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Abstract

Over 2.5 million children are infected with HIV, the majority of whom reside in Sub-Saharan Africa.
Treatment coverage is steadily gaining momentum, reducing mortality and morbidity. Yet little is
known about brain development in HIV-infected (HIV+) children who are on highly-active
antiretroviral therapy (ART), with viral load suppression from a young age. Here, we use resting state
fMRI (rs-fMRI) to examine the impact of HIV and ART on the development of functional networks in
9-year-old vertically HIV-infected children compared to age-matched controls of similar

socioeconomic status.

We present analyses for a sample of 40 HIV+ (9.2 + 0.20 years; 16 males) children from the Children
with HIV Early Antiretroviral (CHER) clinical trial (Cotton et al. 2013; Violari et al. 2008) and 24
uninfected (12 exposed; 12 males; 9.6 + 0.52 years) controls from an interlinking vaccine trial (Madhi
et al. 2010). Scans were performed at the Cape Universities Body Imaging Centre (CUBIC) in Cape

Town, South Africa.

We investigated HIV-related differences in within- and between-network functional connectivity (FC)
using independent component analysis (ICA) and seed-based correlation analysis (SCA). For SCA, seeds
were placed in the structural core, in regions implicated in HIV-related between-group differences at
age 7 years, and in regions associated with neuropsychological domains impaired in our cohort. In
addition, we evaluated associations of past and presentimmune health measures with within-network

connectivity using ICA.

We found no HIV-related intra-network FC differences within any ICA-generated RSNs at age 9 years,
perhaps as a result of within-network connectivity not being sufficiently robust at this age. We found
a positive association of CD4%, both current and in infancy, with functional integration of left lobule
7 into the cerebellum network at age 9 years. Long-term impact of early immune health supports

recently-revised policies of commencing ART immediately in HIV+ neonates.



Compared to uninfected children, HIV+ children had increased FC to several seeds. Firstly, to seeds
associated with the planning and visual perception neuropsychological domains. Secondly, to
structural core seeds in the extrastriate visual cortex (of the medial visual network) and the right
angular gyrus (of the temporoparietal network). Finally, to left paracentral (somatosensory network)
and right precuneus (posterior DMN) seeds previously revealing between-group differences at age 7
years. The connections with greater FC in HIV+ children may variously indicate functional recruitment
of additional brain capacity, immature excess of short-range connections, and/or immature excess of

between-network connections.

In conclusion, despite early ART and early virologic suppression, HIV+ children demonstrate instances
of abnormal FC at age 9 years. Disruption to visual cortex is marked, consistent with indications from
neuropsychological testing that visual perception is disrupted. The profile of HIV- and/or ART-related
effects on FC differs considerably between the two ages of 7 and 9 years, but both show characteristics

of immature functional organisation compared with age-matched controls.

vi
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1 Introduction

Over 2.5 million children live with the human immunodeficiency virus or the associated acquired
immune deficiency syndrome (HIV/AIDS) - the majority of whom reside in Sub-Saharan Africa (SSA)
(UNAIDS 2015b; UNAIDS 2015a). Infection is largely by mother-to-child transmission (MTCT). The use
of highly active antiretroviral therapy! (ART) has been shown to reduce mortality, and improve
immunological and neurodevelopmental outcomes in HIV-infected (HIV+) children (Lindsey et al.
2007; Chiriboga et al. 2005). Treatment advances have led to the first groups of vertically infected
children (that is, children acquiring the virus via MTCT, either in utero or during the perinatal period)

now entering into late adolescence (Tassiopoulos et al. 2016).

Treatment coverage in SSA is steadily gaining momentum: between 2009 and 2014, the percentage
of children living with HIV who received ART rose from 10% to 31% among the 21 priority countries of
SSA (UNAIDS 2015b). It follows that the number of HIV+ children with viral load suppression from a
young age has been, and can be expected to continue, rising. Yet we know very little about the long-

term neurological development of such children.

Neurodevelopment is of particular relevance, as the virus enters the central nervous system (CNS)
soon after infection and here produces a compartmentalised population, causing the CNS to act as a
viral reservoir (Van Rie et al. 2007). Although ART is designed to cross the blood-brain barrier (BBB) in
order to be active within the CNS (McCoig et al. 2002), the degree to which this is achieved is variable
(Letendre et al. 2008) . Furthermore, there is ongoing research into the potential neurotoxic effects
of long-term exposure to ART (Shah et al. 2016; Robertson et al. 2012). Early in the HIV epidemic,
encephalopathy was the first AIDS-defining event in a significant fraction of children (Vincent et al.
1989; Cooper et al. 1988), and was diagnosed at the highest rate in infancy and early childhood

(Tardieu et al. 2000; Lobato et al. 1995; Janssen et al. 1992). It is therefore reasonable to suspect that

L ART is generally defined as a combination therapy consisting of at least three different antiretroviral (ARV)
drugs from two different classes. We employ the more contemporary shortened abbreviation, rather than
HAART or cART.



the developing CNS of children is particularly susceptible to the effects of HIV and ART toxicity. In
sum, there is a strong call to further explore the nature and pathophysiology of HIV- and ART-mediated

abnormalities in the neurodevelopment of children.

In the absence of early (before indications of immunosuppression) effective treatment, impacts of HIV
infection on an immature and developing brain frequently include static or progressive HIV
encephalopathy, apparent as missed or lost motor, mental and language developmental milestones,
retarded brain growth, and pathological reflexes (Walker et al. 2013; Cooper et al. 1998; Epstein et al.
1986). With the availability of ART, encephalopathy is now rare, being diagnosed in less than 2% of
children on standard treatment regimens (Chiriboga et al. 2005). Yet subtle deficits in
neurodevelopmental outcomes (such as visual perception and fine motor skills), executive and
cognitive function (such as global cognitive functioning, cognitive regulation, attentional flexibility,
and visuospatial working memory), as well as processing speed, remain common (Laughton et al.

2017; Nichols et al. 2015; Garvie et al. 2014; Koekkoek et al. 2008; Jeremy et al. 2005).

Neuroimaging, and particularly the set of emerging variants of magnetic resonance imaging (MRI)
techniques, is well suited to non-invasively detect subtle changes in brain anatomy, function,
metabolite concentrations and connectivity (Thompson & Jahanshad 2015). The sensitivity of
neuroimaging enables the identification of early changes missed by neuropsychological testing (Ernst
et al. 2002). Yet the existing body of pediatric HIV neuroimaging literature is relatively small, and
several limitations in study design make it difficult to draw conclusions on the aetiology, profile, and
response to treatment of neurocognitive abnormalities. The majority of studies have a large age range
(3 to 12 years) in their cohorts (Igbal et al. 2016; Donald et al. 2015; Hoare et al. 2015; Sarma et al.
2014; Hoare et al. 2012; Nagarajan et al. 2012; Depas et al. 1995). This precludes conclusions on how
neuroimaging-indicated effects of HIV (measured cross-sectionally) are parameterised by stage of
neurodevelopment. Characteristics and incidence of HIV-related neurologic and neurocognitive

effects vary with age in childhood, likely due to the rapid brain development during this period (Van



Rie et al. 2007). Another limitation is that many pediatric HIV neuroimaging studies do not include an
HIV-uninfected group (Hoare et al. 2015; Donald et al. 2015; Andronikou et al. 2014; Van Arnhem et
al. 2013; Depas et al. 1995) as comparison. Those that do include uninfected controls often lack a
subgroup of children born uninfected to HIV+ mothers (HIV-exposed uninfected, HEU), in addition to
children born to uninfected mothers (HIV-unexposed uninfected, HU) (Yadav et al. 2017; Igbal et al.
2016; Sarma et al. 2014; Hoare et al. 2012; Nagarajan et al. 2012). This makes it difficult to isolate
effects of perinatal exposure to HIV/ART from ongoing exposure, and to isolate primary effects of HIV
(and ART) toxicity from secondary effects of viremia (detectable levels of HIV in the blood) and

compromised immunity.

The observed impairment in neurocognitive development and performance among HIV+ children
suggests neural abnormalities in this group. To better understand these abnormalities at the level of
large-scale architecture, we use resting state functional MRI (rs-fMRI) to explore functional
connectivity (FC): the coactivation of separated brain regions, as revealed by covariation in
spontaneous neuronal activity. Using various analysis techniques, FC can be used to map large scale
neural networks in the resting state (resting state networks, RSNs), which consist of anatomically
separated but functionally integrated regions, and which largely correspond with sets of regions
known (from clinicopathological® studies or task-based imaging) to coactivate during goal-oriented
behaviour (Rosazza & Minati 2011; Laird et al. 2011). Resting state analysis is appropriate to a pediatric
study, as only a single MRI scan (of approximately six minutes) is required to examine whole-brain
connectivity, as opposed to a set of scans under a variety of stimuli or task conditions. Furthermore,
factors such as attention and language comprehension which may confound task-based

measurements in a pediatric cohort, are avoided. Critically, there is strong evidence to suggest that

2 Studying the signs and symptoms associated with the pathology of particular brain regions. This led to the
earliest ‘mappings’ of behaviour to neuroanatomy.



the brain’s full repertoire of function is open to investigation when the brain is not engaged in goal-

directed behaviour (Smith et al. 2009).

The HIV+ cohort studied here was recruited at birth into the (now-completed) Children with HIV Early
Antiretroviral (CHER) clinical trial (Cotton et al. 2013; Violari et al. 2008), along with uninfected
controls from an interlinking vaccine trial (Madhi et al. 2010). These children are now in follow-up at
the Tygerberg Children’s Hospital (Cape Town), with multimodal neuroimaging and
neuropsychological testing already performed at ages 5, 7 and 9 years, and testing at age 11 years
underway. The analyses performed in the present work, while unimodal and cross-sectional,

contribute to this larger multimodal longitudinal study.

