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ABSTRACT

Although early administration of highly active antiretroviral therapy (HAART) in infants provides
the brain some protection against HIV damage, few studies have examined the long-term
effects of HIV infection and HAART on neurodevelopment, and none have measured their
impact on functional brain networks in young children. We use resting state functional magnetic
resonance imaging (RS-fMRI) to explore differences in functional connectivity (FC) in HIV
infected children stable on HAART and in HIV uninfected children. The 9 resting state networks
(RSNs) identified using independent component analysis (ICA) included the visual lingual gyrus,
visual occipital gyrus, salience, dorsal attention, auditory, motor, executive control, posterior
default mode network (pDMN) and default mode network (DMN). No significant group level
differences were found in any RSNs using ICA. However, seed-based correlation analysis
(SCA) revealed two regions where uninfected children had a higher FC compared to infected
children (p < 0.05 corrected for multiple comparison); specifically, between a seed in the left
cingulate gyrus of the DMN and the left middle frontal gyrus, and between a seed in the right

middle frontal gyrus of the executive control network and the right supramarginal gyrus.

Consistent with our findings, previous RS-fMRI studies in HIV infected adults have reported
reduced connectivity compared to uninfected adults in numerous DMN regions and executive
control network. However, in contrast to the adult literature, in which a number of areas within
the networks have been implicated, we only observed a focal effect in each of the two RSNs.
Given that some of the RSNs are still undergoing major developments at age 7 years (i.e. time
of scan for the children), the reduced FC may represent delayed network maturation within the
infected cohort, with potential effects on cognitive functioning, information processing and
memory recall abilities. Furthermore, positive associations were found between the clinical
CD4/CD8 at time of enrollment and two regions within the dorsal attention and auditory
networks. These results were independent of treatment arm and suggest that reduced FC in
these networks at age 7 years are a result of poor immune function in early infancy (6-8 weeks

of age), supporting the notion of initiating ART immediately in HIV infected infants.
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1. INTRODUCTION

Human immunodeficiency virus (HIV) and the associated acquired immune deficiency syndrome
(AIDS) has been predominantly transformed from a fatal to a chronic disease by the
development and availability of highly active antiretroviral therapy (HAART). HAART has been
responsible for significantly improving the mortality and morbidity rates of HIV infected patients
around the globe (Eisenhut, 2012; Lindsey et al., 2007; Koekkoek et al., 2006; Saitoh et al.,
2006). However, unlike the virus itself, the therapy is not able to effectively penetrate the blood-
brain barrier of the central nervous system (CNS). Therefore, the virus is able to use the brain
as a sanctuary site for a persistent reservoir, resulting in long-term damage and delayed
neurodevelopment (Laughton et al., 2013; Smith et al., 2012; Patel, 2009; Letendre et al., 2008;
Van Rie et al., 2006; Shanbhag et al., 2005).

Over 3 million children worldwide are currently living with HIV, and the majority of these children
reside in sub-Saharan Africa (SSA) (WHO, 2013a). The neurological effects of HIV tend to be
most severe in the developing brains of infants and children because of the immaturity of their
nervous and immune systems (Van Rie et al., 2009; Chakraborty, 2008; Van Rie et al., 2006;
Wachsler-Felder & Golden, 2002).

Starting in 2005, the Comprehensive International Program for Research on AIDS in South
Africa (CIPRA-SA) initiated the ‘Children with HIV early antiretroviral therapy’ (CHER) trial,
which investigated HAART strategies in infants and children from resource limited settings over
a 5-year period (Cotton et al., 2013; Violari et al., 2008). The results showed that infant mortality
was reduced by 76% and HIV progression by 75% in infants receiving HAART from an early
age (mean age of 7 weeks). As a result, the South African Antiretroviral Treatment Guidelines

(2013) now also recommend ART initiation to all children below the age of 5 years.

For pediatric HIV patients, the manifestations of HIV are particularly dependent on the age of
the child, as their brains are developing at a rapid rate during early childhood (Van Rie et al.,
2006; Wachsler-Felder & Golden, 2002). Previous pediatric HIV clinical studies have generally
had a large age difference within their examined cohorts (5-10 years), which makes it difficult to
compare neurodevelopmental and neurocognitive assessment across participants (Palchetti et
al., 2012; Thomaidis et al., 2010; Koekkoek et al., 2008; Saitoh et al., 2006; Miziara et al., 2006;
Koekkoek et al., 2006; Chirboga et al., 2005; Shanbhag et al., 2005; Tangsinmankong et al.,
2004; Fishkin et al., 2000; Raskino et al., 1999; Kline et al., 1998; Tardieu et al., 1995; Diamond



et al., 1987). Furthermore, the majority of pediatric HIV studies conducted to date have been set
in developed countries, where contextual factors differ greatly in comparison to those of

developing countries, in which the majority of infections occur.

Very little is known about the neurological effects of HIV within children who are stable on
HAART (Hoare et al., 2014; Laughton et al., 2013; Diniz et al., 2011) as many pediatric HIV
studies have used HAART-naive children and the studies that have included children on
HAART have a very heterogeneous nature regarding the HAART initiation times, length of

HAART usage, and the regimens being used (see, e.g. Sherr et al., 2009).

In the present study we aim to contribute to the understanding of early brain development in HIV
infected children who are stable on HAART using non-invasive magnetic resonance imaging
(MRI) of a well-characterized pediatric cohort. MRI has proved to be valuable in studying
several disorders, as it provides evidence of associated brain deficits which can be related to
clinical and behavioral outcomes. Furthermore, functional MRI (fMRI) can be used as a
biomarker for neurocognitive changes and associated behavioral outcomes. In this study, we
are using resting state fMRI (RS-fMRI) specifically, whereby several functional brain networks
can be simultaneously studied from one short acquisition (approximately 6 minutes). In addition,
RS-fMRI does not require task-based (TB) or performance-based metrics, making it ideal for
pediatric studies as this eliminates concerns of potentially confounding factors, such
as attention, task performance, and language comprehension that may be more problematic in

a pediatric cohort.

For this study, RS-fMRI data acquired in 7 year old children are used to examine differences in
functional brain connectivity between HIV infected children, who are stable on HAART (i.e. viral
load (VL) suppressed), and HIV uninfected children from the same community and ethnic group.
In addition to localizing regions of differing functional connectivity (FC), we also relate RS-fMRI
values with the clinical measure, CD4/CD8 (the ratio of CD4 and CD8 counts), taken at the time
of enrollment. This study will improve our understanding of the potential effects of HIV infection,

as well as how FC differences relate to clinical measures.

A major strength of this study is the fact that the cohort of children is well-characterized, since
their mothers were recruited by the CHER study during pregnancy, and the children have been
closely monitored since birth. Specifically, the children have detailed clinical records from birth,
they have received standard HAART regimens, and the participants were recruited from similar

socio-demographic and economic backgrounds. The HIV uninfected controls were also
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recruited from the same community for an interlinking vaccine trial. For all participants, the
neuroimaging data were acquired within 6 months of their 7th birthday, to ensure a narrow age

range.

To date, no studies have used RS-fMRI to study the intrinsic functional brain connectivity of HIV
infected children. The most common findings from other pediatric HIV neuroimaging studies
include: ventricular enlargement, cortical and subcortical atrophy, calcification of the basal
ganglia and corpus callosum, as well as lesions and volume reductions in the frontal white
matter (WM) (Hoare et al., 2014; Sarma et al., 2013; Hoare et al., 2012; Prado et al., 2011;
Tahan et al., 2006; Martin et al., 2006; Nozyce et al., 2006; Bruck et al., 2001; Wolters et al.,
1995; Pavlakis et al., 1995). However, these studies differ from this study as the age range of
participants were usually quite wide, treatments were often not controlled for, and the viral loads
were not always suppressed in the infected participants. Findings from pediatric HIV clinical
studies primarily include cognitive delay and motor deficits, along with impaired language
function, failure to reach developmental milestones, and behavioral problems in HIV infected
children (Laughton et al., 2013; Eisenhut, 2012; Koekkoek et al., 2008; Lindsey et al., 2007; Van
Rie et al., 2006; Nozyce et al., 2006; Smith et al., 2006; Wachsler-Felder & Golden, 2002; Bruck
et al., 2001; Chase et al., 2000; Fishkin et al., 2000; Raskino et al., 1999; Tardieu et al., 1995;
Diamond et al., 1987). Moreover, a decrease in cerebral volume has been associated with CD4
lymphocyte depletion, which represents the progression of HIV (Melrose et al., 2008; Thompson
et al., 2005; Stout et al., 1998). In addition, a previous magnetic resonance spectroscopy (MRS)
study, using the same children from this study, found that lower CD4 count and CD4/CD8 at
enrollment were associated with both lower NAA and choline at age 5 (Mbugua et al., 2014).
Based on these findings, we hypothesize that:

1. There will be decreased FC in HIV infected children compared to uninfected controls in
the executive control and motor networks (these networks are explained in more detail in
Section 2.2).

2. Decreases in FC at age 7 years will be associated with poorer immune health at

enrolment, as indicated by a reduced clinical measure, CD4/CD8.



2. BACKGROUND THEORY

2.1 HIV EPIDEMIC

The HIV/AIDS epidemic accounted for approximately 1.5 million deaths and 2.1 million new
infections recorded worldwide in 2013 (UNAIDS, 2013). The most heavily impacted region has
been SSA, which contains 10% of the world’s population but which also has 69% of all HIV
infected adults, 92% of the world's pregnant women living with HIV and more than 90% of the
total number of HIV infected children (UNAIDS, 2012). Over the last decade in SSA, there has
been a decline in AIDS-related deaths by approximately 32% and in new infections by 25%. The
number of newly infected children in the region has also declined by 24% between 2009 and
2011, showing the potential for eliminating new infections in children (UNAIDS, 2012). These
significant reductions are largely attributed to the success of "prevention of mother-to-child
transmission" (PMTCT) programs (WHO, 2013b; Kowala-Piaskowska et al., 2010).

South Africa (SA) has the highest concentration of people living with HIV worldwide, with over
10% of the population being HIV positive (Statistics South Africa, 2013). The percentage of
AIDS-related deaths in SA has declined by about 7% over the last decade, and there has been
a decrease in prevalence of HIV within youth (age 15 — 24) by 5.1% (Statistics South Africa,
2013). However, while the incidence of newly infected adults in SA has also decreased over the
last decade, the prevalence of people living with HIV has increased in the adult population (age
15-49 years) by 0.8% (Statistics South Africa, 2013) — in part this could be due to

improvements of diagnosis and treatment, enabling HIV infected persons to live longer.

The clinical features of HIV differ greatly depending on the age of the patient, the stage of
progression of the virus, the transmission type and the treatment being undertaken. In general,
the primary effects of HIV are due to infected astrocytes, macrophages, cluster difference 8
(CD8) and CD4 lymphocyte cells. CD4 cells play a major role in immune function by sending
signals that activate the body’s immune response when a virus is detected, while CD8 cells fight
the virus itself. HIV invades the CD4 cells and uses them as a mechanism to multiply and
spread throughout the body, resulting in immunodeficiency - allowing the virus to enter the CNS,
to release neurotoxic factors and to cause neurological damage (Buttner et al., 2005; Wachsler-
Felder & Golden, 2002; Bruck et al., 2001; Chase et al., 2000; Westmoreland et al., 1998).

