the accuracy of FreeSurfer for processing structural brain data in children by
validating the subcortical segmentation from FreeSurfer 6.0 against manual tracing. To do this we
selected subcortical regions previously reported to be affected by HIV: the basal ganglia (Wade et al.,
2019; Yadav et al., 2017; Lewis-de los Angeles et al., 2016), specifically caudate nucleus, nucleus
accumbens, putamen and globus pallidus and white matter structures represented by the corpus
callosum (Hoare et al., 2015; Ackermann et al., 2016; Uban et al., 2015).

Consistent with previous studies (Schoemaker et al., 2016; Cherbuin et al., 2009; Nugent et al., 2013;
Pipitone et al., 2014), comparison of outputs from manual and FreeSurfer segmentations showed that
FreeSurfer tended to overestimate volumes, although by less than 10% in the caudate nuclei, putamen
and left globus pallidus. Nucleus accumbens volumes by contrast were overestimated by 25 - 30%.

However, strong consistency between methods, and the fact that differences between the segmentation
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methods were not influenced by HIV status allowed very similar results to be obtained from an analysis
of group differences between HIV+ children and HIV- controls. This suggests that FreeSurfer v6.0 can
be used as an alternative to manual tracing in neuroimaging research, provided that quality control

protocols in the form of visual inspection and manual corrections are implemented.

Although there are few studies on perinatal HIV infection in early ART era, the existing literature on
the effects of perinatal HIV on cortical and subcortical structure reveals diverse findings. This is perhaps
due to the heterogeneity of the disease history, as well as sample populations with a wide age range,
where the mean age of the study population represents respectively late childhood (Yadav et al., 2017,
Hoare et al., 2018, Paul et al., 2018, Wade et al., 2019 ), or early (Cohen et al., 2016, Blokhuis et al.,
2017, Yu et al., 2019) or later (Sarma et al., 2014, Lewis-de los Angeles 2017, Li et al., 2014)
adolescence. Considering the rapid trajectory of brain development during childhood and adolescence,
it is clear that it is not easy to draw conclusions from cross-sectional findings in these studies.

Neuroimaging on the CHER cohort by our group provides evidence of brain structural changes related
to perinatal HIV at earlier ages than these other studies, namely age 5 (e.g. Randall et al., 2017) and 7
years (e.g. Nwosu et al., 2018). The data presented in this thesis therefore depicts aspects of brain
development that fill in gaps in knowledge about the effects of HIV and ART in early childhood. The
period from 5-9 years is within the critical period in brain development of children (Mills et al., 2014;
Lebel &Beaulieu, 2011; Aubert-Broche et al., 2013; Tamnes et al., 2013). Key brain developmental
events occur around this time including cortical pruning, alterations in neural connection leading to
changes in cortical folding (gyrification) in the brain and myelinogenesis (Sowell et al 2004; 2003;
Shaw et al., 2008; Mill et al., 2014; Lebel &Beaulieu, 2011; Aubert-Broche et al., 2013; Tamnes et al.,
2013).

At age 5 the combined results of chapter 4 and previous work by Randall et al. (2017), suggest a picture
of enlarged basal ganglia in HIV+ children, possibly due to inflammation and chronic stress, as well as
thicker cortex in bilateral frontal and left superior temporal/insular regions and lower gyrification in a
left superior frontal region and bilateral medial orbitofrontal regions extending into rostral anterior
cingulate cortex. Although we expected to find regionally lower gyrification due to HIV infection based
on previous studies on pediatric and adolescent samples that reported similar reductions at older ages
(Nwosu et al., 2018; Hoare et al., 2018; Lewis-de los Angeles, 2017), the regions were different from

those observed in previous studies.

Thicker cortex at age 5 years due to HIV infection and early ART appears to be more widespread than
the small left lateral occipital region seen at age 7 years in the CHER cohort, but involves similar frontal

regions to those observed by Yadav et al (2017) at age 10-11 years. This suggests a delay in the normal
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age-related cortical thinning that occurs during childhood. Widespread and regionally variable
nonlinear thinning occurs from ages 7 to 29 years (Tamnes et al. 2017). Age-related cortical thinning
has been linked to both synaptic pruning (Rakic et al., 1994; Huttenlocher and Dabholkar, 1997) and
white matter maturation (Aleman-Gomes et al, 2013; Paus, 2005). The latter proposes a mechanism
whereby the cortex thins out to cover the increasing surface area resulting from white matter thickness
increases in the adjacent gyri. Less is known about developmental changes in gyrification, which was
attributed to changes in mechanical tension along axons connecting highly interconnected regions (Van
Essen, 1997), as well as differential growth rates between inner and outer cortical layers (Richman,
1975).