Resting state FC differences have been identified in HIV+ adults when compared to uninfected controls
(Ann et al. 2016; Ipser et al. 2015; Ortega et al. 2015; Thomas et al. 2015; Thomas et al. 2013; Wang
et al. 2011), and associations of FC with disease severity in HIV+ youth (Herting et al. 2015). In the
CHER cohort, HIV-related FC differences were observed at age 7 years (Toich et al. 2017). In this work,
we will analyse rs-fMRI data acquired at age 9 years to investigate whether alterations observed at

age 7 years resolve or become more pronounced as the children grow older.

Rs-fMRI data will be analysed to fulfil the following aims:

i.  Assess the impact of HIV infection on FC among children stable on ART at age 9 years, as

compared with uninfected controls. This is the primary objective.

ii. Explore, within HIV-uninfected children, the effect of perinatal exposure to HIV/ART on FC.

iii. Explore, within HIV+ children, the effect of the timing of ART initiation on FC.

iv. Explore, within HIV+ children, associations of FC with measures of immune health as recorded

in infancy (6—8 weeks of age) and at the time of scan.

After reviewing the HIV neuroimaging literature in Section 2, we present the hypotheses that were

tested to meet these aims (Section 3).



2 Prior HIV Neuroimaging Research: Results and Significance

2.1.1 Neuroimaging in vertically infected children and adolescents
Neuroimaging studies conducted among vertically infected children and adolescents have largely used

structural MRI, although a number of other imaging modalities are also represented (Musielak & Fine
2015). These include diffusion tensor imaging (DTI) (Jankiewicz et al. 2017; Ackermann et al. 2016;
Uban et al. 2015; Hoare et al. 2012), magnetic resonance spectroscopy (MRS) (Mbugua et al. 2016;
Nagarajan et al. 2012), magnetic resonance angiography (MRA) (lzbudak et al. 2013), computed
tomography (CT) (Donald et al. 2015), cerebral angiography (lzbudak et al. 2013), and positron
emission tomography (PET) (Depas et al. 1995). Outside of our own longitudinal study, published
functional MRI (fMRI) and resting state fMRI (rs-fMRI) studies, discussed hereafter (Sections 2.1.2,

2.1.3), have only been conducted in adults (with one exception in rs-fMRI: Herting et al. 2015).

The focus of pediatric HIV neuroimaging literature has been primarily on white matter (Musielak &
Fine 2015), perhaps as a consequence of the observed association of HIV with subcortical dysfunction
in the pre-ART era (Paul et al. 2007). However, in the post-ART era of more recent years, patterns of
neurocognitive impairment have shifted to suggest cortical involvement as well (Heaton et al. 2011).
White matter focus has, nevertheless, yielded the important observation that white matter
abnormalities in vertically infected children are prevalent across nearly all ages (Musielak & Fine
2015). Abnormalities include reduced volume (Donald et al. 2015), decreased integrity (Jankiewicz et
al. 2017; Ackermann et al. 2016; Uban et al. 2015; Hoare et al. 2012) and lesions (Ackermann et al.
2014). Lesions are most commonly found in both subcortical and deep white matter of the frontal and
parietal lobes (Ackermann et al. 2014). Anatomical insults are, however, not limited to white matter.
Among children with HIV encephalopathy, loss of grey matter and calcification of the basal ganglia

have been identified by CT and structural MRI studies (Donald et al. 2015).

DTI of the children in our cohort identified disrupted development of white matter microstructure at
ages 5 and 7 years, despite early ART and early viral load suppression (Jankiewicz et al. 2017;

Ackermann et al. 2016). Disruption of the inferior longitudinal fasciculus (ILF) and inferior fronto-



occipital fasciculus (IFOF) was revealed at both ages. At age 5 years, clusters in these tracts showed
significantly higher mean diffusivity (MD) in HIV+ children than controls; at age 7 years, both tracts
showed reduced fractional anisotropy (FA), while the IFOF additionally showed increased MD again.
The locations of other regions showing microstructure disruption in HIV+ children (increased MD or
reduced FA) differed between the two ages. This spatial variation over time may indicate that HIV-
mediated developmental delays resolve in some regions, but lead to persisting damage in others. No
abnormalities were found in the corpus callosum, which is commonly implicated in adult HIV

(Gongvatana et al. 2009; Filippi et al. 2001), perhaps as a positive outcome of early ART.

Another DTI study conducted among vertically infected HIV+ youth also found that the white matter
microstructure of the ILF and IFOF is sensitive to HIV infection, with past measures of disease severity
being associated with higher fibre bundle counts or lower FA, respectively. Moreover, that the effect
of past disease severity on working memory performance was partly mediated by lower FA in the IFOF,
gives credence to the expectation that such alterations in brain development contribute to the

cognitive deficits observed among HIV+ youth (Uban et al. 2015).

2.1.2 Task-based functional MRI in adults
The limited literature analysing task-based fMRI data examines only adult HIV patients. Task-based

fMRI demonstrates that HIV+ adults may exert greater cognitive effort to perform the same working
memory task, as compared with uninfected controls (Tucker et al. 2004). In asymptomatic patients
showing no cognitive dysfunction, this is observed as greater activation in the lateral prefrontal cortex
(Ernst et al. 2002). In cohorts with some cognitive deficits, there is greater activation within the
parietal lobe during simpler tasks, and both greater parietal and frontal activation during more
complex tasks (Chang et al. 2001). In contrast, among HIV+ patients, those with cognitive deficits have
reduced general activation during motor tasks compared to asymptomatic subjects (Tucker et al.

2004).

Combined, these results indicate that HIV-associated cognitive deficits are correlated with alterations

in cortical activation. Whether these differences are expressed as greater or reduced activation may
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depend on the task or functional brain network in question. Further research is required to elucidate

this apparent discrepancy.

2.1.3 Resting state functional MRl in children and adults
The use of rs-fMRI to study HIV first appears in the literature in 2011, with the number of published

papers quickly increasing in 2015.

The effect of HIV on adult FC shows some correspondence to neurodegenerative aging: default mode
network (DMN), executive control, and salience within-network FC, as well as DMN-salience between-
network correlations, are significantly diminished in both (Thomas et al. 2013). However, the
application of weighted graph theory has helped to disentangle the pathophysiology of HIV and aging
through the interpretation of metrics of graph topology. The association of HIV with a globally lowered
closeness centrality metric indicates a loss of functional brain integration; especially inhibited is the
passing of information between both the DMN or the frontoparietal network and the rest of the brain
(Thomas et al. 2015). On the other hand, aging is associated with a globally increased entropy metric,
indicative of reduced differentiation of brain regions (Thomas et al. 2015). While graph theory
analyses fall outside the scope of the current project, it would form a valuable extension in future

studies.

Sensitivity of resting state FC to HIV pathology is not restricted to the cortex, as corticostriatal®> RSNs
are also affected. Subcortical regions carry the highest HIV viral load in the brain and the literature
demonstrates subcortical atrophy (Ortega et al. 2015). HIV+ subjects have reduced FC between the
striatum and the ventral attention and DMN networks, with the latter deficit reduced among those on
ART (Ortega et al. 2015). Prompted by the consistency of HIV-associated cognitive deficits with injury

to frontostriatal circuitry, investigations corroborate reduced FC in this particular corticostriatal

3 The striatum is one of the principle components of the basal ganglia and consists of the caudate, putamen
and nucleus accumbens.



network as well (Ipser et al. 2015). These results caution against the restricting of FC analysis to the

cortex, as in cortical surface-based analysis (for a description of this technique, see Fischl et al. 1999).

To the authors knowledge, only our longitudinal study has investigated FC in HIV+ children with
reference to age-matched controls. At age 7 years, rs-fMRI indicated that lowered immune health in
infancy (CD4* count, CD4%) may have lasting impacts on FC, and that HIV-related abnormalities
predominantly involve medial brain regions and between-network connections (Toich et al. 2017).
Adults with recent HIV-infection do not seem to show an association between FC and clinical
measures, though FCis still impaired (Wang et al. 2011). Taken together, it may be the case that while
the early stages of infection impact FC in both children (Toich et al. 2017) and adults (Wang et al.

2011), immunosuppression in infancy is particularly impactful.

The above and similar arguments must, however, be considered with caution. A discrepancy prevalent
in the rs-fMRI literature is the lack of consistent correlation of HIV laboratory markers and
neuropsychological performance measures with FC measures (Ortega et al. 2015; Ipser et al. 2015;
Thomas et al. 2013). However, this observation is not singular to rs-fMRI, but is representative of
neuroimaging measures in general (Ortega et al. 2015). Far from motivating for a shying away from
investigating such associations, this rather motivates for detailed reporting of methodologies as the

HIV neuroimaging literature grows and begins to elucidate discrepancies.

Several explanations are proposed for absent associations with HIV laboratory markers. Plasma
markers are used in place of cerebrospinal fluid (CSF) markers and may not accurately reflect changes
in the brain under all circumstances — particularly in advanced HIV disease (Edén et al. 2010; Canestri
et al. 2010; Ellis et al. 2000). Yet ART typically does effectively suppress viral load and
immunoactivation in the brain compartment in parallel with the blood, albeit at a slower rate (Price &
Spudich 2008). An alternative explanation is that, in the post-ART era, traditional laboratory markers
(plasma viral load, CD4* T lymphocyte count) may be less accurate in reflecting disease severity

measured at the same timepoint. A well-established example is the significant prevalence of



neuropsychological deficit among patients whose plasma viral load has been successfully suppressed
(Cysique & Brew 2011). Thus, it appears that the histories of ART regimen, viral load, and inflammation

in a patient need to be considered, as they may have complex and persisting effects.

This notwithstanding, interesting correlations have been identified in the rs-fMRI literature. Among
older adults (> 60 years), FC deficits in the salience network are associated with current detectability
of viral loads, but not with infection status. This suggests that the integrity of FC may be restored with
successful viral load suppression under certain conditions (Guha et al. 2016). In a pioneering paper,
Herting et al. (2015), while not investigating HIV-related abnormalities with respect to a control group,
found associations in HIV+ youth (11.6—-20.7 years-old) between clinical measures of disease severity
and FC to seeds in the default mode network (DMN). Lower nadir®* CD4* and higher peak RNA were
associated with characteristics of a ‘less mature’ DMN: that is, one with weaker within-network FC
and stronger integration with task-positive networks (the DMN itself being task-negative in healthy
subjects; Section 5.7.1). Among the implicated connections, between-network FC of the medial
prefrontal cortex (PFC) and posterior cingulate cortex DMN nodes correlated with processing speed
performance. Psychomotor slowing is frequently reported in HIV+ children and adults (Nichols,
Chernoff, Malee, Sirois, Woods, et al. 2016; Nichols et al. 2015; Smith et al. 2012; Sacktor et al. 2010;

Koekkoek et al. 2008; Martin et al. 2006; Schmahmann 2005).