Consequently, a decrease in immune function and CD4 lymphocyte cells along with an increase

in cerebrospinal fluid (CSF) viral load and plasma viral load (PVL) are all associated with HIV
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disease progression and neurological dysfunction which varies between patients (Wachsler-
Felder & Golden, 2002; Broacewers et al., 1996). Children and infants tend to be more severely
impacted than adults due to the immaturity of their immune and nervous systems, which
furthermore makes astrocytes more susceptible to infection (Chakraborty, 2008; Nozyce et al.,
2006; Wachsler-Felder & Golden, et al., 2002).

The absolute CD4 cell numbers per blood volume (CD4 count) is most often used for diagnosis
and for guiding decisions regarding treatment in HIV infected patients (Branson et al., 2014;
Eisenhut, 2012; Bofill et al., 1992). When used in combination with the percentage of CD4 cells
(CD4%) and the CD4/CDS8, it provides an accurate means to track disease progression and/or
the effectiveness of the treatment (Taylor et al., 1989; Bofill et al., 1992; Fahey et al., 1990).

There are a number of different ways that HIV can be transmitted from one infected person to
another, including: direct blood contact (i.e. injections and blood transfusions), semen and
vaginal secretions, and breast milk (Chakraborty, 2008). Sexual intercourse is the primary
means for transmission in adults in SSA, while the high incidence of HIV infected children
(under the age of 15) occurs almost entirely from mother to child transmission (MTCT), also
called vertical infection (Eisenhut, 2012; Chakraborty, 2008; Wachsler-Felder & Golden, 2002).

There are 3 major stages at which MTCT typically occurs: in utero, during delivery and with
breast feeding (Linguissi et al., 2012; Wachsler-Felder & Golden, 2002). In utero, the fetus is
generally protected from maternal infections by a healthy placenta (Lyall, 2002); however, the
HIV virus is able to cross the placenta under certain circumstances (e.g. drug use or
inflammation) (Purohit et al., 2011). In 2013, the mortality rate of infants in SA was estimated to
be 41.7 per 1000 live births, primarily as a result of HIV MTCT (Statistics South Africa, 2013).
PMTCT practices include a caesarian section for delivery (as opposed to natural birth),
alternatives to breast feeding, and HAART (Chouquet et al., 1999; Miotti et al., 1999). In
resource-limited settings, providing HAART to HIV infected pregnant women has become a
viable strategy whereby mothers can still give natural birth and breastfeed their children, while
also reducing the risk of MTCT to less than 2% (Purohit et al., 2011). According to the UNAIDS
regional fact sheet (UNAIDS, 2012), the coverage of services to prevent MTCT of HIV has
reached 59% of the whole of SSA. SA, in particular, has a PMTCT coverage of more than 75%
(UNAIDS, 2012).

The success of HAART has made it the standard of care for HIV infected patients (Badri et al.,

2006). HAART attacks the virus at different stages of its replication cycle and has proven to
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suppress viral replication while restoring immune function (CD4 count) (Diniz et al., 2011;
Thomaidis et al., 2010; Saitoh et al., 2006), and its wide usage has drastically improved the
morbidity and mortality rates of HIV patients (Purohit et al., 2011; Lindsey et al., 2007).

In the absence of antiretroviral-therapy (ART), children display symptoms of
neurodevelopmental delays within their first year of life (particularly delays in motor and
cognitive development), and disease progression significantly increases between ages 2-5
years (Smith et al., 2006; Bruck et al., 2001; Chase et al., 2000; Coplan et al., 1998; Gay et al.,
1995). Children who are vertically infected with HIV display faster progression rates and earlier
development of symptoms than those infected by blood products or transfusion (Chakraborty,
2008; Wachsler-Felder & Golden, 2002). The thymus is largely responsible for producing T-cells
(e.g. CD4 cells) and is affected by HIV infection (Ye et al., 2004). It is most active before
puberty, allowing a larger pool of cells to be infected in pediatric HIV patients (Chakraborty,
2008); this has been hypothesized as an explanation as to why accelerated
neurodevelopmental delays are often observed in infants and young children with HIV
(Chakraborty, 2008). However, with the implementation of HAART, the active thymus works in
the child’s favor with an increased ability to produce uninfected CD4 cells, which in turn causes

a faster reconstitution of the immune system than in adults (Saitoh et al., 2006).

In the first cases of HAART administration, infants and children were only given HAART when
HIV symptomatic infections were displayed. However, it has since been shown by a number of
studies that the early initiation of HAART for infants and children is highly beneficial as it
significantly reduces HIV progression and improves CD4 lymphocyte counts (Cotton et al.,
2013; Diniz et al., 2011; Violari et al., 2008; Kids ART Link Collaboration, 2008; Badri et al.,
2006). Subsequently, the treatment guidelines in SA have been adjusted for infants to start
receiving HAART between 4-6 weeks of age, and all HIV positive children under the age of 5
are eligible for treatment, regardless of their CD4 count or disease stage (SA ART Guidelines,
2013). Additionally, and in part due to the successful application of HAART for the PMTCT,
there are currently a large number of children born HIV negative who have been exposed to
both HIV and HAART in utero.

Even though HAART has been shown to be very effective in suppressing HIV and related
infections, the rollouts of HAART only began in 1995, and so the long-term effects of the
treatment are not well known. There are still aspects of its use that need further investigation,

especially concerning long-term usage (Diniz et al., 2011), such as the potential toxicity of



prenatal exposure to the developing brain, the potential long-term toxicity of antiretroviral
therapy, adherence issues, and the risk of resistance to antiretroviral therapy (Wachsler-Felder
& Golden, 2002). Many external factors influence the overall life trajectories of HIV infected
patients, including prenatal drug exposure, poverty, prematurity, nutrition, socioeconomic status,
and the home environment (Lindsey et al., 2007; Nozyce et al., 2006; Smith et al., 2006; Coscia
et al., 2001; Broacewers et al., 1996), making it difficult to definitively evaluate all of the primary
and side effects of HAART from clinical studies. Longitudinal neuroimaging studies of young
pediatric HIV participants born from HIV infected mothers may provide a useful means to track

the important long-term developmental consequences of using HAART.

2.2 MRI TECHNIQUES

MRI is a non-invasive technique that can be used to study all regions of the body. In
neuroimaging applications (our focus here), the method is capable of differentiating between,
and investigating the properties of, brain tissues, such as grey matter (GM), white matter (WM)
and CSF. MRI is useful for studying a large number of neurological pathologies because various
sequence designs are capable of providing information about the structure, function and
metabolism of localized regions of the brain. The main modalities performed with MRI are
diffusion tensor imaging (DTI), MRS, structural MRI, and fMRI.

The key physical components of an MRI machine are the radiofrequency (RF) coils, gradient
coils and a large magnet. For human and medical MRI applications, a magnetic field strength of
1.5T or 3T is usually used and applied in the direction of the z-plane (as determined by the
scanner coordinates), which typically corresponds to inferior-superior orientation of the subject
being scanned. The z-axis is known as the longitudinal direction, while the orthogonal xy-plane
is known as the transverse plane. MRI works by measuring the electromagnetic energy
absorbed and exuded by atoms in the body. It requires atoms that contain an odd number of
protons and neutrons in the nucleus, as these have a net angular momentum and are therefore
capable of behaving like small magnets. A large portion of the body (approximately 65%) and
brain (approximately 85%) are made up of water molecules (Soberman et al., 1948), whereby
each molecule contains two hydrogen atoms; additionally, organic molecules also contain a
large amount of hydrogen atoms. As such, the hydrogen nucleus, having one proton, is

frequently used in MRI and is also used in this study.

When placed in a large static magnetic field (B,), the magnetic dipole moment of a hydrogen

nucleus precesses (i.e., the orientation of the dipole rotates, sweeping out a cone, without
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translation) at a natural frequency (w) that is proportional to the magnetic field strength and is
known as the Larmor precession frequency. The Larmor precession frequency is given by

Equation 1.
w=7vBo (1)

The constant of proportionality y is the gyromagnetic ratio (for hydrogen, 42.6 MHz/T). The bulk
alignment and rotation of hydrogen nuclei creates a net magnetization (M) vector. When left
undisturbed, the magnetization vector will be in line with, and of proportional magnitude to B,,

and is denoted as M.

To generate a signal, an RF pulse is momentarily applied at the appropriate resonance
frequency (i.e. at the Larmor frequency), creating an oscillating magnetic field (B4) at right
angles to the static magnetic field (B,). This causes the net magnetization vector (M) to start
precessing around B4, causing M to flip away from the longitudinal plane into the transverse
plane in a spiraling motion. The flip angle (a) denotes the degree to which the magnetization is
flipped away from By and is determined by the duration for which the RF pulse is applied and
the amplitude of B4. A 90 degree flip angle rotates the magnetization fully into the transverse
plane. A pulse sequence is the software that controls the timing of the RF pulses and gradients,

which serve to spatially encode the signal.

Once the RF pulse has been terminated, the magnetization vector realigns with the axis of the
main magnetic field (By,) via two independent relaxation processes, which are each
characterized by a time constant that describes how the signal changes with time. Longitudinal
relaxation is the process whereby M; grows back to its original strength M, by releasing the
previously absorbed energy to the lattice. The time constant (T1) is defined as the time it takes

for Mz to regrow to around 63% of its maximum value after a 90 degree flip (Equation 2).
Mz(t) = Mo(1-6""") (2)

Concurrently occurring is the process of transverse relaxation whereby M,, decays to zero due
to spin-spin interactions that cause individual spins to lose their phase coherence. The time
constant (T2) is defined as the time it takes for M,, to decay by roughly 63% after a 90 degree
flip (Equation 3).

M,y(t) = Mee™™ 3)



The T1 and T2 values depend on the magnetic field strength and the type of tissue being
imaged. In general, T1 recovers approximately 5-10 times slower than the decay of T2. The
magnetic resonance (MR) image is formed by reading the amplitude and phase of the current
induced in a receiving coil by the precessing transverse magnetization vector until it has fully
decayed. The application of gradients is used to determine the spatial location of the signal

being received via a three step process.

Slice selection is the first step, a technique used to isolate a single tissue slice to be excited by
the transmitted RF pulse. Superimposing the gradient field (Gs) on the main magnetic field (By)
in a certain axis results in a net magnetic field with a value of B, - G; at one extreme, By in the
center, and By + Gs at the other extreme; and the Larmor frequency of the protons will also differ
along the axis. Therefore, to excite a certain slice along the axis, an RF pulse is applied at a
frequency equal to the Larmor frequency of the protons at that slice location. Altering the

strength of the gradient will change the thickness of the excited slice.

The next two steps, frequency and phase encoding, are based on a similar approach to slice
selection and use gradients to further localize regions within the excited slice. Frequency
encoding is used to localize the column within the excited slice, by applying a gradient field in a
direction perpendicular to the slice selection gradient, causing the Larmor frequency of the
protons to differ across the excited slice; for phase encoding, a gradient is applied perpendicular
to both the slice selection and frequency encoding gradients. The frequency encoding gradient
is applied at the same time that the signal is being measured and the phase encoding gradient
is applied after slice selection but before frequency encoding, causing spins in different
locations to acquire a unique phase shift. Hence, the RF coils and magnet stimulate a signal
from the protons throughout the brain which is read using a receiving coil and placed in a spatial
frequency domain called k-space using gradient coils; translating the data from k-space into the

spatial domain results in an image (Prince, 2006).