At 5 years, ART interruption was associated with lower gyrification in left precuneus and right superior
frontal regions and a gyrification increase in right lateral occipital regions compared to HIV- controls.
Thicker cortex was also observed in left rostral middle frontal and right insula regions in children on
interrupted ART. Even though the immune health of children tends to return to pre-interruption state
when ARV treatment is recommenced (Lewis et al., 2017; Wamalwa et al., 2016; Bunupuradah et al.,
2013%), ART interruption appears to affect cortical development. The timing of immune health depletion
in pediatric HIV may therefore affect cortical morphology at a later age. Poorer immune health at study
enrolment was associated with increased gyrification but not with cortical thickness, suggesting that
early immune health depletion (before ART initiation) may affect primarily gyral formation and
development, while later depletion (due to ART interruption) affects both cortical folding and thickness.
CD4/CDS8 ratio showed negative relationships with gyrification in more extensive brain regions than
CD4 percentage or CD8 count, providing further evidence that CD4/CD8 ratio may be a more reliable
long-term predictor of development in HIV+ children (Mbugua et al., 2016; Sainz et al., 2013; Trickey
et al., 2017). The similarity of observed effects of ART interruption to effects of HIV infection relative
to controls may imply that in early-treated, perinatal HIV infection, cortical development is affected

most by ART interruption and the consequent increased viral load and/or drop in CD4 count.

In older children, varying observations have been made on cortical thickness alterations due to HIV,
finding either little (Nwosu et al., 2018) or no (Hoare et al., 2018) difference from controls, or
regionally-specific thicker and thinner cortex than controls (Yadav et al., 2017; Yu et al., 2019). Other
studies have observed lower cortical volumes in perinatally HIV-infected adolescents (Li et al., 2018,
Lewis-de los Angeles 2017). In addition to age at neuroimaging, another difference between the current
study and previous studies of brain structure in perinatal HIV infection is the age of ART initiation.
Whereas all the children in our cohort had started ART by 18 months of age, in other studies the mean
age of ART initiation was ~1-2 years (Blokhuis et al., 2017, Cohen et al., 2016), ~3.5 years (Hoare et
al., 2018; Lewis-de los Angeles 2017), ~4.5 years (Sarma et al., 2014), ~6.5 years (Paul et al., 2018,
Wade et al., 2019), 8 years (Li etal., 2014), or not specified (Yadav et al., 2017; Yu et al., 2019). Taken
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together with the differing ages of the children, this means that time on ART as well as age at initiation

was quite variable between studies, which may go some way towards explaining the divergent findings.

From our investigation of subcortical volumes (chapter 3), we observe that the globus pallidus is smaller
in HIV+ children at age 7, but not the nucleus accumbens, caudate nucleus or putamen, although smaller
right putamen and left hippocampus were observed in a slightly different subsample (Nwosu et al 2018).
However, in HIV+ children from a subset of this cohort at age 5, Randall et al (2018) reported
marginally larger volumes of left globus pallidus, as well as larger nucleus accumbens and putamen. In
our cohort, the absence of enlarged subcortical structures at age 7 occurs simultaneously with a reduced
area of thicker cortex (Nwosu et al, 2018) than that observed at age 5, suggesting that gray matter
hypertrophy is attenuated with increasing age or longer time on ART. Other studies have found larger
nucleus accumbens (Yadav et al., 2017, Paul et al., 2018), caudate (Paul et al., 2018) and a trend for
larger putamen (Blokhuis et al. 2017) in HIV+ children. Since this tends to be seen only in younger
children (Paul et al., 2018), this provides further support for the hypothesis that this is an effect of age
or more recent ART initiation. Alternatively, it may relate to the CD4 count maintained with ART
(Wade et al. 2019). Other studies, also in slightly older children have failed to find basal ganglia volume
differences (Hoare et al, Blokhuis et al) or found only subtle differences in shape (Lewis-de Los Angeles
et al., 2016, Wade et al. 2019), although one other study in adolescents who started ART at a mean age
of 8 years, found significantly lower gray matter volume in right pallidum, as well cerebellum, (Li et
al., 2014). Although outside of the scope of this thesis, longitudinal analysis of subcortical volume
changes, along with HIV and ART characteristics as carried out for cortical analysis in chapter 4, may

help to clarify the reasons for the disparate findings between studies.