4 Lowest recorded.



3 Hypotheses

Based on the findings of the literature (Section 2), we made the following hypotheses, relating to the

project aims described in Section 0O:

HIV-infection will be associated with reduced functional integration (within-network FC) in
RSNs commonly implicated in HIV: default mode, ventral cognitive control® (salience, central
executive), visual, and sensorimotor networks (Sarma et al. 2017; Toich et al. 2017; Thomas

et al. 2015; Herting et al. 2015; Ortega et al. 2015; Thomas et al. 2013; Wang et al. 2011).

Given the congruence between structural and functional connectivity (Damoiseaux & Greicius
2009; Hagmann et al. 2008), the disruption of both in HIV, and the apparent preference for
medial regions in HIV-related FC differences in our cohort at age 7 years, we hypothesise that
the FC of brain regions forming hubs of structural connectivity® (which are posteromedial;

Hagmann et al. 2008) will differ between HIV+ and uninfected children at age 9 years.

Given select correlations of processing speed with FC in perinatally HIV+ youth (Herting et al.
2015), and the observation of FC deficits in regions implicated by profiles of cognitive
impairment in HIV (lpser et al. 2015), we hypothesise that FC of brain regions underpinning
neuropsychological domains that are impaired in our cohort — visual perception, learning,
planning and simultaneous processing (Laughton et al. 2017; Merkle 2015) — will differ

between HIV+ and uninfected children.

Given both strong commonalities and differences in the patterns of white matter disruption
observed in our cohort at age 5 and 7 years (Jankiewicz et al. 2017; Ackermann et al. 2016),

we hypothesise that investigation of seed regions showing HIV-related FC differences at age

5 These networks tend to be classified in varying ways. This is discussed in Section 5.7.2.
8 Functional connections of the structural core with any brain region, not necessarily with another region in the
structural core. Hypothesis Il should be understood similarly.
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VI.

VII.

7 years will reveal HIV-related differences in functional connectivity to both similar and new

target brain regions at age 9 years, with some FC abnormalities resolving by age 9 years.

Given that our virologically-suppressed HIV+ cohort has revealed, at ages 5 and 7 years,
associations of immune health in infancy, but not current immune health, with neuronal
integrity and FC (respectively) (Toich et al. 2017; Mbugua et al. 2016), we expect to observe
(at age 9 years) neural correlates of immune health in infancy (but not current immune health)

in early-maturing RSNs.

Among uninfected children, perinatal exposure to HIV/ART will affect the functional

integration (within-network connectivity) of early-developing RSNs.

Given associations of early treatment with higher mental development scores in infancy
(Laughton et al. 2012) and reduced morbidity (Cotton et al. 2013), we hypothesise that
younger age at ART initiation will predict higher functional integration (within-network

connectivity) in RSNs commonly implicated in HIV (see Hypothesis ).

11



4 Pediatric HIV: Clinical Background

4.1 ART: 20 years of effective treatment
The first attempts to treat HIV with antiretroviral (ARV) drugs, through the late 1980s, were

unsuccessful. Monotherapy with nucleoside reverse transcriptase inhibitors (NRTIs) — which block
reverse transcription of viral RNA into DNA, required for its integration into the host cell’s DNA — had
high toxicity and was further unable to support stable immune recovery (Brinkman et al. 1998; Lewis
& Dalakas 1995; Volberding et al. 1995; Lundgren et al. 1994). Marginal success with synergistic dual
NRTI therapy gave the first indications that combatting drug resistance is key to successful treatment
(Kuritzkes et al. 1999). The Vancouver AIDS Conference of 1996 ushered in the era of highly active ART
(now simply ‘ART’), as a group of observations revealed that the HIV pool in the human body has rapid
turnover, and that complete suppression of viral replication in the patient is required to prevent
resistance-producing viral mutation (Vella et al. 2012). Around the same time, new classes of drugs
were being developed, such as non-nucleoside reverse transcriptase inhibitors (NNRTIs), and protease
inhibitors, which prevented the replication of infectious virus particles in different ways. Combination
therapy, consisting of a dual NRTI backbone and a third drug of a different class, became the standard
recommendation (WHO 2006b; WHO 2006a). In 1998, the success of such therapy in shifting HIV from
a fatal to a chronic disease was indicated in probably the most famous study in the history of ART
(Palella et al. 1998). The form of ART today remains largely unchanged, with recent innovation largely

concerning improving tolerability, adherence and cost (Vella et al. 2012).

4.2 Treatment of vertically infected children
With the availability of effective ART, a major question is when treatment should be initiated. The

question is perhaps nowhere more pertinent than in infants infected in utero, during perinatal
gestation, or around birth. Older guidelines only administered treatment when children had advanced
or severe disease, or when CD4* T cell levels dropped below a threshold (WHO 2006b). Since then,
several studies have indicated that earlier treatment in infants or children (including asymptomatic
children) is associated with better survival rates (Cotton et al. 2013; Violari et al. 2008), better clinical,

virologic, and immunologic outcomes (Chiappini et al. 2009), greater weight and height gain (Diniz et
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al. 2011), and improved neurodevelopmental outcomes (Laughton et al. 2012). Among these studies
is the CHER trial (Cotton et al. 2013; Violari et al. 2008), from the cohort of which our own HIV+ sample
is taken. As a result of these findings, international guidelines now universally recommend immediate
ART for all HIV+ children (vertically infected, or otherwise), where the recommendation is strongest
for those younger than 1 year of age (Foster et al. 2017, WHO 2016; CHIVA 2017; Panel on

Antiretroviral Therapy and Medical Management of HIV-Infected Children n.d.).

Another question is whether treatment should be interrupted when children become virologically and
immunologically stable. This strategy has been partially explored, with a view to decreasing toxicity or
drug resistance that may result from early and cumulative treatment. Experimentation with structured
interruption in adults and children has been largely unsuccessful, since viral rebound quickly
necessitates the restarting of treatment (Thompson et al. 2014; SMART Study Group 2006). Current

guidelines suggest lifelong ART for all children and adults.

4.3  Mother-to-child transmission
The vast majority of HIV-infected children, both in SSA and globally, acquire the virus by mother-to-

child transmission (MTCT) (Eisenhut 2013; WHO 2010; Wiktor et al. 1997). Such ‘vertical infection’ can
occur via the placenta (in utero, or during the perinatal period of gestation), during labour and
delivery, or through the gastrointestinal tract in breast feeding, with the latter two avenues having

greater rates (Dabis & Ekpini 2002).

Programmes for the prevention of MTCT involve prophylaxis administered to the mother and the
infant. Newer regimens administer ARV drugs to pregnant woman as early as possible (since the most
effective way to reduce transmission risk is by suppressing maternal viral load), and integrate this with
lifelong ART for the mother’s health. Neonates are given 6 weeks of dual post-exposure prophylaxis
(longer if breast-feeding), consisting of azidothymidine and nevirapine (WHO 2016). Older prophylaxis
recommendations, according to which the children in this study were treated in infancy (during the

CHER trial), consist of single-dose nevirapine to the mother (during labour) and to the neonate
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(Gourlay et al. 2013). The percentage of HIV+ pregnant woman able to access some form of ARV
treatment in Southern Africa has risen from around 10% in 2004 (WHO 2010) to almost 90% in 2016
(UNAIDS 2016). As a result, large numbers of children are now born HIV-negative after having been

exposed to HIV and ART perinatally.

4.4 HIV pathogenesis in the periphery
The early, acute stage of HIV infection is associated with rapid loss of CD4* T helper cells. The infection

begins in the mucosa, where at least half of the CD4* cells are located during homeostasis, a large
fraction of which are in an activated state (Stebbing et al. 2004). Active CD4" cells are readily infected,
and ensuing viral replication and cytopathy (destruction of the host cell) is efficient (Stevenson 2003).
The virus then spreads via the lymphoid tissue and the blood. The chronic stage of HIV infection is
characterised by generalised activation of the immune system (Anthony et al. 2003). This chronic
inflammation, as opposed to the direct cytopathic effect of the virus, is postulated to mediate
continued CD4" cell pool depletion (Smith 2006). Some other immune cells — largely macrophages and
dendritic cells — have transmembrane receptors’ that also leave them susceptible to HIV-infection.
The highly-migratory macrophage cells may play an important role in transmitting the virus into the
brain (Koppensteiner & Wu 2012). CD8* (cytotoxic) T cells, though activated as part of immune

inflammation, are not infected by the virus at a high rate (Stebbing et al. 2004).

Even when the plasma viral load (quantity of the virus in the blood) has been suppressed by ART to
undetectable levels for many years, it can rebound quickly (in about two weeks) if treatment is
stopped (Imamichi et al. 2001; Davey et al. 1999). Covert reservoirs of latent HIV persist even when
HIV replication is prevented by treatment (Finzi et al. 1999). At the cellular level, the major reservoir
consists of resting memory CD4* T cells that have been productively infected (integration of viral RNA
into cell DNA), but have returned into a metabolically-inactive state before succumbing to the

destructive effects of the virus (Stebbing et al. 2004). Because of the biological function of these cells

7 Namely, CCR5 and CXCR4 chemokine receptors.
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— providing lifelong immunity against previously-encountered antigens — they have an extremely long
half-life (about four years) and hence provide a stable source for later viral replenishment. When these
cells are reactivated by the presentation of an antigen, they will begin to produce viral proteins and
replicate the virus. Early ART initiation from infancy, while perhaps slowing the treatment-reactive
evolution of the virus in the patient, does not prevent the formation of a stable viral reservoir (Persaud
et al. 2000).