For this study, we used structural MRI and fMRI data. T1-weighted contrast, with a short
repetition time (TR) and echo time (TE), was used to produce the high quality, 3 dimensional
(3D) structural MRI image; these images provide excellent contrast between tissue types (GM,
WM and CSF), allowing for the quantification of structural properties such as the shape, size,
and integrity of GM and WM structures in the brain. Here, T2-weighted contrasts with long

TR=2s and TE are used to produce the fMRI images (3D volumes collected over time) from



which brain activity is studied using the blood oxygenated level dependent (BOLD) signal as a

proxy for neural activity.

The BOLD effect in fMRI is based on the concept that increased neural activity requires an
increase of blood flow to the area of activation, resulting in a relative increase in oxygenated
hemoglobin. Oxyhemoglobin (Hb) is diamagnetic because the iron molecule is surrounded by
oxygen atoms that shield it, while deoxyhemoglobin (dHb) is paramagnetic and causes signal
loss. The changes in local magnetic properties associated with the changes in Hb/dHb ratio
serve as an indirect marker of underlying neural activity. An increase in BOLD signal is
associated with a relative increase in Hb, and a decrease in signal is associated with relative
increase in dHb; these changes in local magnetic susceptibility produce the BOLD signal

contrasts (Jezzard et al., 2001).

There are a number of confounding (i.e., non-neuronal) factors within the BOLD signal that have
been shown to affect connectivity measures (Rogers et al., 2007). Prominent ones include:
physiological "noise" due to fluctuations in cerebral metabolism and blood flow, as well as
cardiac and respiratory pulsations; gross head motions; and scanner drift (Birn et al., 2006;
Smith et al., 1999; McKeown et al., 1998). It is therefore important to pre-process the fMRI data

before conducting an analysis, to ensure that these confounding signals are minimized.

Analysis of fMRI data produces activation maps from the BOLD signal that portray the average
level of engagement of different brain regions in a task (Rogers et al., 2007) and are used to
study the functional architecture of the brain. FC is defined as the temporal correlation between
the BOLD signal fluctuations in multiple spatially-independent brain regions. The organization
and integrated performance of these different brain regions form a functional neural network
(Rogers et al., 2007).

Functional networks are commonly studied in fMRI using either task-based (TB) or resting state
(RS) experimental designs. For TB studies, the participant is required to perform a specific task
during the fMRI scan, typically following some kind of ON/OFF paradigm; and the subsequent
analysis investigates the correlation of BOLD signals in each voxel with the designated
paradigm and each other, in an attempt to detect and delineate regions of the brain involved
with the performance of the task at hand (Rogers et al., 2007). In contrast, RS studies require
the participant to be "at rest" (i.e. the participant is awake and alert, but not actively engaging in
an attention-demanding or goal-oriented task) and aims to extract simultaneous information

about a number of large-scale neural networks that are functionally connected in the absence of
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an external stimulus. For RS analysis, the low frequency fluctuation (LFF) content of the BOLD
signal is of particular interest, typically in the range of 0.01-0.1Hz (Lee et al., 2012; Biswal et al.,

1995) and the networks extracted are referred to as resting state networks (RSNs).

Nearly all of the large scale brain networks extracted with RS analysis have also been identified
in TB functional studies, reflecting similar regionality and patterns, therefore verifying their
interpretation as functional networks. The correlation values found with RS analysis tend to be
slightly smaller than ones found with task based analysis (likely due to the decreased signal-to-
noise ratio (SNR) of the former studies), but FC patterns in the networks remain very similar. A
major advantage of using RS over TB analysis is that it does not require TB performance
metrics, making it ideal for pediatric studies, as this eliminates the significant concern of
attention and task performance in a pediatric cohort. In addition, no explicitly task-induced
motion will be introduced, and several functional networks can be simultaneously extracted from

one scanning session (Superkar et al., 2009).

Between 15 and 20 RSNs have been previously documented by researchers using resting state
functional connectivity (RSFC); importantly, these networks have been reproduced consistently
and reliably across subjects in a host of studies (Biswal et al., 2010; Smith et al., 2009; De Luca
et al.,, 2006; Beckmann et al., 2005). In particular, the Functional Connectome Project (FCP)
used over 1000 subjects to create templates for each of these networks and has often been
used as a standard reference for comparison (Biswal et al., 2010). Furthermore, relevant for this
thesis, a number of studies have robustly reproduced these RSNs in children (de Bie et al.,
2012; Thomason et al., 2011; Superkar et al., 2010; Fair et al., 2008; Fair et al., 2007).

The RSNs can be grouped in different ways; broadly, they can be considered to be divided into
two categories, namely: (1) higher order cognitive functions, which include the default mode
network (DMN), attention, salience and executive control networks; and (1) lower-order
sensorimotor functions, which include the visual, auditory and motor networks (Belcher et al.,
2013; Mowinckel et al., 2012; de Bie et al., 2012; Heine et al., 2012). Researchers also divide
these networks in terms of two major brain systems, namely a task-positive and a task-negative
one, with the DMN being the only task-negative network (Kim et al., 2011; Kelly et al., 2008; Fox
et al., 2006; Fox et al., 2005). Task-positive networks support externally-oriented processing
and have consistently shown increased activation during different cognitive or attention
demanding tasks; this has been observed to be coupled with a deactivation from the task-

negative network, which is responsible for internally-oriented processing. Therefore, these two
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groups of networks are anti-correlated and hypothesized to work in modular fashion to maintain
a balance between responding to the external stimulus and internal processing (Kim et al.,
2011; Biswal et al., 2010).

Even though there are no exact boundaries for a given RSN (and some networks can be
observed to be split and divided in different ways in various studies), there are typically
observed sets of regions associated with a given network. Figure 1 a,b illustrates this where the
DMN is split into its orbitofrontal and posterior components, respectively, and both components
together form the complete DMN. Regions of the brain that compromise the DMN have
consistently been found to be most active during the RS (Long et al., 2008; Fransson, 2005;
Greicius et al., 2003; Raichle et al., 2001) and include the precuneus, anterior cingulate gyrus,
posterior cingulate cortex (PCC), medial prefrontal cortex, orbitofrontal gyrus, parahippocampal
gyrus, inferolateral temporal cortex, and lateral parietal cortex (Andrews-Hanna et al., 2010;
Greicius et al., 2003; Raichle et al., 2001).

Research has shown that the DMN acts as a central hub of transient functional interactions
between multiple RSNs, i.e., it has been implicated in aiding intranetwork communication
(Pasquale et al., 2012). As a whole, it has been suggested that the network is responsible for
functions such as introspective thought (Andrews-Hanna et al., 2010; Fransson, 2006), self-
reflection (Johnson et al., 2002), retrieval and manipulation of episodic memories and semantic
knowledge, integrating cognitive and emotional processing (Greicius et al., 2003) and
monitoring and responding to the external and internal environment (Raichle et al., 2001). It has
also been found to be active during passive sensory processing states (e.g. auditory or visual

processing), which require a low cognitive demand (Greicius et al., 2004).

In contrast to the DMN, the executive control network (see Figure 1c) is most active when the
participant in involved in a goal-oriented or attention-demanding task. It is responsible for
various cognitive functions, including the initiation, maintenance and regulation of attention
(Dosenbach et al., 2008), along with concentration, processing speed, response inhibition,
working memory, response planning and cognitive flexibility with task switching (Blakemore &
Choudhury, 2006). The brain regions of the executive control network include the dorsolateral

frontal and parietal neocortices (Seeley et al., 2007).
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Figure 1: Standard brain views and surface plots of RSNs: (a) orbitofrontal DMN (b)
posterior DMN, (c) executive control (figure adapted from Biswal et al., 2010).

The salience network (see Figure 2d) comprises of the dorsal anterior cingulate and orbital
frontoinsula cortices. Its main function is to integrate external sensory information in order to
regulate and manage neural responses (Seeley et al., 2007) and therefore is often linked to
behavior performance. Recent studies have shown that the salience network is often activated
in attention-demanding cognitive tasks and is largely accountable for error handling, by
detecting the error and sending out a signal for behavioral adaption (Ham et al., 2013; Holroyd
et al., 2004).

Dorsal attention and ventral attention (see Figure 2 e,f) are overlapping networks included in the
broader category of the attention network (Ossandon et al., 2012; Vogel et al., 2012; Weissman
et al.,, 2012; Ptak, 2012; Gao & Lin, 2012; Fox et al., 2006). The dorsal attention network is
mainly responsible for the top-down orientation of attention; it includes the bilateral intraparietal
sulcus and the junction of the superior and precentral frontal sulcus (Fox et al., 2006). The
ventral attention network is responsible for reorienting attention in response to a salient sensory
stimulus and is lateralized; it includes the right temporal-parietal junction and the right ventral
frontal cortex (Fox et al., 2006).
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Figure 2: Standard brain views and surface plots of RSNs: (d) salience, (e) dorsal
attention, (f) ventral attention (figure adapted from Biswal et al., 2010).

The visual, auditory and motor networks are responsible for sensorimotor functions (see Figure
3). The visual network includes the occipital cortex, temporal-occipital regions and the lingual
gyrus. The auditory network includes a region of the superior temporal cortex, and the motor
network includes the dorsal precentral gyrus and supplementary motor area (Husain & Schmidt,
2014; De Luca et al., 2006; Beckmann et al.,, 2005; Yeo et al.,, 2011). These networks are
responsible for visual and auditory processing; language functioning; and motor control and

coordination.

14



Figure 3: Standard brain views and surface plots of RSNs: (g) visual (lingual gyrus), (h)
visual (occipital lobe), (i) motor, (j) auditory (figure adapted from Biswal et al., 2010).

A variety of analysis techniques can be used to quantify correlations between nodes in a
network (Rogers et al., 2007); as such, numerous multivariate statistical approaches have been
adapted and applied to analyze such datasets. The two methods typically used to extract
information on the FC of RS-fMRI data are independent component analysis (ICA) and seed-
based correlation analysis (SCA) (Lee et al., 2012; Cole et al., 2010; Long et al., 2008; Xiong et
al., 1999; Biswal et al., 1995).

ICA is a standard algebraic technique that is used to separate an assortment of linear sources,
based on their non-Gaussian distribution, into spatially independent patterns of activity (Calhoun
et al., 2001; McKeown et al., 1998). It allows neuronal activity to be separated from other signal
sources by decomposing the (flattened) 2D (time*voxel) data matrix into a set of time courses
along with their associated spatial maps (Beckmann et al., 2005). The main assumption of ICA
is that the underlying components are spatially independent and not merely uncorrelated
(McKeown et al., 1998). It is a data-driven method that is sensitive to the model order selection
(e.g. the number of independent components to decompose the data into) (Abou-Elseoud et al.,
2010). However, it requires no prior hypothesis of spatial associations (besides independence)
and can reveal inter-subject differences in the temporal dynamics, making it ideal for analyzing
differences between groups of participants (Beckmann et al., 2005; Calhoun et al., 2001;
McKeown et al., 1998).
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On the other hand, SCA calculates the temporal cross correlation coefficients of the time series
between a seed region and every other voxel in the brain. It is characterized as a model-driven
analysis, as it requires a prior hypothesis by means of selecting a seed from which to extract the
time series information (Cole et al., 2010). An advantage of SCA is the simplicity of
interpretation, as the results indicate regions most strongly functionally connected to the seed

(and assumes no inherent inter-network properties such as spatial independence).