Longitudinal analyses of HIV-related changes to brain structural development in childhood are
currently rare (Van den Hof et al., 2019), however, two studies have performed longitudinal analysis of
aspects of structural development affected by perinatal HIV. Wade et al. (2019) found no effects of HIV
on subcortical shape or volume within a 1-year follow-up (from mean age of 11 years). Shape
abnormalities among HIV+ children at first scan became less pronounced within the follow-up period,
but the trajectory of the left pallidum volume was positively associated with baseline CD4 count. Yu et
al (2019) also performed a 1-year follow-up investigation on cortical gray matter volume and thickness
(from a mean age of 13 years), finding cortical thinning in both HI\VV+ and HIV- groups over this period

but with different spatial patterns, which they attribute to delayed maturation.

In the early childhood period from 5 — 9 years, we similarly find the developmental trajectory in HIV-
controls shows decreasing cortical thickness with age, at a varying rate, over the whole brain.
Gyrification was stable in most of the cortical regions except an increase in the bilateral frontal and
temporal regions and a minor pattern of decrease in the right parietal region in contrast with *Cao et al.

(2017) that found decrease trajectory in gyrification that follows a logarithmic function of age from
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childhood into adulthood. These cortical developmental trajectories were similar in HIV+ children, even
in the subgroup on interrupted ART. Notably, none of the regions previously observed to be different
in HIV+ children compared to HIV- controls at ages 5 and 7 years differed in the longitudinal
investigation. Cortical thickness development was also similar between HIV- and children with HIV-
related encephalopathy (HIVE), although in bilateral rostral middle frontal regions, HIVE children
showed decreasing gyrification with age, while gyrification in HIV- children increased with age.

However, the small number of HIVE children in the longitudinal analysis precludes strong conclusions.

In relation to the cross-sectional study, the longitudinal study implies that early ART initiation in
perinatal HIV infection may protect these children from morphological changes in the longer term.
Although there were differences in structural brain morphology between HIV+ children who had ART
interrupted and controls early in childhood, at age 5 years, these differences appear to resolve during
childhood development between 5 and 9 years. This may be attributed to early ART initiation and
continued treatment. HIV-related encephalopathy may affect structural development of brain
morphology, although much less severely than without early ART initiation. Earlier studies showed that
HIVE was linked to neuromotor deficits (Mitchell, 2006; Assefa, 2012). As per theories of neural
connectivity (Van Essen, 1997), neuromotor deficits observed in children with HIVE may be related to
the different pattern of frontal cortical folding — the only region reported to differ in the long term in
our study. However, in our cohort no neuromotor deficits were observed in children with
encephalopathy. At age 9 years control children on average performed better than HIVE children in
sequential processing/short-term memory scale and learning ability/long-term storage and retrieval
scale of the Kaufman Assessment Battery for Children (KABC). In future work, assessment of cortical

development and neuropsychological performance of these children will continue at later age.

6.2 Conclusion
This study first sought to validate FreeSurfer as an equivalent tool for pediatric HIV morphometry

investigation by comparing the volumes of sub-cortical structures affected by HIV, namely basal
ganglia and corpus callosum, to manual segmentation which is held as the gold standard. Although
FreeSurfer overestimated most of the regions of interest, outputs are statistically consistent and group
comparison results are similar between methods. This shows that FreeSurfer may be used as an
alternative to manual segmentation in children with HIV, especially in an era of large MRI datasets

where manual segmentation is laborious.

We further showed that perinatal HIV infection, clinically designed ART interruption, and early events
due to HIV infection may lead to regional differences in cortical thickness and gyrification at age 5
years in comparison to HIV- controls, even with early ART initiation. Further longitudinal investigation
on the long-term effects of some of the key variables showed unaltered trajectories of cortical

development over the period from 5 to 9 years, suggesting that the observed cortical effects at age 5
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and age 7 years are transient observations that resolve with time, possibly due to early and continued
ART. The only variable that affected the trajectory of gyral development in any brain region was a
diagnosis of HIV-related encephalopathy, which resulted in a decrease in frontal cortical folding over
this period, in contrast to the increase in gyrification observed in HIV- controls.

Further longitudinal analysis of neuroimaging and neuropsychological assessment is important for this

cohort as they develop into adolescence.
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