4.5 HIV and antiretroviral drugs in the brain

4.5.1 Penetration of the virus
Free virus and infected immune cells cross the blood-brain-barrier (BBB) through complex transport

processes (Banks et al. 2006), possibly within two weeks of HIV-infection (Valcour et al. 2012). The
BBB is a continuous membrane formed by the modified endothelium of the brain capillary bed, and
regulates biological transport into and out of the CNS. Because of the sparsity of T lymphocytes (such
as CD4" cells) in the brain, the entered virus evolves to infect perivascular monocytes, parenchymal
microglia and astrocytes (Churchill & Nath 2013) — cells which sense threats, maintain homeostasis,
and respond to injury in the CNS. Microglia have an extremely slow turnover (even more so than that
of the resting CD4* T cells of the periphery) and do not quickly succumb to the cytopathic effects of
the virus, forming a stable site of replication for HIV in the brain (Churchill & Nath 2013). Astrocytes,
the most abundant cell type in the brain, are more susceptible to infection in neonates than adults,
and might be involved in major pathways of HIV-mediated neurotoxicity (Tornatore et al. 1994;
Blumberg et al. 1994). Viral proteins, proinflammatory cytokines (signalling molecules) and nitric oxide
produced by infected CNS cells cause neurotoxic events which can damage brain parenchyma. The
dominant hypothesis is that these secondary effects, rather than mass infection of neurons, are
responsible for neuronal damage and loss (for a review of this mechanism, see Kaul et al. 2001). Aside
from the neurotoxic effect of brain-resident HIV, toxic proteins produced by HIV in the periphery can
cross the BBB (Banks et al. 2006). The virus also induces the BBB to produce proinflammatory

substances (Didier et al. 2002; Hofman et al. 1999; Zidovetzki et al. 1998).
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4.5.2 Penetration of antiretroviral drugs
Different ARV drugs can therapeutically penetrate the CNS to varying degrees, as indirectly inferred

from molecular properties, CSF concentrations, and the ability to reduce CSF viral load or improve
cognitive outcomes. At least two of the three drugs (zidovudine, ritonavir-boosted lopinavir®) forming
first-line therapy in our cohort could be considered to have a relatively higher penetration rate
(Letendre et al. 2008). But even in the post-ART era, the extent to which therapeutic ARV levels can
be maintained in the brain is considered suboptimal (Van Rie et al. 2007): the BBB actively pumps ARV
drugs out of the brain compartment (Banks et al. 2006). This raises concerns that the brain forms a
compartmentalised viral reservoir partially protected from ART, the viral load kinetics and drug
resistance of which become separated from the lymphoid tissue (Van Rie et al. 2007). Such

compartmentalisation is likely to occur not only in adults, but also in children (McCoig et al. 2002)

Nevertheless, partial effectiveness of ART in the brain, including the developing brain, is evident.
Before the availability of ARVs, progressive encephalopathy® was reported at rates as high as 50% of
HIV+ children (Epstein et al. 1986). Children would not typically survive longer than 2 years after
encephalopathy diagnosis (Lobato et al. 1995). In the era of ART, this rate has been reduced to less
than 2%, and diagnosed cases can be halted and potentially reversed with treatment (Chiriboga et al.
2005). Yet even with the availability of effective treatment, residual cognitive deficits do persist, both

in asymptomatic children and those with halted encephalopathy (Chiriboga et al. 2005).

4.5.3 Neurotoxicity of antiretroviral drugs
Another concern is that ARV drugs themselves have a neurotoxic effect within the CNS (for a recent

review, see Shah et al. 2016). As HIV shifts from a fatal to a chronic condition, and policies suggest
earlier ART initiation in children, it is becoming more urgent to understand the long-term effects of

cumulative drug exposure. While several adult HIV studies demonstrate better neurocognitive

8 The third being lamivudine.

9 Progressive encephalopathy is characterised by: retarded development of brain circumference, or
neuroimaging-indicated brain atrophy; missed or lost developmental milestones; corticospinal tract signs, such
as pathological reflexes (Janssen et al. 1991).
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outcomes for drugs with higher CNS penetration scores (Carvalhal et al. 2016; Eisfeld et al. 2013;
Smurzynski et al. 2011), more than one has indicated the inverse (Caniglia et al. 2014; Marra et al.
2009). Several classes of ARVs have been found to produce neuropsychiatric adverse effects, such as
depression, hallucination, and psychosis (Shah et al. 2016). Some of these are known to modify the
concentration/activity of signalling molecules and enzymes in the CNS in ways that could provide a
mechanism for neuropathy (Streck et al. 2008; O’Mahony et al. 2005). Select ARVs have been
associated with neuropathy in the peripheral nervous system — through depletion of mitochondrial
DNA in nerves (Dalakas et al. 2001), for example — further raising concerns about neuropathy in the
CNS as well. In addition, while combination ARV therapy has constituted a major advance in successful
management of HIV, it also invites possibilities of complex neurotoxic drug-drug interactions (Shah et

al. 2016).

Because animal models allow for invasive testing, they may provide essential insights into the HIV-
independent effects of ART on the CNS. At present, such literature is far too sparse to be conclusive.
Yet the initial results do warrant further investigation. In a study among adult primates, ART was linked
with reduced synaptodendritic integrity, while nevertheless being effective and essential in preventing
encephalitis (Akay et al. 2014). Two studies found perinatal/transplacental exposure to ART to be
associated with moderate mitochondrial damage in the CNS of primate neonates or primate fetuses,
respectively (Divi et al. 2010; Ewings et al. 2000), complementing observations of peripheral

mitochondrial damage in ART-treated humans.

4.6 Cognitive and behavioural profile of vertically infected children on ART
Over the last decade, the literature has begun to explore the effects of vertical HIV-infection and

HIV/ART exposure on cognitive performance and behaviour in children on ART. Prospective
investigations have been conducted as part of two longitudinal studies, the Adolescent Master
Protocol (AMP) of the Pediatric HIV/AIDS Cohort Study (PHACS) (Tassiopoulos et al. 2016), and the

CHER clinical trial (Cotton et al. 2013; Violari et al. 2008).
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Compared to the general population, executive function (Nichols, Chernoff, Malee, Sirois, Woods, et
al. 2016; Nichols et al. 2015), learning and memory (Nichols, Chernoff, Malee, Sirois, Williams, et al.
2016; Nichols et al. 2015), adaptive and overall cognitive function (Garvie et al. 2014; Smith et al.
2012), academic achievement (Garvie et al. 2014), and early neurodevelopmental outcomes
(Laughton et al. 2012) of both HIV+ and HEU children have been found to be either within the low
average range or significantly below age expectations. In addition, the incidence of mental health
problems in these two groups is higher than expected from population surveys (Malee et al. 2011).
Perinatal exposure to HIV/ART cannot be ruled out as an explanation for the commonality of the
deficits between these two groups, since studies generally lack an unexposed (HU) control group.
Nevertheless, several authors also speculate a significant contribution of non-clinical environmental

factors.

A general pattern emerges that HIV+ children with asymptomatic clinical histories do not perform
significantly worse in cognitive or adaptive functioning than HEU children (Nichols, Chernoff, Malee,
Sirois, Williams, et al. 2016; Nichols et al. 2015; Garvie et al. 2014; Smith et al. 2012) after controlling
for demographic and socioeconomic variables. Visual perception may be an exception (Laughton et
al. 2012). On the other hand, HIV+ children with previous CDC'¥ Class C events (instances of AIDS-
defining illness, including encephalopathy) do differ significantly from asymptomatic HIV+ or HEU
children in visual recognition memory (Nichols, Chernoff, Malee, Sirois, Williams, et al. 2016), full-scale
intelligence quotient (Smith et al. 2012; Wood et al. 2009), self-endorsed ratings of cognitive
regulation (Nichols et al. 2015), and executive functions involving processing speed elements (Nichols,
Chernoff, Malee, Sirois, Woods, et al. 2016; Smith et al. 2012). Further, within HIV+ children, histories
of CDC Class C events and greater past disease severity (lower nadir CD4*, higher peak viral load) are
associated with higher rates of psychiatricimpairment and learning disability (Wood et al. 2009), lower

intelligence quotients (Smith et al. 2012), and impairment of several cognitive and adaptive functions

10 Center for Disease Control and Prevention.
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(Nichols et al. 2015). Of note, Smith et al. (2012) found that processing speed was significantly
impacted by past disease severity even among HIV+ children who had no prior encephalopathy
diagnosis, while all other functions were not. Psychomotor slowing might underlie differences in
executive performance observed in HIV+ and HEU children. Much literature describes the particular
vulnerability of processing speed in pediatric (Herting et al. 2015; Koekkoek et al. 2008; Martin et al.
2006; Schmahmann 2005) and adult (Sacktor et al. 2010) HIV infection. A strong trend in the above
results suggests that even short-lived AIDS-related diagnoses can greatly increase the risk of later
neurocognitive impairment, reinforcing the importance of early treatment to prevent

immunosuppression.

Incidence of behavioural (Nichols et al. 2015) and mental health (Malee et al. 2011) problems may be
higher in HEU than HIV+ children, though they are not absent in the latter group (Jeremy et al. 2005).
While it has been suggested that cognitive impairment might limit acting-out behaviour, this trend
most likely indicates a considerable influence of non-clinical environmental and caregiver factors on

neurocognitive and behavioural development.

4.7 Measures of immune health in HIV infection
When not controlled, HIV infection results in a spectrum of diseases, opportunistic infections and viral-

induced cancers associated with immune suppression (AIDS). Immune status is therefore an essential
marker of the progression of HIV-infection and associated disease. In particular, the level of CD4* T
lymphocytes circulating in the blood, which are the primary targets of HIV, has high prognostic value
for predicting risk of AIDS or death in both children and adults. Both baseline (i.e. before the
commencement of ART) CD4" cell levels and those during ART regimens are predictive (Badri et al.
2006; HIV Paediatric Prognostic Markers Collaborative Study Group 2006; HIV Paediatric Prognostic
Markers Collaborative Study Group 2003; Egger et al. 2002; Anastos et al. 2002). CD4* levels may
better predict short and long term disease progression than viral load (HIV Pediatric Prognostic
Markers Collaborative Study Group 2003; Egger et al. 2002). The latter is nevertheless a more direct

measure of the extent to which treatment achieves its aim of inhibiting viral replication and is the
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preferred indicator of treatment failure (WHO 2016). CD4" cell levels are the central measure for ART
prioritisation in settings with resource limitations (WHO 2016), and historically the indicator for ART

commencement (O’Gorman & Zijenah 2008).