We are of the view that each of ICA and SCA analyses has a role to play in interpreting fMRI
data. In this study, we used each in the following manner: implementing ICA for conducting
exploratory analyses, while performing SCA to directly investigate a hypothesis, such as the

extent to which one region of interest is functionally connected to all other regions of the brain.
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3. METHODOLOGY

3.1 STUDY COHORT

The participants for this study were a subset of HIV infected isiXhosa children from CHER trial
who have been followed since birth at the Children's Infectious Diseases Clinical Research Unit
(KID-CRU), Tygerberg Children's Hospital, in Cape Town, as well as uninfected children from
the same isiXhosa community who were recruited as part of an interlinking vaccine trial (Madhi
et al., 2010). The uninfected children consisted of unexposed children (born from uninfected
mothers) and exposed children (born from HIV infected mothers and who were therefore also
exposed to HAART in utero).

The CHER trial investigated different ART strategies in infants and children from resource
limited settings over a 5-year period (Cotton et al., 2013; Violari et al., 2008), while a separate
sub-study performed at the KID-CRU investigated neurodevelopment in the CHER children
residing in Cape Town and uninfected children from the above-mentioned interlinking vaccine
trial. As part of the present study, these children are being followed for a further 4 years with
neuroimaging and neurocognitive testing at 5, 7 and 9 years (with scanning currently underway
at 9 years). In this thesis, results are reported from functional neuroimaging data acquired at

age 7 years.

For the CHER trial, HIV infected pregnant women were recruited from the public PMTCT
programme. The drugs administered included: Zidovudine (ZDV, AZT, Retrovir) for 34 weeks to
pregnant mothers and for 7 days to newborns; as well as a single dose of Nevirapine (NVP,
Viramune) to the mothers during labor and to all infants shortly after birth (Cotton et al., 2013).
To confirm HIV infection, a positive polymerase-chain-reaction (PCR) test was administered to
both infected and uninfected exposed children. PCR measures the HIV-1 DNA and PVL in a
subject and a test value of HIV-1 RNA > 1000 copies per milliliter was necessary for the child to
be confirmed HIV positive. Available clinical measures for the HIV infected children include CD4
count, CD4 percent (CD4%), CD4/CD8, and PVL at time of enroliment; along with CD4 count
and CD4% at the time of neuroimaging.

The HIV infected CHER children were enrolled between 6—12 weeks of age and were randomly
distributed into the following three treatment arms: a) ART-Def (ART deferred until CD4% <

25% in first year or CD4% < 20% thereafter, or if clinical disease progression criteria
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presented), b) ART-40W (ART initiated immediately and interrupted after 40 weeks), and c)
ART-96W (ART initiated immediately and interrupted after 96 weeks). For the ART-Def group,
once ART was started, it was given continuously. For the ART-40W and ART-96W, a clinical
criterion was used to determine when to restart ART (i.e. at the time of interruption or at a later
date), once restarted, the child remained on ART. All of the children included in the study had a
CD4% = 25% at enrollment and they completed comprehensive clinical and immunological
follow-up until the age of 5 years as part of the original CHER trial. Thereafter, the follow-ups
continued as part of the current study. At the time of scan, all HIV infected children were
receiving HAART. The ART regimens for all treatment arms consisted of ZDV + Lamivudine
(3TC, Epivir) + Lopinavir+Ritonavir (LPV/r, Kaletra).

3.2 MRI ACQUSITION

100 isiXhosa children (mean agexsd = 7.2 £ 0.14 years; 50 males) received high-resolution
structural and RS functional neuroimaging on the 3T Allegra (Siemens, Erlangen, Germany)
MRI located at the Cape Universities Brain Imaging Centre (CUBIC) adjacent to Tygerberg
Hospital. All protocols were approved by the Faculty of Health Sciences Human Research
Ethics Committees of both the Universities of Cape Town and Stellenbosch. All parents
provided written informed consent and all children provided oral assent, which included
screening for suitability using a simulation scanner. Children were not sedated or anesthetized
and were able to request that the scan be stopped at any point through use of a squeeze ball in

the scanner.

T1-weighted structural images were acquired in the sagittal slices using a motion navigated
(Tisdall et al., 2009) multiecho magnetization prepared rapid gradient echo (MEMPRAGE)
sequence (Van der Kouwe et al., 2008) with TR 2530 ms, TEs (1.53, 3.19, 4.86, 6.53)ms,
inversion time (TI) 1160 ms, flip angle 7 degrees, resolution 1.3 x 1 x 1 mm?, field of view (FOV)
224 x 224 x 144mm?®. RS-fMRI scan were also acquired: 180 volumes sensitive to BOLD
contrast were acquired with a interleaved multi-slice 2D gradient echo, echoplanar imaging
(EPI) sequence, voxel size 3.4 x 3.4 x 5 mm®, 33 interleaved slices acquired from bottom up, 1
mm gap, TR/TE 2000/30 ms, flip angle 77 degrees, FOV 220 x 220 x 164 mm?®, matrix size 64 x
64).
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3.3 EXCLUSION CRITERIA

A number of exclusion criteria were applied to the acquired data for quality assurance purposes:
having incomplete structural or RS-FMRI data; data with poor image quality (for example, data
demonstrating poor registration to the Talairach template or visible artifacts, such as signal
dropout); and exhibiting motion more than 3mm translation or 3° rotation in any direction (3
translation and 3 rotational degrees of freedom). For subjects included in the study, further
motion considerations were applied during the functional data preprocessing and main

analyses, as described below.

3.4 IMAGE PROCESSING

All analyses were carried out using a combination of in-house scripts developed by the author
and tools available in standard software packages, namely the FMRIB Software Library (FSL)
(Jenkinson et al., 2012; Woolrich et al., 2009; Smith et al., 2004) and the Analysis of Functional
Neuroimages (AFNI) toolbox (Cox 1996).

3.4.1 PREPROCESSING

The RS-fMRI data were preprocessed prior to statistical and connectivity analyses. Structural
images were skull-stripped and used for alignment purposes during this process. Preprocessing
was performed using AFNI software package by constructing and customizing a pipeline using

afni_proc.py (Figure 4).
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Figure 4: Preprocessing pipeline of all participants’ datasets.

The first 5 volumes of the RS-fMRI were removed, as the proton magnetization requires a few
seconds to reach a steady state. Despiking was applied to remove large, sudden outliers from
each voxel's time series (e.g. due to motion effects, speckle noise and random noise). Slice
timing alignment was used to adjust the voxels time series in the functional image to ensure that

separate slices were aligned to the same temporal origin.

Volume alignment of the functional images to the skull stripped structural image was performed,
resulting in EPI-distortion correction within the fMRI time series. The functional images were
then warped into 3mm standard space using the Talairach transformation. For this study,
nonlinear warping was performed to map each participant’s functional data to a standard 3mm
Talairach template. Volume registration was applied in 6 degrees of freedom (DOF), resulting in

motion correction within the fMRI series.
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The data were spatially smoothed using a 6mm full width at half maximum (FWHM) Gaussian
blur and three brain tissue masks (WM, GM, CSF) were created from segmenting the structural
image. Lastly, eroded CSF and WM average time series along with their derivatives were
regressed from the volumes as they contain a record of motion. A bandpass filter between 0.01-
0.1Hz was then used to extract the LFF time series of interest in the RS-fMRI data, using a
demeaned derivative of the motion confound - in order to regress motion and the derivative of

motion.

3.4.2 MOTION PARAMETERS

While the preprocessing steps aim to reduce the effects of noise and motion artifacts, there may
still be some potential non-neurological signals (e.g. respiratory and cardiac signals, as well as
motion residual in the data. The participant’s motion and its influence on the dataset was a large
concern in this study as MRI analysis is extremely sensitive to movements and children often
struggle to keep still during the scan. Therefore, several steps were taken to account for

potential motion artifacts in order to minimize their impact on the results.

The first round of motion correction was implemented during the volume registration stage of the
preprocessing pipeline (explained above in Section 3.4.1), whereby each fMRI volume was
registered to the base volume. By default the reference base for volume registration was the
first volume of the dataset. This produced a motion file containing a record of each subject’s
estimated integral movement (as calculated by the 6 DOF rigid-body registration process) for

the duration of the scan.

As a criterion for inclusion, each subject was required to have at least 130 time points with
motion below the threshold of 3 mm translation or 3°rotation, as quantified by the 6 DOF
parameters. If this criterion was not met when using the default first time point as a reference
base, then the base was changed to see whether a later volume provided a better reference to
subsequent volumes (i.e. for a period of 130 time points with sub-threshold motion); this would
be the case if, for example, there was an early instance of motion and only sub-threshold motion

thereafter.

To find a suitable new base, the differential motion between successive volumes was estimated
from the registration file, and then the integral amount of motion between all volumes and the
new reference volume was generated. If the new reference resulted in having at least 130

consecutive volumes satisfying the motion criterion, then the subject’s data (for that interval of
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low-motion volumes) was included. For consistency, all included subjects' time series were

truncated to 130 time points.

Although individual-level motion correction using 6 DOF was implemented during volume
registration, the application of the motion threshold criterion does not sufficiently bypass the
need for group-level correction in the dataset (Yan et al.,, 2013). Therefore, a representative
motion parameter was included as a confound in the model design for all main analyses that
were performed (see Section 3.5). This parameter was estimated for each participant as follows:
first, the voxel-wise framewise displacement (VWFD) was calculated for each volume in the time
series from the three translational degrees of freedom (recorded in the time series registration
file) (Yan et al.,, 2013); then, VWFD values were averaged together to provide the motion

confound for each participant to be used in the models described below.

Furthermore, we also used the average VWFD values to investigate whether subject motion
differed significantly across groups, in order to ensure that it was not a driver in the final results
of the main analyses. As with other group characteristics, a two sample T-test was performed
between HIV infected and uninfected participants and between unexposed and exposed
uninfected participants. Analysis of variance (ANOVA) was implemented for a comparison

across the 3 arms of the infected groups.

3.4.3 MODEL DESIGN

The main data analyses conducted in this study (see Section 3.5) were performed using general
linear models (GLMs) to investigate the association between FC and various HIV related
features, while simultaneously controlling for additional sources of variance. Each model was
implemented by setting up a design matrix using FSL’s GLM tool (Smith et al., 2004; Woolrich et
al.,, 2009; Jenkinson et al., 2012). The design matrix enables the investigation for significant
relations between observations and a predictor of interest while controlling for confounds. In
experimental designs, one needs to balance the inclusion of confounds with the statistical power
of the dataset. This generally leads to the aim of selecting only confounds which have significant

effects on the modeled data.