The levels of this T lymphocyte can be quantified in various ways. The absolute count of CD4* T cells
has the strongest biological basis (Taylor et al. 1989), and is the preferred measure for patients older
than 5 years (WHO 2016), but is highly variable in younger ages. The percentage of total circulating
lymphocytes that are CD4* T cells is more age invariant, and is the preferred measure for patients
younger than 5 years (WHO 2016; O’Gorman & Zijenah 2008). The CD4*:CD8* ratio, which compares
the counts of the two major T lymphocytes, is less commonly used, but might also have some
prognostic value. There have been suggestions for using this ratio as a surrogate measure of HIV-

infection among infants in resource-poor settings (Zijenah et al. 2005).
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5 Principles of Resting State Functional MRI

5.1 A primer on magnetic resonance physics
MRI uses non-ionising electromagnetic radiation to non-invasively image the structure, function or

metabolism of the brain. Programming the MRI apparatus to produce different series of
radiofrequency pulses and magnetic field gradients — called ‘pulse sequences’ — enables the
experimenter to obtain such differently-weighted images. The MRI scanner consists of a magnet
(typically, a superconducting electromagnet), radiofrequency (RF) coils (for transmission and
receiving), and gradient coils. The doughnut-shaped magnet produces a large field, Bo, known as the
main static magnetic field, which is oriented longitudinally through its bore. This field passes inferiorly

to superiorly (designated as the ‘Z-axis’) through a patient positioned supine within the bore.

Atoms with an uneven number of protons or neutrons in their nuclei can interact with an externally
applied magnetic field to produce measurable signal in MRI. As the body consists of approximately
60% water, the most abundant such atom in the human body is the hydrogen (H) atom, which contains
a single proton in its nucleus. The proton, like all other fundamental particles, spins on its own axis (by
way of analogy). Because moving charge produces a magnetic field, each H nucleus has a tiny magnetic
dipole moment associated with it, which behaves much like a microscopic bar magnet. In the presence
of a magnetic field, these dipole moments tend to align along the direction of the field, similar to the
way a compass needle aligns parallel to the earth’s field. However, in contrast to an isolated compass
needle that will oscillate around north and eventually come to rest pointing north, an individual
nucleus in a collection of nuclei never actually comes to rest since it is continuously bumped by
neighbouring nuclei due to random thermal motion. In the same way that a compass needle oscillates
around north following a disturbance, the ‘disturbed’ dipole moments precess around the direction
of the main magnetic field (Bo). Precession can be thought of as a ‘wobbling’ type motion where the
tail of the dipole moment remains fixed and the head traces out a circle. This precession happens at a
characteristic frequency, called the Larmor precession frequency, that is proportional to the strength

of the main magnetic field and the gyromagnetic ratio of the nucleus (42.6 MHz/T for hydrogen nuclei).
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Although individual nuclei are never left alone long enough to reach steady state, the distribution of
dipole moments will. The equilibrium distribution of dipole moments is nearly spherical but slightly
skewed toward the main magnetic field, resulting in a net tissue magnetisation, My, parallel to the

main magnetic field. This tissue magnetisation is the source of the signal measured in MRI.

MRI measurement begins with the application of an RF pulse to the tissue, in a coil perpendicular to
the main magnetic field. If the RF pulse is applied at the resonant frequency of the nuclei, known as
the Larmor precession frequency, nuclei will be excited away from their equilibrium state. This RF
pulse establishes an oscillating magnetic field perpendicular to the main magnetic field that tips Mo
towards the transverse plane — the plane orthogonal to the longitudinal Z-axis. Upon termination of
the RF pulse, the dipole moments again precess around By and return to their equilibrium distribution
with Mp pointing along the main magnetic field. The flux induced in the receiver coils by the transitory

transverse component of My (M) is the MRI signal.

The process whereby excited protons return to their equilibrium state is known as ‘relaxation.” As a
result of this process, My, decays to 0 from its peak, and the longitudinal component of My, (M)
recovers to eventually again be equal to M,. The dynamics of decay and recovery are different for
different types of tissue. If we sample the signal induced by M, at just the right moment, differences
in signal between different brain locations will reflect differences in these dynamics, producing image

contrast.

It is tempting to think of the decay and recovery processes as happening at the same rate, with both
simply reflecting a reduction in the angle of My with By over time while the magnitude of Myremains
constant. In fact, this is not the case. Rather, two independent exponential processes, with different
time constants, occur. M, rapidly decays to 0 as the H-nucleus dipole moments fan out in the
transverse plane, losing their phase coherence though ‘spin-spin’ relaxation. As the nuclei come near
to one another in their random motion, the external magnetic field experienced by each is slightly

changed from By, because the magnetic moment of other nuclei add to or subtract from it. The
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precessional frequencies of these nuclei will change relative to one another according to the new field
experienced by each nucleus. Since they are no longer precessing at the same frequency, they lose
phase coherence, in the same way that two hands on a clock change their relative position if they
move at different speeds. Once they move apart, precession returns to the Larmor frequency, but the
phase differences acquired are not reversible. The cumulative effect of many interactions is the loss

of phase coherence, and hence of net transverse magnetisation, according to:

t

My, (t) = Moe™ . (1)
The time constant T, is dependent on tissue properties, and is defined as the time it takes the
transverse magnetisation to reduce to about 37% of its initial value. In the same way that nucleus-
nucleus interactions modify the experienced magnetic field, causing dephasing, magnetic
susceptibility differences of adjacent tissues and inhomogeneities in the main magnetic field will also
cause dephasing. When these additional factors are considered, the time constant is referred to as
T>*, which is the source of contrast in the blood oxygen level-dependent (BOLD) signal of fMRI (Section

5.2).

While T, relaxation involves no loss of energy, the second, much slower, relaxation process involves
excited protons releasing the energy that they previously absorbed (during RF excitation) into the
surrounding lattice (‘spin-lattice’ relaxation). This causes the longitudinal magnetisation to grow

back!! according to:

M,(t) = M, (1 — e;_;) . (2)

The time constant T; is also dependent on tissue properties, and is defined as the time it takes the

longitudinal magnetisation to recovery to about 63% of its equilibrium value.

111t would also cause further dephasing in the transverse plane, but the effect of ‘spin-spin’ relaxation is far
greater in that regard.
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In practice, the freely decaying signal is not immediately sampled, but is instead caused to ‘echo’ a
second time (through mechanisms not discussed here). The time between the peak of this echo and
the main RF excitation pulse is called the ‘echo time’ (TE). The time between two consecutive
excitation pulses (at some point within which the signal is measured) is called the ‘repetition time’
(TR). Through careful design of pulse sequences, the values of TE and TR can be changed relative to
one another, which in turn controls how the resulting image contrasts are weighted by the T; and T;

characteristics of the tissue.

5.2 The BOLD signal and its neurobiological origins
The blood oxygen level-dependent (BOLD) signal captured by fMRI is an indirect measure of neuronal

activity. Changes in neuronal activity produce changes in local cerebral blood flow (CBF) and blood
oxygenation. This neurogenic departure from homeostasis is known as the haemodynamic response.
The haemodynamic response transiently modifies the local transverse relaxation time (T2*) across
brain tissue (see Section 5.1 for more details on MRI physics). Modifications to T2* are captured by an
echo planar imaging (EPI) sequence to produce maps of functional activity in the human brain. Parts

of this process are better understood than others.

The validity of fMRI as a tool for investigating brain function is dependent on there being a
proportional relationship between neuronal activity and the BOLD signal measured by the MRI
scanner.  This relationship is substantiated and widely accepted. Experiments acquiring
electrophysiological recordings and fMRI images simultaneously in primates (Logothetis et al. 2001)
and in series in humans (Arthurs et al. 2000) indicate that the BOLD signal has a linear relationship

with the synaptic activity of neuron populations.

Underpinning this linear relationship is the coupling between neural activity and CBF/blood
oxygenation. Animal models indicate that stimulation of local brain activity increases local metabolism
(rate of glucose utilisation) and blood flow in cerebral tissue, while reduced activity suppresses it

(Nielsen & Lauritzen 2004; Mathiesen et al. 2004; Sokoloff 1981). However, the precise causal
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mechanisms by which neural activity acts on the vasculature — known as neurovascular coupling —

remains the subject of ongoing research (Hillman 2014; Arthurs & Boniface 2002).

Earlier models proposed that substances produced by neurons (such as glutamate and nitric oxide)
act directly on the vasculature (Attwell & ladecola 2002), while more recent models include other cells
of the CNS — astrocytes, pericytes and interneurons — as intermediaries (Peppiatt et al. 2006; Takano
et al. 2005; Cauli et al. 2004). In either case, the resulting dilation of vasculature — pial arteries,
arterioles penetrating the cerebral parenchyma, and capillaries — facilitates increased CBF. The
endothelium of the vasculature might itself be involved, carrying signals upstream from the capillary
bed at the site of neuronal activity, to the arteries supplying those beds, causing retrograde dilation

along the way (Chen et al. 2014; Chen et al. 2011; Tallini et al. 2007).

Having considered the origin of the haemodynamic response, we consider next how it is translated
into the BOLD signal. In brief: the MRI scanner uses haemoglobin as an endogenous contrast agent.
The echo planar imaging (EPI) sequence employed in fMRI obtains an image highly weighted by the
local transverse relaxation time (T2*) across the brain. This time constant is sensitive to local
inhomogeneities in the static magnetic field imposed across brain tissue by the scanner. Metabolism
of oxygenated haemoglobin (HbO) carried by red blood cells creates paramagnetic deoxyhaemoglobin
(HbR) molecules, which change the magnetic susceptibility of local brain tissue and thereby produce
magnetic inhomogeneities. Conversely, increased local blood flow increases the supply of oxygenated
HbO, effectively diluting the paramagnetic effect of HbR. It is thus the HbR/HbO ratio that produces
image contrast (Logothetis & Wandell 2004). Thus, fMRI relies on the fact that functional (neurally-
evoked) increases in CBF are proportional to increased neuronal activity, and that they modify this

HbR/HbO ratio.
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5.3 Task-based and resting state functional MR
The BOLD signal can be measured in response to a stimulus or during the performance of a task,

together known as task-based fMRI. The signal at each brain voxel*? is modelled by the expected
haemodynamic®® response to a stimulus, to estimate the extent to which it is activated by the stimulus.
The resultant statistical map reflects the level of engagement of each brain region in a task, or the

level of modulation by a stimulus.

Conversely, rs-fMRI measures spontaneous fluctuations in the BOLD signal when the subject is at rest.
Ideally, the subject is lying still with eyes open (Gusnard et al. 2001), but not engaged in any goal-
driven behaviour or primed for a mental task. In this paradigm, the BOLD time course of any one voxel,
independent of others, is uninformative. Instead, the extent to which the temporal dynamics of
different brain voxels correlate is used to infer the presence of functional communication channels
(Van den Heuvel & Hulshoff Pol 2010) or operational interaction between them. This phase locking of
the neuronal activity in anatomically separated brain regions is known as ‘functional connectivity’ (FC).
Resting state networks (RSNs) can be estimated from FC in a model-free way by identifying principle
modes of temporal variation in the spontaneous BOLD fluctuations, and then identifying regions
significantly modulated by that mode (independent component analysis, ICA). Alternatively, the FC of
a selected seed region, hypothesised to be key to a given brain function, with every other brain voxel

can be used to define an RSN (seed-based analysis, SCA).

There is strong correspondence between RSNs inferred from covarying spontaneous fluctuations and
activation networks identified in task-based studies (Smith et al. 2009; Cordes et al. 2000). This pairing
gives credibility to rs-fMRI methods and suggests that the brain’s full repertoire of function persists in
some sense, and is open to investigation, in the resting state. A strength of resting state analysis is,

thus, that various functional systems can be investigated from a single MRI acquisition (Biswal et al.

12 The smallest cubic area of brain tissue that can be digitally isolated given the imaging resolution; the 3-D
analogue of a 2-D pixel.

13 That is, the expected fluctuation in local oxygenated haemoglobin caused by a transient wave of increased
local cerebral blood flow, which is in turn expected to be triggered by increased neuronal activity (Section 5.2).
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2010). The pairing also provides an avenue for understanding the neuropsychological significance of
(task-free) RSNs, since activation networks are produced by tasks that have associated behavioural

and cognitive paradigms.

5.4 Artefactual (non-neuronal) contributions to the functional MRI signal
The fMRI signal is noisy. Spontaneous neuronal activity only accounts for about 3% of the signal

variance (Bianciardi et al. 2009). Several non-neuronal processes contribute coherent fluctuations, not
only affecting task-based estimates of levels of neuronal activation, but also capable of producing
spurious patterns of resting state FC. Cardiac and respiratory cycles cause time-varying changes in the
magnetic susceptibility of the torso, movement of the brain stem into surrounding tissue and pulsation
of blood vessels. In turn, these all produce oscillations of the static magnetic field (Mp) in brain tissue
as well as complex non-rigid motion artefacts. In addition, changes in the rate of these respiration and
heart rhythms, along with other physiological mechanisms, produce fluctuations in CO, concentration
and blood pressure, both of which modify CBF. Modified cerebral flow directly affects the local
HbR/HbO measured by the BOLD contrast, confounding the signal (for a review of physiological noise
sources, see Murphy et al. 2013). Non-physiological noise sources include bulk motion of the skull
(Power et al. 2012), low-frequency drifts in the main magnetic field maintained by the scanner

(Bianciardi et al. 2009) and other hardware-related artefacts (Jo et al. 2010).

Itis thus essential to preprocess the resting state BOLD time courses to remove signals of non-interest,
which greatly increases the specificity of FC analyses (Weissenbacher et al. 2009). Since the BOLD
effect operates at low frequencies (0.01 to 0.1 Hz), a key step in isolating neuronal activity involves
lowpass filtering. However, due to the low temporal resolution of resting state data, higher-frequency
physiological confounds are aliased down into the frequency band of interest (Bhattacharyya & Lowe
2004). Time courses modelling physiological fluctuations must therefore also be regressed from the
BOLD time course. In the absence of external readings, physiological fluctuations can be estimated

from the data (known as tissue-based regression; see Jo et al. 2013).
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5.5 Methods for extracting resting state functional connectivity
The spatial topography and strength of FC between brain regions can be extracted from resting state

data using various methods, which can be broadly grouped into model-dependent and data-driven
methods. We only discuss approaches that ignore issues of causation. An array of methods attempt
also to make inferences about the direction of influence between functionally linked regions (termed
‘effective connectivity’), but these are not employed in this study and are not discussed here (for a

review, see Rogers et al. 2007).

Data-driven methods attempt to map FC across the whole brain in a manner that is not parameterised
by the neuronal activity of any single brain region. Most typical among such methods is group
independent component analysis (ICA), a generalisation of principle component analysis (Van De Ven
et al. 2004), which has demonstrated good test-retest reliability and inter-session consistency (Zuo et
al. 2010; Chen et al. 2008). ICA simultaneously decomposes a matrix of resting state measurements
into a set of spatio-temporal sources that linearly mix together to produce the observations. Since
fMRI activation maps, after thresholding for noise, are typically clustered and sparse, ICA
decomposition is optimised for spatial rather than temporal independence (Beckmann & Smith 2004).
A subset of the resulting spatial maps define RSNs, while other components isolate physiological and
hardware-related variance (Kelly et al. 2010). Each spatial map has an associated temporal signature,
representing how the common activity of the regions associated with that RSN vary over time. For
generalisation to multi-subject analysis, the matrix input to ICA consists of a temporal concatenation
of data across all subjects (Schmithorst & Holland 2004). Resulting group independent components
are then back-reconstructed to find single-subject spatio-temporal variation associated with each
RSN. These are input to group-level analyses to test the significance of effects of interest. Single-
subject spatial maps are interpreted to indicate the within-network connectivity of each brain region
—that is, the extent to which the region is functionally integrated into the associated RSN (Stevens et
al. 2009). For a review of different variations and implementations of the ICA algorithm, see Calhoun

et al. (2009).
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In the model-dependent approach, the average BOLD time course of a selected ‘seed’ region is
correlated with the respective time courses of all other brain voxels. The result is a seed-voxel
correlation map describing the strength of all functional connections radiating from the chosen brain
region. Instead of a single seed, a set of regions of interest (ROIs) may be chosen a priori. The average
time course of each is correlated with that of every other, to produce a cross-correlation map,
describing the strength of functional connections within the set. The former might be termed a seed-
based correlation analysis (SCA) and the latter an ROI-based analysis, although the two names are
sometimes used interchangeably. Both necessitate a priori knowledge or hypotheses. Single-subject
correlation maps are entered into a group-level analysis to test if connections are significantly
modulated by effects of interest. Depending on the positions of two functionally connected regions
relative to the boundaries of known RSNs, the implicated connection may describe either within- or

between-network FC.

5.6 Interpretations of functional connectivity
Resting state FC measures the extent to which neuronal activity in separated brain regions are phase

locked. Three related questions are important for the interpretation of rs-fMRI results: ‘What is the
cognitive and behavioural significance of FC?’; “‘What processes give rise to the neuronal coherence

observed at rest?’; and ‘How does this neuronal coherence contribute to task performance?’

With regard to the first question, positive FC appears to indicate integration of involved brain regions
into unified systems that support cognitive performance and behaviour, while negative FC indicates
appropriate segregation (Barber et al. 2013). Evidence for the association of FC with cognitive
performance comes first from the correspondence between task-based and resting state networks
(Section 5.3). Second, several RSNs overlap with collections of regions assigned common functions by
classical behavioural neuroanatomy, such as motor, primary visual, and frontoparietal attention
systems (Van den Heuvel & Hulshoff Pol 2010). Finally, both local FC and graph-theoretical summary
statistics of whole-brain FC have been correlated with inter-individual performance variability across

several cognitive domains. These domains include working memory (Sala-Llonch et al. 2012), episodic
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memory (La Corte et al. 2016), reading (Koyama et al. 2011), face processing (Zhu et al. 2011),
attention and salience processing (La Corte et al. 2016; Poole et al. 2016; Seeley et al. 2007), executive
functions (Reineberg et al. 2015; Seeley et al. 2007), and general intellectual performance (Finn et al.
2015; Van den Heuvel et al. 2009). While the behavioural significance of functional networks is well-
evidenced, the complex interactions between networks that gives rise to behavioural performance
needs to be further explored. In the same way that discoveries of functional and structural networks
have cautioned against the localising of cognitive function to isolated brain regions (as in early
clinicopathological mappings), simplistic mapping of function to individual networks should likewise

be cautioned against (Sheffield & Barch 2016).