Based on previous literature and the sample characteristics of this dataset, three potential
confounding variables were identified: subject sex, age at scan and motion (quantified by the

VWFD values). The efficacy of including age at scan and sex (F=1, M=0) confounds was
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investigated using several procedures to identify the impact that each of these confounds had

on the dataset. Each variable in the model was standardized.

First, we examined the individual effects of each of the three potential confounds on the
connectivity data. The preliminary GLMs were set up to include one predictor with contrasts to
examine group level differences between the infected and uninfected children, along with
supplementary contrasts to test the positive and negative effect that the confound had on the
dataset. Each RSN of interest obtained from FSL's MELODIC (Multivariate Exploratory Linear
Optimized Decomposition into Independent Components) function was tested; FSL's
dual_regression and randomise functions were used to produce the probability and test statistic
maps, and AFNI's AlphaSim tool was used to implement voxel-wise thresholding at a p<0.05.
The resulting Z-score group-level difference maps were examined along with the effect maps to

establish the extent of impact that each confound was having on the resulting maps.

Two supplementary tests were used to further verify which confounds were to be included. A
two sample T-test and ANOVA were used to investigate whether there were significant group
differences in the confound values (e.g., did one group have more motion than the other); and
the variance inflation factor (VIF) was also calculated for the model variables. The VIF indicates
the collinearity of model variables. Generally, a VIF < 5 is taken to indicate that collinearity

among variables is sufficiently low in a model (Hair et al., 1995; Neter et al., 1989).

Using these methods, the impact of each confounder on the data was determined and provided
a good indication and motivation as to which confounds needed to be included as regressors in
the GLM for the final model design. It was determined that sex and motion needed to be
included in the model design while age did not impact the data, presumable due to the narrow

age range of participants.

3.5 DATA ANALYSIS

The preprocessed LFF time series of the participants were utilized in three main analyses to
investigate the association of FC with HIV infection and treatment. In the primary analysis,
group comparisons were made for both within-network and network-to-whole-brain connectivity
effects. Two follow-up investigations were of factors within each of the main groups. Within the
infected group we examined the association of continuous clinical measures with FC changes.
Finally, we performed a follow-up investigation of subcategories within the uninfected group.

Therefore, the overall structure of the analyses in this study was as follows:
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1) Group differences in FC: infected children on HAART vs. uninfected children
A) within functional RSNs using ICA
B) across the whole-brain connectivity using SCA
2) FC association with clinical measures in HIV infected children on HAART: correlation
with the CD4/CD8 at time of enroliment within RSNs using ICA
3) Group differences in FC: unexposed vs. exposed uninfected children
A) within functional RSNs using ICA

B) across the whole-brain connectivity using SCA

Figure 5: Graphical representation of the three main analyses conducted in this study.
Analysis 1 (infected vs. uninfected) constitutes the main investigation of this study.
Exploratory Analyses 2 and 3 contributed to an understanding of factors within each of
the main groups and to the results of Analysis 1.

3.5.1 HIV INFECTED VS. UNINFECTED CHILDREN, USING ICA

All subjects’ datasets were placed into two groups: infected (including all three treatment arms)
and uninfected (including exposed and unexposed). A schematic of the steps of this analysis is
shown in Figure 6. First, group independent component analysis (group-ICA) was performed
using FSL’s MELODIC function on the whole sample (i.e., HIV infected and uninfected children).
MELODIC spatially flattens and concatenates all the individual datasets into a single, 2D
dataset and then performs ICA to decompose it into a chosen number of spatially (statistically)
independent components (ICs), each with an associated time course. For this study, MELODIC

was set to decompose the resting state data into 20 ICs, a standard number in RS-fMRI studies
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of similar group size (Smith et al., 2009). Each IC map is comprised of Z-scores that represent
the degree of correlation that each voxel has with the IC’s associated time course. High Z-
values imply a high degree of correlation between the voxel and the associated IC’s time

course.

Importantly, in RS-fMRI studies several of the ICs reflect functional networks, referred to as
RSNs: other components, as is standard, can be associated with, for example, noise and
registration features. The RSNs of interest were established by visual inspection and by
quantitative correlation to the well-established RSN templates produced by the FCP (Biswal et
al., 2010), as well as those of two previous pediatric RS-fMRI studies (de Bie et al., 2012;
Thomason et al., 2011). In this study, 9 ICs were identified as corresponding to RSNs, and
these were retained for further analysis. The remaining ICs were not considered further. Within
the retained ICs, regions of high FC within the network were identified by thresholding the Z-

score maps at Z>3 (equivalent to a p<0.001), and binarized to form RSN spatial masks.

Using the full group-ICA time series as a regressor and the participants LFF time series, the
subject-specific spatial connectivity maps were obtained for each RSN using FSL's
dual_regression function, by means of back projection. The subject-specific spatial connectivity
maps, along with a group model design matrix and the RSN spatial masks, were input into
FSL’s randomise function, in order to perform nonparametric permutation inference by means of
cross-subject voxel-wise analysis (i.e., between group voxel-wise analysis). The design matrix
was created using FSL’s GLM tool and contained all the participants along with their respective
group assignments and their confound values for sex and motion. The contrasts were set up to
perform a 2 sample t-test based on the main effects of diagnosis (i.e., uninfected>infected and
infected>uninfected), as well as to generate mean effect maps for each group (i.e., infected and
uninfected groups). For each contrast, 5000 Monte Carlo permutations were run with voxel-wise
thresholding based on the null distribution of the max (across the image) voxel-wise test
statistic. The end results were voxel-wise test-statistic and probability maps for each modeled

contrast.

In order to account for the large number of multiple comparisons involved in the randomise
results (due to the large number of brain voxels), AFNI's AlphaSim tool was used to find the
significant clusters from the group level difference maps (Liu et al., 2013; Qui et al., 2011; Zou
et al., 2009; Long et al., 2008; Wang et al., 2007; Wang et al., 2006), while controlling for
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multiple comparisons by means of Monte Carlo simulations. The simulations are based on the
combination of voxel probability thresholding and minimum cluster size thresholding, with
respect to the number of voxels within each RSN spatial mask. 5000 permutations were run for
each RSN using the face-wise criterion for neighboring voxels (i.e., each voxel has 6
neighbors). The overall significance level was set to a < 0.05 and the individual voxel-wise
significance level was determined using Bonferroni correction of a/N where N is the number of
simultaneous inferences, in this case being the 9 RSNs of interest. The RSN spatial masks
were used to obtain the relevant voxel count for each RSN. The estimated inherent smoothness
of noise structures across the brain in the respective RSN masks were obtained by calculating
the FWHM values in three directions (x,y,z) for each participant and then averaging across all
participants to obtain the mean FWHM value in the individual X, y, and z direction. AlphaSim
provided the minimum size for a cluster to be considered significant, based on the above
thresholds.
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Figure 6: Pipeline of analysis: HIV infected vs. uninfected children, using ICA.

3.5.2 HIV INFECTED VS. UNINFECTED CHILDREN, USING SCA

Whole-brain, FC differences between the infected and uninfected children (the latter including
all three treatment arms) were investigated with SCA using AFNI. A schematic of the steps of
this analysis is shown in Figure 7. Spherical seeds, (5mm radius and restricted by the network
boundaries), were centered upon the global peak value of the Z-score map from each RSN
retained from group-ICA. In RSNs with large anteroposterior spread, a second seed was also

chosen at an extreme anteroposterior position compared to the initial seed, in order to explore
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potentially different features of the network. Lateral spread was not examined, as left-right

homotopy typically leads to high correlation along this axis.

For each subject, the mean time series within the spherical seeds was used as a reference for
whole-brain connectivity analysis, meaning the reference time series was cross-correlated with
every other voxel within the brain. Correlation values were Fisher transformed to Z-scores,
forming an SCA map. The resulting Z-score maps were then concatenated across all

participants to create a whole-brain voxel-wise RSFC map of covariance with each seed.

The concatenated SCA maps were utilized in a similar analysis as the subject-specific spatial
connectivity maps produced by dual_regression in the previous analysis. FSL's randomise
function was used to perform voxel-wise between group comparisons, using the same design
matrix as described previously. Using AFNI’'s AlphaSim tool, correction for multiple comparisons
were implemented in a similar fashion as described previously with a few different parameters.
In this case, the voxel-wise significance level was set based on the number of seeds (N = 16).
Also, the whole-brain mask was used to obtain the relevant voxel count and the estimated
inherent smoothness of noise structures across the brain from the FWHM values in the
individual x, y, and z directions. AlphaSim provided the minimum cluster size necessary for the
extracted group-level differences to be considered significant — based on the parameters

stipulated above.
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Figure 7: Pipeline of analysis: HIV infected vs. uninfected children, using SCA.

‘3.5.3 ASSOCIATIONS OF CONNECTIVITY AND CLINICAL MEASURES AMONG
\INFECTED CHILDREN

Within the HIV infected group, associations between the clinical measure CD4/CD8 obtained at
time of enrollment and the RSFC values within RSN maps were examined. The design matrix
contained the same set of confounds retained in the previous analyses, namely subject motion
and sex. The contrasts were set to test for the positive and negative linear relationship of the
CD4/CD8 with the FC values within each of the thresholded RSNs.
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FSL’s dual regression and randomise functions, along with AFNI's AlphaSim tool, were
implemented in a similar manner to that described previously. Since a continuous variable was
being investigated in this case, the randomise procedure was performed with a GLM instead of

a two-sample t-test, which had been used in the group comparison.

The resulting test statistic maps were converted to correlation maps in order to illustrate the
extent of correlation between the clinical measure of interest and any brain regions found to
have a significant association to the clinical measure. Correlation graphs were also produced for
any clusters found by plotting the clinical measure against the average Z-score over the region

extracted for each participant.

3.5.4 WITHIN UNINFECTED, EXPOSED VS. UNEXPOSED, USING ICA AND SCA

As a final exploratory analysis, we investigated FC differences within the uninfected group using
first ICA and then SCA. The same ICA and SCA pipelines were followed as for the group
differences (i.e. infected vs. uninfected children), except that in this case, the groups consisted

of unexposed vs. exposed uninfected participants.
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4. RESULTS

4.1 SAMPLE DEMOGRAPHICS

The final sample consisted of 45 participants, including 27 HIV infected subjects (18 female, 9
male) and 18 uninfected subjects (11 female, 7 male). The demographics and characteristics for
the infected and uninfected children are presented in Table 1. Neither subject age, sex, birth
weight nor estimated motion during scanning were significantly different (p<0.05) between the

infected and uninfected children.

Table 1: Sample demographics of the infected and uninfected subjects. Values indicated
are mean + sd. Motion is calculated using the average VWFD estimate for each
participant.