To address the second question: there are two non-exclusive theories for the existence of neuronal
coherence at rest — that is, of FC (for a review, see Corbetta 2012). Briefly, FC may be a physiological
marker of structural connectivity (white matter tracts), or of histories of task-driven coactivation. Both
hypotheses suggest a persisting arrangement that exists independently of immediate cognition.
Independence of FC from immediate mental activity is evidenced by the fact that resting state FC has
been observed in a state of deep anaesthesia in the macaque monkey (Vincent et al. 2007). FC does
at least partly arise from structural connectivity, since studies combining rs-fMRI and DTI (which maps
white matter pathways through the directional diffusion of water) consistently report the
convergence of these two measures (Damoiseaux & Greicius 2009). However, strong FC is also
observed between regions that are only indirectly connected by anatomy, suggesting that other
variables interact with the matrix of available structural connections to produce functional
characteristics (Damoiseaux & Greicius 2009). The second hypothesis — that regions frequently
coactivated during task performance have stronger coherence of activity at rest, as a result of
mechanisms of synaptic plasticity — is supported by the appearance of new patterns of FC following

the learning of a new skill (Lewis et al. 2009).
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As to the question of how neuronal synchrony may contribute to task performance, it has been
postulated that this coherence provides a framework for information exchange during task behaviour
(Fries 2005). Indeed, the dominant interpretation of FC is the presence of channels for efficient
information transfer between two regions (Van den Heuvel, Mandl, et al. 2009). Low frequency
oscillations measured by the BOLD signal are correlated with slow cortical potentials measured by
electroencephalography (He et al. 2008). These oscillating potentials, in turn, persist during task
engagement and modulate the amplitude of higher frequency neuronal activity (Monto 2008). FC may
thus serve to synchronise the excitability of related regions of the cortex, allowing two or more regions
to simultaneously increase sensitivity to dendritic input as well as increase likelihood of action
potential output, thereby opening a channel of communication. Communication may be necessary for
ongoing recruitment during task engagement. Another hypothesis, though without experimental
support, is that neuronal coherence indicates similarity between content or features that are coded

(‘stored’) in different collections of neurons (Corbetta 2012).

5.7 Common resting state networks and their behavioural correlates
Several RSNs have been consistently observed in adults, including default mode, attention, dorsal

frontoparietal, salience, visual, and sensorimotor networks. The spatial profile and functional
relevance of canonical RSNs are discussed first (Sections 5.7.1 through 5.7.3). Thereafter, we discuss
the degree to which these networks are present in children and how they change with age (Section

5.7.4).

5.7.1 The default mode network
The default mode network (DMN) is the only task-negative network. Working from the observation

that several brain regions — particularly the posterior cingulate/precuneus and medial prefrontal
cortex (PFC) — consistently exhibit reduced activation (as measured by positron emission tomography)
over a range of cognitive tasks (Shulman et al. 1997), Raichle et al. (2001) set out to discover if these
deactivations were merely artefactual. Task-based imaging is differential, subtracting a signal acquired

at rest (in the control state) from that acquired during the performance of a task. It had previously
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been suggested that the observed regional deactivations may not in fact be reductions from a
baseline, but rather indicate unsuspected transient activation during the control state; arising, for
example, from visual fixation. In a famously informative null result, the team found that none of the
implicated regions had increased local activity, compared to a global mean, in the resting state (eyes
closed or open). The implication was not only that activity in these regions is anticorrelated with goal-
directed behaviour, but — critically — also that the activity forms part of the metabolic baseline state
itself. Unlike regions that are transiently active under the performance of tasks, these regions are
tonically active, analogous to muscles being kept in a state of baseline tension. This discovery of the
DMN reignited interest in the intrinsic activity of the brain in the resting state (Raichle 2015), which

lead to the discovery of many functional networks.

A large body of rs-fMRI literature has revealed that the set of rest-preferential regions flagged in task-
based studies are in fact integrated into a cohesive functional network (e.g. Andrews-Hanna et al.
2010; Greicius et al. 2003). The key nodes of this DMN are the posterior cingulate cortex/precuneus,
the ventromedial PFC, and the dorsomedial PFC (Raichle 2015), but additional regions such as the
angular gyrus, and the medial (hippocampal formation) and lateral (temporal parietal junction, lateral
temporal cortex, and the temporal pole) temporal areas may also be integrated into this system

(Andrews-Hanna, Reidler, Sepulcre, et al. 2010) (Figure 1).
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Figure 1: Visualisation of the default mode network (DMN). Figure adapted* from De Luca et al. 2006.

Classical behavioural neuroanatomy associated with the key nodes, along with insights from
neuroimaging under well-designed tasks, has led to several speculations about what functions this
network may subserve. These include: the retrieval of episodic memories and semantic knowledge
(Kim et al. 2010; Greicius et al. 2003), perhaps especially to construct simulations of future events for
planning purposes (Andrews-Hanna, Reidler, Huang, et al. 2010); attention-free gathering and
evaluation (including emotional) of information from the internal and external environment (Raichle
et al. 2001); a combination of the above, for rapid “autopilot” application of learned behavioural
responses to environmental demands (Vatansever et al. 2017); autonomic processing, or the
continuous biasing of such processing (Raichle et al. 2001); affective (emotional and feeling-related)
processing, and interplays with self-knowledge and prediction of others’ mental states (Andrews-
Hanna, Reidler, Huang, et al. 2010); and integration of cognitive and emotional states (Greicius et al.

2003). Overall, the network tends to show a bias for self-referential processing.

Finally, it likely has an essential role in balancing cognitive and goal-directed processing (for a review,
see Raichle 2015). Analysis of resting state spontaneous activity shows that the DMN is anticorrelated

with RSNs supporting attention and executive functions (Fox et al. 2005; Popa et al. 2009). This

¥ In this and all subsequent cases, permission was obtained from one of the co-authors and, where required,
from the publisher, for the use and adaption of the figure.
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negative relationship may, for example, constrain preplanned behaviour by taking into account social

and environmental variables, preventing impulsivity (Shannon et al. 2011).

5.7.2 The cognitive control group
In contrast to the DMN, several RSNs involve regions flagged as highly active during externally-

oriented, goal-directed cognition and behaviour. It is perhaps worth emphasising that the level of
activity of regions observed under task conditions, while informing the function of RSNs in which they
are included, is separate from the intrinsic connectivity that defines those RSNs. While early ROI-based
FC studies conflated commonly activated regions into a single ‘task-positive’ system (Fransson et al.
2007; Fox et al. 2005) that is anticorrelated with the DMN, ICA indicates that several distinct
subnetworks should be recognised. The number and spatial topologies of these networks, and
whether they have a hierarchical or centralised organisation, is the subject of ongoing research. ICA
methods typically reveal a set of RSNs that together form a ‘cognitive control’ group, supporting higher

level cognition (Allen et al. 2014).

This group includes an executive control network — consisting of extensive medial-frontal areas
(anterior-/mid-cingulate and paracingulate) together with the insulae, opercula, and select subcortical
and inferior parietal regions (Figure 2a) — and two lateralised and symmetrical frontoparietal networks
(Figure 2b,c) consisting of dorsal frontal and parietal neocortices (Zuo et al. 2010; Smith et al. 2009).
A dorsal attention network is sometimes observed separately (Zuo et al. 2010; Biswal et al. 2010), with
extensive bilateral coactivation in the intraparietal sulci and frontal eye fields (meeting of the

precentral and superior frontal sulci) (Figure 2d).
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Figure 2: Visualisation of networks involved in cognition and control: (a) executive control network; hot colours represent
regions forming part of the network, while cold colours indicate regions anticorrelated with it; notice the anticorrelation with
the posterior cingulate node of the task-negative DMN; radiological convention, with left=right (figure adapted from Zuo et
al 2010); (b) and (c) right and left frontoparietal networks, respectively; radiological convention (adapted from Smith et
al. 2009); (d) dorsal attention network; radiological convention (adapted from Biswal et al. 2010); (e) hot colours indicate the
domain of the salience network, as originally defined by seed-based methods; neurological convention, with left=left (Seeley
et al. 2007); (f) hot colours indicate the domain of the ventral attention network (adapted from Fox et al. 2006).

The executive control network has a uniquely transitional behavioural profile, being associated with
both emotion-related/interoceptive (including pain) processes and executive function processes
(Smith et al. 2009). Its executive function is biased towards action and inhibition, as opposed to
working memory and reasoning, though both are apparent (Laird et al. 2011; Smith et al. 2009).
Hierarchical clustering of RSNs indicates that this network uniquely has positive correlations with
modules of both the systems for intrinsic processing and extrinsic processing, facilitating information
exchange between the two (Doucet et al. 2011). Its spatial profile is largely made up of the salience
network (Figure 2e), as identified by Seeley et al. (2007) using seed-based techniques. It also overlaps
strongly with the cingulo-opercular network identified by Dosenbach et al. (2007) using ROI-based

methods, though the latter differs by the inclusion of extensive ventrolateral PFC. The salience
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network includes the dorsal anterior cingulate and fronto-insulae, known to be responsive to salient
stimuli such as unexpected (highly informative) error feedback or threats to homeostasis (Ham et al.
2013; Seeley et al. 2007; Holroyd et al. 2004). Investigating onset latencies of activation responses,
together with Granger causality estimates, reveals that especially the right fronto-insular node of the
salience network has high causal outflow to key nodes of the frontoparietal network and the DMN,
activating the former and deactivating the latter for task focus (Sridharan et al. 2008). Taken together,
it emerges that the executive control network plays a topologically central role, detecting salient
stimuli and initiating cognitive control signals (Menon & Uddin 2010). These signals facilitate dynamic
switching between networks to engage executive function (such as working memory) and to
disengage task-irrelevant processes. Signals are not only transient cues for task initiation, but also

longer-acting signals for stable control of task mode and strategy (Dosenbach et al. 2007).