Infected group Uninfected group t/x* | p
N 27 18
Age (years) 7.20 £ 0.08 7.20 £ 0.16 -0.01 | 0.994
Sex (%M) 33.33% 38.88% 0.15 0.703
Birth weight (g) 3077.41+ 528.48 3078.89+ 492.60 0.01  0.993
Motion (mm) 0.12 £ 0.70 0.13 +£ 0.96 0.52  0.608

The sample demographics, as well as the clinical measures at enroliment and at time of scan,
for the three treatment arms within the infected group are presented in Table 2. There were no
significant (p<0.05) between group differences in demographics or clinical measures (either at
enrollment or at time of scanning), and the treatment arms differed only in the age of ART
initiation, as per study design. Within each treatment arm, the distributions of the clinical
variables exhibited large standard deviations. For all treatment arms, the CD4 count was higher
at enroliment than at time of scan. Unfortunately, the CD8 count was not measured at the time
of scanning, and therefore the CD8 count and CD4/CD8 values cannot be compared between

enrollment and time of scan.
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Table 2: Sample demographics and clinical measures for the three treatment arms within
the HIV infected group. Values indicated are meantsd. Motion is calculated using the
average VWFD estimate for each participant. °CD8 count missing for one participant in
the ART-Def group.

ART-Def ART-40W ART-96W Flx* p

N 9 11 7

Age (years) 7.18 + 0.06 7.25 + 0.07 7.17 £ 0.1 253 0.101
Sex (%M) 22.22% 18.18% 71.43% 7.56 0.272
Birth weight (g) 2882.22+ 570.02 | 3216.36+ 585.29 3110.00+ 335.11 1.01  0.380
Age of ART 36.94+22.18 8.47+1.26 11.37+£6.74 12.85 0.001
initiation (weeks)

Motion (mm) 0.13 £0.08 0.09 £ 0.05 0.15 + 0.07 1.94  0.166

Enrollment
CD4 count 1704.89 + 484.49  2164.91 + 1042.07 | 1872.86 + 505.04 0.91 | 0.415
CD4% 35.24 + 6.91 36.05 £10.46 28.81 + 6.23 1.74  0.197
(o ]: 5 1389.67+482.75 1697.55 + 1478.46 | 2244.86 +1145.43 1.05 0.368
CD4/CD8® 1.37 £ 0.63 1.81 £1.18 1.08 £ 0.68 1.34 | 0.281
Scan

CD4 count 1257.22 + 448.48  1101.09 + 236.35 1367.00 + 528.26 1.00 0.384
CD4% 36.91 £ 5.14 34.17 £6.80 37.00 + 6.83 0.63 | 0.539

The uninfected participants in this study consist of both HIV exposed and unexposed children.
The sample demographics of these sub-groups are presented below in Table 3. There were no
significant differences in subject age, sex, birth weight or motion during scanning between
exposed and unexposed children.

32



Table 3: Sample demographics for unexposed and exposed uninfected subjects Values
indicated are meantsd. Motion is calculated using the average VWFD estimate for each
participant.

Unexposed uninfected Exposed uninfected t/x? p
N 10 8
Age (years) 7.21+£0.20 7.19 + 0.08 -0.34  0.741
Sex (%M) 30% 50% 3.38 | 0.066
Birth weight (kg) | 3064.00+ 351.95 3097.50+ 655.23 0.14 | 0.892
Motion (mm) 0.18 +£ 0.11 0.09 + 0.06 2.11 | 0.061

Due to the exclusion criteria applied, a number of participants could not be included in the study,
as summarized in Table 4. A total of 33 participants had unsuccessful or incomplete scans due
to claustrophobia, restlessness or crying during the scanning session. Furthermore, three
datasets did not register adequately to the Talairach template and six contained significant
ghosting artifacts from the acquisition. Finally, 13 participants did not meet the motion criteria
(requiring 130 consecutive TRs with less than 3mm translational or 3° rotational) and therefore

were excluded from the study.

Table 4: Summary of number of participants excluded due to various exclusion criteria.

Exclusion criteria Number of participants excluded
Unsuccessful/incomplete scans 33

Registration issues 3

Image artifacts 6

Excess motion 13

TOTAL EXCLUDED 55

4.2 RESTING STATE NETWORKS

Twenty components were extracted with MELODIC from the group-ICA analysis, represented
as whole brain Z-score maps. Each component was visually inspected and quantitatively

compared to the FCP template maps (Biswal et al., 2010) using the 3dMatch function from
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FATCAT (Functional And Tractographic Connectivity Analysis Toolbox) (Taylor & Saad, 2013).

A total of 9 RSNs of interest were identified as standard functional networks (Table 5). As is

standard in ICA, the remaining eleven networks did not represent functional networks, but

influences such as CSF, alignment artifacts and noise. The RSNs were thresholded at Z>3 and

then binarized to form network masks (Figure 8).

Table 5: List of identified RSNs along with the network name, abbreviation, and
component number (IC#) corresponding to this study and to the FCP template.

Network Name Abbreviation
Visual (lingual gyrus) vis1

Visual (occipital lobe) vis2
Posterior default mode pDMN
Default mode DMN

Dorsal attention datt

Salience sal

Auditory aud

Motor mot
Executive control exe
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Figure 8: Z-score maps (Z>3) extracted from group-ICA, representing the nine RSNs of
interest: visual lingual gyrus (vis1); visual occipital lobe (vis2); posterior default mode
network (pDMN); default mode network (DMN); dorsal attention (datt); salience (sal);
auditory (aud); motor (mot); and the executive control (exe) networks.

4.3 MODEL DESIGN

When examining the impact of each potential confounder (sex, motion and age) on group level
differences between the infected and uninfected children, we found that both sex and motion
confounds significantly changed the group level differences (at a voxel-wise threshold of
p<0.05) in two ICs extracted from ICA. Age did not affect the outcome; this was expected as
age was very similar across the subjects. From the participants used in the main analyses, 96%
were scanned within 2 months of their 7th birthday, leaving only two participants that were
scanned within 3 — 6 months of their birthday. Therefore, only the sex and motion confounder
were added to the design matrix for all analyses performed. In calculating the VIF for quantifying

collinearity in the model variables, it was found that the maximum value in any model was 4.2,
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which is below the standard threshold value of 5 (Hair et al al. 1995; Neter et al., 1989) and

therefore the models were implemented as described above.

4.4 DATA ANALYSIS

4.4.1 HIV INFECTED VS. UNINFECTED, USING ICA

Each RSN identified from group-ICA was used to compute group level differences between
infected and uninfected participants by performing voxel-wise analyses across subjects, using
FSL’s dual_regression and randomise tools. The average FWHM values across all networks
ranged between 8.1-9.8 mm. The minimum cluster size for significant group differences ranged
between 24 and 31 voxels (i.e., 648 and 837 mm?®). No significant clusters of FC differences

were found between the infected and uninfected groups in any of the RSNs.

4.4.2 HIV INFECTED VS. UNINFECTED, USING SCA

In order to perform SCA, a total of 16 spherical seeds (5 mm radius) were created at peak
values across the 9 RSN maps (one global peak per network, and in some cases one or more
additional local peaks). Locations of the seeds are summarized in Table 6; including the peak
coordinate values in Talairach space and the anatomical location of the seed (using the
Talairach atlas provided by AFNI).
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Table 6: Seed locations for SCA. Coordinate values are provided, along with the
anatomical locations of the seeds.

Seed # @ Network Peak coordinate Anatomic location
in Talairach space (mm)
X y z
1 | Visual (lingual gyrus) -1.5 76.5 11.5 | R cuneus
2 | Visual (occipital lobe) -31.5 85.5 5.5 R middle occipital gyrus
3 ' Posterior default mode -4.5 67.5 32.5 | Rcuneus
4 -4.5 37.5 26.5 R cingulate gyrus
5 | Dorsal attention -37.5 37.5 44.5 | R inferior parietal lobule
6 28.5 13.5 56.5 L precentral gyrus
7  Salience 37.5 -7.5 2.5 Linsula
8 -1.5 -34.5 14.5 R anterior cingulate
9 Default mode 1.5 -61.5 5.5 ' L medial frontal gyrus
10 1.5 46.5 29.5 L cingulate gyrus
11 ' Auditory -49.5 28.5 2.5 R superior temporal
gyrus
12  Motor -55.5 10.5 17.5 R postcentral gyrus
13 = Executive control -40.5 55.5 41.5 | R inferior parietal lobule
14 -1.5 31.5 38.5 R cingulate gyrus
15 58.5 40.5 -3.5 | L middle temporal gyrus
16 -40.5 -16.5 38.5 R middle frontal gyrus

The required AlphaSim parameters included an overall significance level of a<0.05 and an
individual voxel-wise significance level of p<0.05, corrected for multiple comparisons of 16
seeds, and an average FWHM value of 8.66mm for the whole-brain. The minimum cluster size
for significance at the above-defined levels within the investigated whole-brain mask was 44

voxels (1188mm?°).

The voxel-wise two-sample t-test examining FC between the seed regions and the whole brain
revealed significant clusters of group level differences in two regions: the left middle frontal
gyrus (seed in the left cingulate gyrus of the DMN; Figure 9a), and the right supramarginal gyrus
(seed in the right middle frontal gyrus of the executive control network; see Figure 9b). Clusters
and peak locations are shown in Table 7. In both cases, the infected children showed

decreased connectivity compared to the uninfected children.
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Table 7: Clusters showing greater FC in uninfected children compared to infected
children. For each cluster, the coordinates of the peak difference are shown, as well as
the anatomical location and size (in voxels).

Seed information Clusters of FC difference (uninfected > infected)
Seed # Network @ Seed location Size Peak coordinate Anatomical location
(voxels) in Talairach space
(mm)
X y z
10 | Default L cingulate gyrus | 55 31.5 | -345 -12.5 L middle frontal gyrus
mode
16 | Executive = R middle frontal 49 -49.5  46.5 325 | R supramarginal gyrus
control gyrus

Figure 9: Regions showing differences in connectivity between infected and uninfected
children with a seed in the a) default mode (left cingulate gyrus) and b) executive control
(right middle frontal gyrus) networks. The top panel shows regions where connectivity
differed in the a) left middle frontal gyrus and b) right supramarginal gyrus at a threshold
of p<0.05 (corrected for multiple comparisons of 16 seeds). The middle and lower panels
show the mean connectivity maps to the seed for the uninfected and infected children,
respectively. The slice numbers in Talairach space are shown at the base of each
column.
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Figure 10: Volumetric views of regions showing less FC in infected children compared to
uninfected children with a seed in the a) default mode and b) executive control networks
respectively.

(4.4.3 ASSOCIATIONS OF CONNECTIVITY AND CLINICAL MEASURES AMONG
INFECTED CHILDREN

Clusters with significant associations between the clinical measure CD4/CD8 at enrollment and
FC values were found in two RSNs, as summarized in Table 8. Correlations are between

CD4/CD8 measures and the average z-score of the cluster.

Table 8: Clusters and networks showing significant correlations between the clinical
measure CD4/CD8 at time of enrollment and FC values in the thresholded RSNs of
interest. Shown in the columns are: r, the average Pearson correlation of the z-score in
the cluster with the clinical measure; p, the significance value; the number of voxels in
the cluster; the coordinates of the peak value in the cluster; and the anatomical location
in the Talairach atlas.

Network r p-value Size Peak coordinate Anatomical location
(voxels) | in Talairach space (mm)
X y z
Dorsal +0.76 0.0001 31 19.5 64.5 29.5 L precuneus
attention
Auditory +0.65 0.0004 28 -58.5 37.5 -3.5 R middle temporal gyrus
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In the dorsal attention network, we found a significant increase in connectivity in a cluster in the
left precuneus with increasing CD4/CD8; and in the auditory network, we found a significant
increase in connectivity in a cluster in the right middle temporal gyrus with increasing CD4/CD8.
Figure 11 shows the spatial locations of these regions in the brain, both results are positive
correlations. Also shown in the figure are the corresponding correlation graphs, in which the
average Z-score for the region is plotted against the clinical measure for each participant.

Treatment arms are shown in different colors.

Figure 11: (Left) Brain maps of clusters that exhibited significant associations between
CD4/CD8 at enrollment and FC in the dorsal attention (top) and auditory (bottom)
networks. (Right) Correlation graphs showing average Z-scores over the regions of
interest against clinical measures.

4.5.4 WITHIN UNINFECTED, EXPOSED VS. UNEXPOSED, USING ICA AND SCA

No significant clusters showed FC differences between the exposed and unexposed uninfected
children in any of the RSNs using ICA. However, using SCA, the voxel-wise two sample t-test
examining FC between the seed regions and the whole-brain revealed a number of significant
clusters where exposed children showed higher connectivity compared to unexposed children.

Fifteen clusters were located across five networks including the default mode, posterior default
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mode, executive control, motor and salience networks, as shown below in Table 9 and Figure

12.

There were no overlaps between the clusters of significant difference obtained from this

analysis (i.e., exposed vs. unexposed) and the main group level analysis of infected vs.

uninfected using SCA. In addition, while the mean Z-scores in the SCA-derived (infected vs.

uninfected) clusters were higher in the exposed children compared to the unexposed group, a

two sample t-test showed that the differences were not significant.

Table 9: Regions where exposed uninfected children have greater connectivity than that
in unexposed children, obtained using SCA. The peak coordinates, size and the
anatomical location of each cluster in the Talairach atlas are shown. Labels in the final
column refer to the visualizations in Figure 9.

Seed information

Seed
#

10

12

16

41

Network

DMN

DMN
pDMN

Motor

Salience

Salience

Executive
control

Seed location

L medial frontal
gyrus

L cingulate

gyrus
R cingulate

gyrus
R postcentral

gyrus

L insula

R anterior
cingulate

R middle frontal
gyrus

Exposed > unexposed

Size
(voxels)

83

49
54

69

84

78
49
64
48
45
90

67
67
65
53

Peak Coordinate

X
-64.5

49.5
-28.5

-7.5

-49.5

1.5
40.5
58.5
-1.5
16.5
-52.5

-4.5
46.5
49.5
10.5

y
10.5

13.5
255

7.5

-46.5

-37.5
-34.5
31.5
7.5
70.5
4.5

73.5
13.5
13.5
285

z
17.5

32.5
53.5

35.5

-3.5

14.5
14.5
295
50.5
-0.5
5.5

26.5
295
11.5
-3.5

Anatomical location

R postcentral gyrus

L precentral gyrus
R precentral gyrus

R cingulate gyrus
R middle frontal gyrus

L anterior cingulate

L middle frontal gyrus

L inferior parietal lobule

R medial frontal gyrus

L lingual gyrus

R superior temporal gyrus

R precuneus

L precentral gyrus
L precentral gyrus
L thalamus

Lab
el

(W}

X~ =>q =

ofs|3|~—



Figure 12: Regions of significantly increased FC within the exposed group compared to
unexposed group (shown in red) were observed with seeds in the default mode network
(DMN), posterior default mode network (pDMN), motor network (mot), salience network
(sal) and executive control network (exe). The mean maps of the exposed children are
shown in green and those of the unexposed children in blue, with overlaps in yellow. No
clusters of unexposed > exposed were observed. The slice numbers in Talairach space
are shown at the base of each panel. The alphabet labels (a — 0) are used as a reference
for the tabulated details shown in Table 9.
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5. DISCUSSION

The purpose of this study was to examine the effects of HIV infection and HAART on developing
functional brain networks using RS-fMRI. RSFC was compared between HIV infected and
uninfected children at age 7, both within the observed RSNs (using ICA) and across the whole
brain (using SCA). In addition, we investigated the relationship between clinical measures and
resting state parameters to examine the impact of immune system health in infancy on
functional brain networks in later development. Lastly, within the HIV uninfected children, we

explored the possible effects of HIV exposure on functional networks.

A large motivating factor for conducting this study is the heterogeneous nature of previous
pediatric and adult HIV studies, specifically regarding the usage of ART regimens and age
range of participants in pediatric HIV studies. The majority of HIV studies have either used ART-
naive HIV infected participants, or have included participants on ART with quite varied initiation
times, duration of usage, and particular regimen being used (see, e.g., Hoare et al., 2014;
Laughton et al., 2013; Sherr et al., 2009). Table 10 summarizes information regarding the
number of participants, age range of participants, tests conducted and treatment being received

for a number of previous HIV studies.

The nine networks extracted in this study corresponded visually to standard RSNs; in particular,
we compared the maps with two previous pediatric RS-fMRI studies. One study used a group of
65 healthy controls aged 9-15 years (Thomason et al., 2011) and the other comprised of 18
children aged 5-8 years (de Bie et al., 2012). It should be noted that the de Bie et al. (2012)
‘control’ group consisted of children born small for gestational age (SGA) with postnatal catch-
up growth and children born appropriate for gestational age (AGA) and therefore may provide
less of a direct comparison for the cohort in the present study. Both Thomason et al. (2011) and
our study identified a number of higher cognitive function networks, such as the default mode,
executive control and salience networks; however, a dorsal attention network was found in this
study, which was not present in theirs. Additional differences included that the DMN was split
into two components in this study (in the de Bie et al. (2012) study, the DMN was split into three
components) and that Thomason et al. (2011) observed the executive control network split into
bilateral (i.e., L and R) components. With regards to the lower-order sensorimotor networks, all
of the studies found a visual, motor and auditory network. However, in this study and in de Bie
et al. (2012), the visual network was split into the lingual gyrus and occipital lobe components.

The comparisons between the RSNs extracted from this study with those from Thomason et al.
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Table 10: Summarized information from selected prior HIV studies related to the present
work, including: number of participants, age range of participants, tests conducted and
treatment regimens received. ANTP, Amsterdam neuropsychological tasks program;
BSID, Bayley scales of infant development; KABC, Kauffman assessment battery for
children; WISC, Wechsler intelligence scale for children; WAIS, Wechsler adult
intelligence scale; WPPSI, Wechsler preschool and primary scales of intelligence; ‘-R’,

revised.

Study Participants Age range Test conducted Treatment received
(infected, (years)
uninfected)
Bagenda, 2006 28 HIV+, 79 6-9 KAB; and others ART naive
HIV-
Boivin et al., 1995 14 HIV+, 36 0-2 KAB; and others ART naive
HIV-
Chao et al., 2012 139 HIV+ 4-19 Hearing tests HAART experienced
Chase et al., 2000 114 HIV+,481 @ 0-2.5 BSID ART naive (with potential
HIV- treatment in parallel study, see
Sheon et al. (2012))
Gay et al., 1995 28 HIV+, 98 0-2 BSID Receiving AZT
HIV-
Koekkoek et al., 34 HIV+ 4-12 ANTP 16 starting HAART, 7 untreated,
2006 11 HAART stable
Koekkoek et al., 22 HIV+ 6-17 ANTP 18 HAART stable, 2 starting
2008 HAART, 2 HAART naive
Lindsey et al., 91 HIV+, 838 0.5-3 BSID HAART-naive and HAART-
2007 HIV- experienced
Malee et al., 2009 1429 HIV+ 3-18 BSID; WISC-III; HAART stable
WAIS-III
Martin et al., 2006 @ 41HIV+ 6-16 WISC-III; CT scans HAART stable
McGrath 55 HIV+, 221 0.5-1.5 BSID ART-naive
HIV-
Melrose et al., 11 HIV+, 11 29-52 WAIS-III; and others | 10 ART
2007 HIV-
Morgan et al., 60 HIV+, 35 34-52 WAIS-IIl; and others = 45 HAART, 15 HAART naive
2010 HIV-
Nachman et al., 319 HIV+ 6-17 WAIS-IV; and others | Receiving HAART, HAART stable
2011
Nozyce et al., 274 HIV+ 2-17 BID; WISC-II; Receiving ART
2006 WPPSI-R
Qiu et al., 2011 13 HIV+, 13 45.5+5.4 RS-fMRI Unspecified
HIV-
Raskino et al., 831 HIV+ 0-18 BSID; WISC-R; Receiving ART
1999 WAIS-R; and others
Ruel et al., 2012 300 HIV+, 601 @ 6-12 KAB; and others ART naive
HIV-
Taipale et al., 2011 = 78HIV+, 78 0-15 Hearing tests 36 receiving ART
HIV-
Thomas et al., 58 HIV+, 53 41114 RS-fMRI Receiving HAART
2013 HIV-
Van Rie et al., 35 HIV+, 125 1.5-6 BSID; and others ART-naive, less than 1 week of
2008 HIV- ART
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(2011) and de Bie et al. (2012) indicate that RSNs are present and, in general, can be robustly
reproduced in pediatric participants. It should be noted that we utilized 20 components in the
ICA; Thomason et al. (2011) used 34 and de Bie et al. (2012) used 28. Additionally, the
differences in sample size and exact processing procedures are factors that may contribute to

differences across these studies.

Contrary to our preliminary expectations, we did not observe significant group differences in
RSFC between infected and uninfected children within any of the nine RSNs using ICA. We
then used SCA to explore group differences between specific seed regions within each RSN
and their whole brain connectivity. The technique of SCA vyielded two significant clusters of
reduced FC in the infected children compared to uninfected children. Specifically, reduced
connectivity was observed between a seed in the left cingulate gyrus of the DMN and a cluster
in the left middle frontal gyrus, as well as between a seed in the right middle frontal gyrus of the
executive control network and a cluster in the right supramarginal gyrus. In both cases, the
resulting cluster was within the same network as the seed, signifying diminished intranetwork

FC within the DMN and executive control networks of HIV infected children.

Contrary to one of our initial hypotheses, we did not observe reduced FC within the motor
network of HIV infected children. This may be because motor deficits are often observed and
reported in HIV infected infants and children younger than 6 years old (Van Rie et al., 2008;
Abubakar et al., 2008; Bagenda et al., 2006; McGrath et al., 2006; Chase et al., 2000; Gay et
al., 1995; Boivin et al., 1995); furthermore, in the majority of the studies that previously reported
motor deficits, the HIV infected children were ART naive. Two studies have reported improved
motor functioning in HIV infected infants and children under the age of 3 years with the use of
treatment (combination therapy and HAART, respectively) (Lindsey et al., 2007; Raskino et al.

1999), suggesting motor deficits may be less severe (or reversed) if treatment is initiated early.

Sensorimotor networks in children between the ages of 5-8 years old have shown functional
organization similar to that of a mature adult, while some of the higher order cognitive functional
networks (including the DMN and executive control network) are still fragmented at this age (de
Bie et al. 2012). As such, a number of RS-fMRI studies have focused specifically on the
development of the DMN and executive control networks in healthy children aged between 7-9
years (Superkar et al., 2010; Fair et al., 2008; Fair et al., 2007; Davidson et al., 2006; Anderson
2002;) as these networks are experiencing a more dramatic development during this age range

whereby FC changes are occurring.
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Specifically, it has been found that at this age, the DMN is only sparsely connected and is still
maturing into an interconnected network; compared to the more extensive and more connected
DMN observed in adults (Superkar et al., 2010; Fair et al 2008). Therefore, reduced FC within
both the default mode and executive control networks may imply either delayed maturation
within HIV infected children in these higher cognitive functional networks or network alterations.
Since RS-fMRI is related to the extent of myelination connecting the brain regions (Greicius et
al., 2009; Hagmann et al., 2008), the findings of this study possibly reflect reduced myelination
along the fibers running between the seed and resulting clusters within the default mode and
executive control networks of HIV infected children. The DTl data from this cohort is in the
process of being analyzed and may generate white matter microstructural deficits to provide
supporting evidence of this. In addition, graph theory analysis would provide additional insight

into how integrated the networks are within this cohort.

The formation of the DMN into an integrated circuit has been linked to improved memory
processing due to the development of higher-order strategic organizations, with the DMN being
predominantly responsible for the retrieval of episodic memories (Kim et al., 2011; Andrews-
Hanna et al., 2010; Grecius et al., 2008; Frannson et al., 2006; Grecius et al., 2004; Grecius et
al., 2003). On the other hand cognitive flexibility, goal setting, and information processing are
undergoing a critical stage of development in the executive control network at this age,

corresponding to the growth spurt in the frontal lobe (Fair et al., 2007; Anderson, 2002).

In this study, reduced FC in HIV infected children was observed specifically in the frontal gyri of
both the executive control and default mode networks. Several previous pediatric HIV studies
have shown various aspects of executive functioning to be affected in HIV infected children,
including: cognitive functioning, processing speed, verbal fluency, visual spatial memory and
cognitive flexibility (Ruel et al., 2012; Nachman et al., 2011; Malee et al., 2009; Koekkoek et al.,
2008; Martin et al., 2006; Nozyce et al., 2006; Wachsler-Felder & Golden, 2002). All of these
studies used age-appropriate neuropsychological assessments (see Table 10) to assess

various aspects of cognitive functioning.

No RS-fMRI studies have been conducted previously on HIV infected children. However, a few
RS-fMRI studies have been conducted on HIV infected adults, and some of their findings
overlap strikingly with the results of this study. For example, HIV infected adults showed
reduced FC within the default mode and executive control networks (Thomas et al., 2013);

along with reduced resting state regional homogeneity (ReHo) within a number of regions of the
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DMN (Qiu et al.,, 2011). In these studies, the cingulate gyrus (Qiu et al., 2011) and PCC
(Thomas et al., 2013) in the DMN were specifically implicated as loci of FC differences; in the
present study we observed a FC difference between the left cingulate gyrus and left middle
frontal gyrus of the DMN. Therefore, evidence suggests that regions of both the executive and

default mode network are implicated in HIV infected children and adults.

A recent pilot study in Cameroon investigated HIV associated neurocognitive disorders among
adult AIDS patients, non-AIDS patients and uninfected controls (Kanmogne et al., 2010). The
characteristics of the ‘non-AIDS’ cohort from the Cameroon study most closely matched those
of the ‘HIV infected’ children in our study, as members of both groups are HIV infected without
AIDS. The Kanmogne et al. (2010) study used 19 neuropsychological (NP) measures across
the three groups to investigate the effect of HIV on seven domains of cognitive ability. The
scores from these NP tests were converted to Z-scores (using the controls’ mean and standard
deviation) in order to conduct across group comparisons. The resulting neurocognitive findings
overlapped considerably with the observed FC network deficits in the present work; see Figure

13 for a summary of the neurocognitive findings from Kanmogne et al. (2010).
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Figure 13: Figure 1 from Kanmogne et al. (2010). The three bars represent AIDS patients,
non-AIDS patients (e.g. HIV infected patients) and controls (e.g. HIV uninfected).
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Four of the domains showed significant difference between AIDS patients and controls:
executive functioning, speed of information processing (SIP), memory recall and working
memory. Furthermore, the NP test score results were mirrored by the non-AIDS group, which
showed largest impairments for the executive functioning and working memory domains. Both of
these capacities rely on the executive control network (Alvarez & Emory, 2006; Blakemore &
Choudhury, 2006). Additionally, the PCC in the DMN has been shown to directly support
memory retrieval (McCormick et al., 2014; Sestieri et al., 2011; Maddock et al., 2001), and
recent studies have also shown strong associations between working memory and the DMN
(Piccoli et al., 2015; Pyka et al., 2009).

Previous studies conducted on HIV infected adults have also demonstrated memory retrieval
and episodic memory processing to be impaired (Morgan et al., 2010; Melrose et al., 2007).
However, we could not find any pediatric HIV studies that showed memory recall impairments in
infected children; this may be because the majority of clinical tests performed on pediatric
subjects are focused on the aspects of memory processing related to executive functioning (i.e.
working memory, prospective memory). Two pediatric HIV studies have shown working memory
to be impaired in HIV infected children, with the bulk of these children being stable on HAART
(Koekkoek et al., 2008; Martin et al., 2006).

To examine the impact of immune system health during infancy on the development of network
connectivity, we investigated the association between the quantitative clinical measure,
CD4/CD8, at enrollment and FC within the RSNs of HIV infected children. CD4/CD8 at
enrollment provides a measure of immune system health of the child in infancy before the
initiation of treatment. We observed two significant positive associations between CD4/CD8 and
FC within the dorsal attention and auditory networks. Children with weaker immune systems in
infancy (i.e., with lower CD4/CD8, characterized by decreased CD4 helper cells and increased
CD8 suppressor/killer cells) had lower FC within a region of the left precuneus from the dorsal
attention network. The main function of the dorsal attention network is to identify relevant
incoming sensory content related to the current task (Ptak, 2012; Ozaki, 2011; Corbetta &
Shulman, 2002). This result suggests that children with higher CD4/CD8 in infancy may at age 7

years deal better with incoming sensory content.

Within the auditory network, increased CD4/CD8 at enroliment was associated with increased
connectivity in a cluster in the right middle temporal gyrus. In processing auditory information,

this network plays a significant role in hearing and speech (Hackett, 2011; Zatorre et al., 2002).
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Previous research has indicated hearing to be impaired in cohorts of HIV infected children from
Peru and Angola (Chao et al., 2012; Taipale et al., 2011). In the present study, the significant
correlation between the cluster in the auditory network and CD4/CD8 indicates that higher
baseline immune system health at time of enroliment is associated with higher connectivity

within the auditory network.

Within the plotted graphs of CD4/CD8 correlations with FC, there was no effect of treatment
arm. This suggests that the observed connectivity at age 7 years depended much more strongly
on the children’s early immune health (time of enrollment 6 — 8 weeks of age) than on the ART
start time (varying from 7 to 76 weeks). This result indicates that earlier treatment is warranted,
in order to maintain the highest levels of immune health during infancy, and thereby reduce long

lasting effects of HIV infection during development.

Lastly, an exploratory analysis was conducted between the unexposed and exposed uninfected
children in order to investigate the possible impacts of HIV exposure itself. The sample size for
this analysis was small (8 exposed and 10 unexposed), which limited the statistical power of the
results. No group level differences were found between any of the RSNs of unexposed and
exposed children using ICA. However, SCA revealed sixteen clusters where connectivity
differed between unexposed and exposed children, from seeds within the DMN, pDMN,
salience, executive control and motor networks. For each of these differences, exposed children
exhibited a higher FC compared to unexposed children, which was contrary to what was
expected. Also, exposed children had a higher Z-score compared to unexposed children in the
clusters from the default mode and executive control networks that were extracted from the SCA
of infected and uninfected children, but the difference was not significant. Therefore, it does not
seem that it was solely the HIV exposed children driving the group level differences observed
between the infected and uninfected groups. Much larger exposed and unexposed group sizes

would be required for an in-depth analysis of exposure-related effects.

ICA and SCA focus on different connectivity measures, specifically, ICA produces RSN’s and
SCA examines full brain connectivity to one specific region. When examining differences
between groups using RSFC networks from ICA, we found no differences. However, we found
differences using SCA and this may be attributed to the fact that SCA is not limited to the

network boundaries or the specific time-series of an independent component in ICA.

The study contributed to our current understanding of HIV infected children stable on HAART by

showing that their RSN’s are robust, which is significant as it indicates that overall, the
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functional brain networks of these children are intact. In addition, FC deficits with SCA in HIV
infected children demonstrate alterations in connectivity that may be due to developmental
delays, while regions showing FC deficits associated with CD4/CD8 at enrollment may be part
of networks that develop early and as such are particularly vulnerable to immune health in the

first 6 weeks of life.

One overall limitation of this study was the relatively small sample size, making investigation of
differences between treatment arms within the infected group, as well as differences between
exposed and unexposed children within the uninfected group, difficult. The small sample sizes
of the subgroups do not allow for meaningful interpretation of statistical differences. External
factors such as prenatal drug exposure, poverty, malnutrition, social stigmatization and the
home environment, as well as treatment interruption, were not explicitly controlled for in this
study; however, ‘current treatment’ was consistent across all treatment arms, as all infected
children were receiving HAART at time of scanning. In addition, even though we controlled for
possible differences due to sex, only the subgroup of uninfected exposed children were equally
matched for females and males. The majority of other subgroups had more females, and

therefore a larger cohort of HIV infected males may be required.

The present work examined functional networks at one time point and modality (i.e. RS-fMRI at
age 7 years old) within a larger multimodal, longitudinal study. Analysis of the data at
subsequent ages will allow for more in depth analysis of functional changes in development
over time, along with a more detailed longitudinal description of the impact of HIV and HAART
on the developing brain. Future work should incorporate the findings of this study with other
modalities that were acquired at age 7 years old, which included structural MRI, DTI, and MRS.
This will enable overarching patterns of effects to be investigated and related to the functional
deficits found in this study. In addition, neuropsychological and behavioral data acquired at age

7 could also be correlated to the findings of this study.
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6. CONCLUSION

In summary, we found reduced FC within both the default mode and the executive control
networks of HIV infected children compared to uninfected controls. Previous RS-fMRI studies in
HIV infected adults have observed similar FC reductions in these networks, suggesting that they
are particularly sensitive to the effects of HIV infection. Furthermore, deficits in neurocognitive
abilities associated with both networks have been reported in HIV infected adults and children.
In children, these networks are still undergoing critical development at this age so that FC
reductions may point to delayed network maturation that could have long-term implications for
cognitive functioning, information processing and memory recall ability. Direct comparisons of
FC results with neurocognitive assessments are necessary in order to further explore the

relationship between outcomes and FC reductions.

In addition, we examined the associations of RSN properties with clinical measures, observing
positive associations between the CD4/CD8 at the time of enroliment with FC within regions of
the dorsal attention and auditory networks. These associations were independent of treatment
arm, and suggest that lower connectivity at age 7 years in these networks is a result of poor
immune system health in early infancy at approximately 6 — 8 weeks of age. These results
support the current trend towards immediate ART initiation at birth in order to reduce long-term
effects of the virus on healthy brain development; early treatment (7-12 weeks of age) was not

observed to be associated with functional network changes in this study.
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