The lateralised frontoparietal networks are associated with a broad range of cognitive and language
paradigms (Laird et al. 2011; Smith et al. 2009). In contrast with the executive control network, the
executive function supported by these networks is more biased towards working memory, reasoning
and language than attention and inhibition (Laird et al. 2011). Speech and language processing is
largely only associated with the left network, consistent with known lateralisation of language
function, while perception of integrated body sensation is largely right literalised (Smith et al. 2009).
Non-lingual cognition is associated with both (Smith et al. 2009). Hierarchical clustering of RSNs
suggests that the two lateralised networks together support information storage and manipulation
(Doucet et al. 2011). Indeed, within-network FC of the networks’ lateral parietal nodes is correlated
with working memory performance (Seeley et al. 2007). It can cause some confusion that this set of
networks, like the cingulate/insulae/parietal network, is sometimes referred to as ‘executive control’
or ‘central executive,” consistent with its essential role in executive function. The author prefers to

assign this label to the cingulate/insulae/parietal network, given its topologically central role.
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The dorsal attention network (Figure 2d) is thought to be associated with top-down focusing of
attention (Fox et al. 2006). This mechanism is often described in terms of the biased-competition
model of attention (Desimone & Duncan 1995): as there is limited capacity for processing sensory
information, top-down signals bias the competition between sensory inputs so that only the most
goal-relevant ones are perceived and enter working memory (Corbetta et al. 2008). The biasing
mechanism is evidenced by preparatory activation of the dorsal system under expectation of
observing a stimulus at a particular location (Corbetta et al. 2000) or by recall of a visual scene from
short-term memory (Astafiev et al. 2003). The dorsal attention system is often contrasted with a right-
lateralised ventral attention system, the key nodes of which are the temporoparietal junction and
ventrolateral frontal cortex (Fox et al. 2006) (Figure 2f). The ventral attention system facilitates
reorienting of attention to salient and behaviourally-relevant stimuli, especially when unexpected or
unattended (Corbetta et al. 2008; Fox et al. 2006), and thus has functional overlap with the previously-
described executive control network. The literature has not yet converged on a single model for the
dynamic interaction between the two attention networks, nor between the attention networks and
the signalling hubs in the executive control network (Menon & Uddin 2010; Corbetta et al. 2008;

Dosenbach et al. 2007).

5.7.3 Sensory and motor networks
In contrast to the anatomically-distributed RSNs supporting cognition and attention, several

anatomically-local RSNs support low level sensory processing and motor function. Visual RSNs are
robust and frequently explain the largest variance in ICA decompositions (Biswal et al. 2010; Smith et
al. 2009; De Luca et al. 2006). The medial visual network (Figure 3a), consisting of the cuneus, has the
highest test-retest reliability (Zuo et al. 2010), but occipital pole (Figure 3b) and lateral occipital cortex
(Figure 3c) visual networks are often also observed (Biswal et al. 2010; Smith et al. 2009). These
networks are associated with behavioural paradigms involving visual perception, cognition related to

space, and processing of written words (Smith et al. 2009).

37



Lingual and fusiform gyri
(medial and inferior
temporal surfaces)

24, -69, 48

Cuneus (fully covered) Occipital pole extending into lateral occipital

Posterior end of intraparietal sulcus
cortex

(banking onto superior parietal lobule)

O &

Lateral geniculate nucleus

—— — ~ - . JI——

Qe VLD A CoBd A

(a) (b) (c)

Lateral fissure (extends
medially between
temporal and parietal/
frontal cortex)

_’; _o) '; ';‘) Primary auditory cortex
It (superior and medial
Paracentral lobule surface of superior
(medial-surface portions of temporal gyrus)
pre-/post-central gyri)

Interhemispheric fissure
Postcentral gyrus Posterior end of SMA
Precentral gyrus

)

Parietal, frontal and
temporal operculum
covering the lateral
fissure

(A A
—

(d) (e)

Figure 3: Visualisation of networks involved in low-level sensory and motor processing : (a), (b) and (c) medial, occipital pole,
and lateral occipital cortex visual networks; the lateral occipital cortex visual network may also be integrated with the
occipital pole visual network or else be absent, in which cases the occipital pole network is referred to as the ‘lateral visual’
network, as in Beckmann et al. 2005; radiological convention (figures adapted from Biswal et al. 2010); (d) sensorimotor
network; radiological convention (adapted from Biswal et al. 2010) (e) auditory network; radiological convention (adapted
from Smith et al. 2009).
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The sensorimotor network (Figure 3d) consists of the pre- and postcentral gyri (extending from the
lateral fissure to the interhemispheric fissure) and the supplementary motor area (SMA)*® (Beckmann
et al. 2005; Biswal et al. 1995). It corresponds to activation observed in bimanual motor tasks (Biswal
et al. 1995), and is associated with the perception of touch and movement-related senses, as well as
the execution of action (Smith et al. 2009). The sensorimotor network might be referred to as the
‘somatosensory’ network in cases where secondary motor areas (SMA and pre-SMA on the medial

surface of the frontal lobe, and premotor cortex® on the dorsal surface) are excluded.

An auditory RSN (Figure 3e) consisting of the superior temporal cortex may be revealed as a separate
component by ICA methods (Smith et al. 2009; Mantini et al. 2007), and corresponds to audio tasks
such as text-listening (Cordes et al. 2000). Primary and secondary auditory cortex may alternatively be

seen integrated into other RSNs (Zuo et al. 2010).

5.7.4 Resting state networks in children, and age-related changes
The earliest developing RSNs, including medial visual, somatosensory, and auditory networks, are

already well-formed in infancy (Fransson et al. 2007). By age 7 years, all major canonical networks
described in adults are noted (Thornburgh et al. 2017). While sensory and motor networks display
robust functional organisation at this age, higher cognitive networks might still be incomplete or

fragmented (Thornburgh et al. 2017; De Bie et al. 2012).

The literature has reported several trends in the maturing of RSNs through childhood and adolescence.
The spatial profile of RSNs become less diffuse and more focal towards adulthood (Littow 2010). The
strength of short-range functional connections decrease, while the strength of long range connections
between regions that are functionally-related in adults simultaneously increase (Uddin et al. 2010;

Power et al. 2010; Fair et al. 2009; Supekar et al. 2009). Finally, the integration of brain regions into

15 A region on the medial surface of the cerebrum, anterior to the paracentral lobule.
16 Anterior to the precentral gyrus.
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their associated RSNs (within-network FC) increases towards adulthood, while between-network FC

decreases (Fair et al. 2009; Stevens et al. 2009).
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6 Methodology

6.1 Study cohort
Infants born to HIV+ mothers were identified from the public prevention of mother-to-child

transmission programme in the Western Cape. Mothers and neonates received a single dose of
nevirapine. In addition, zidovudine was given to mothers from 34 weeks’ gestation and to neonates
for 7 days. Infection-status in infants was established by plasma polymerase chain-reaction (PCR RNA)
viral load tests at 4 weeks or later (Cotton et al. 2013). Because of the timing of the tests, the timing

of vertical infection — in utero or during the perinatal period — is unknown (Violari et al. 2008).

As part of the CHER study, vertically-infected HIV+ infants with CD4% of at least 25% were randomised
into one of three treatment arms at 6 to 12 weeks of age: immediate ART for 40 weeks (with
subsequent interruption); immediate ART for 96 weeks (ditto); or deferred continuous ART. Criteria
for treatment initiation (in the deferred treatment arm) or re-initiation (in the immediate treatment
arms) were any of: CD4% less than 25% in infancy (< 12 months of age), or less than 20% thereafter;
severe CDCY stage B or C diseases; failure to thrive (see Cotton et al. 2013 Appendix for a more
exhaustive description). In some of our other cross-sectional studies, we have retrospectively
reclassified children as having started treatment either before or after 12 weeks of age, because of
cases of failed adherence or of poor clinical outcomes necessitating early treatment (Jankiewicz et al.
2017; Toich et al. 2017; Mbugua et al. 2016). In this study, which primarily examines differences in FC
outcomes between HIV+ and uninfected children, rather than between treatment strategies, we have
instead preserved the recorded age at ART initiation as a continuous variable. First-line ART was a
combination of zidovudine, lamivudine and lopinavir-ritonavir (Cotton et al. 2013). All children

scanned at age 9 years were still on first-line treatment.

We imaged 59 vertically-infected children (mean(SD) age: 9.25(0.19) years; 27 males) from the CHER

trial (Section 1; Cotton et al. 2013; Violari et al. 2008) in follow-up at the Children’s Infectious Diseases

17 Center for disease control and prevention.
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Clinical Research Unit, Tygerberg Children’s Hospital, Cape Town, South Africa. We also imaged 32
age- and socioeconomic-matched uninfected controls (9.48(0.19) years; 15 males) — of which 17 were
perinatally exposed (HEU; 9 males) to HIV/ART and 15 unexposed (HU; 6 males) — from an interlinking
vaccine trial (Madhi et al. 2010). Both groups were recruited from the same Western Cape community.
Subsequent to the completion of the aforementioned trials, the children are being followed as part of
the current longitudinal study, with neurocognitive testing and neuroimaging performed every two

years.

6.2 MRI acquisition
All neuroimaging was performed on a Siemens Skyra 3T (Erlangen, Germany) MRI scanner situated at

the Cape Universities Body Imaging Center (CUBIC) in Groote Schuur Hospital, Cape Town, South
Africa. Protocols were approved by the Faculty of Health Science Human Research Ethics Committees

of both the Universities of Stellenbosch and Cape Town.

The children were transported to the imaging center approximately one hour before the scheduled
scan, having previously been familiarised with the scanning routine at a mock scanner about two
weeks prior. The scan is completed in under 40 minutes, including both structural MRI and rs-fMRI
acquisitions (analysed here), together with DTl and spectroscopy acquisitions (not analysed here). The
children watched a movie during all scans except during the acquisition of the rs-fMRI data, during

which the movie was switched off and the children were asked to relax with their eyes open.

The T1l-weighted structural volumes were acquired in sagittal slices using a multi-echo magnetization-
prepared rapid gradient echo (MEMPRAGE) iPAT (x3)!® sequence (Van der Kouwe et al. 2008):
TR/TE = 2530/1.69 ms; inversion time (TI) = 1100 ms; flip angle = 7 degrees; 224 x 224 acquisition
matrix; 1 mm? isotropic voxels. The rs-fMRI data were acquired using a 2-D echo planar imaging (EPI)
sequence: TR/TE = 2000/30 ms; flip angle = 90 degrees; FoV = 250 x 250 mm?; 2.98 x 2.98 mm? voxels;

slice thickness = 4 mm; 33 interleaved slices; 180 volumes. The EPI scanning sequence measures the

18 Siemens’ parallel imaging implementation, with an acceleration factor of 3.
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BOLD signal (Section 5.2) at each voxel (the smallest cubic area of brain tissue that can be digitally
isolated given the imaging resolution; the 3-D analogue of a 2-D pixel) 180 times, at two second
intervals. Every brain location thus has an associated BOLD ‘time course’, with limited temporal
resolution. The time courses of all voxels are synchronised through preprocessing, so that each time

point has an associated whole-brain volume.

6.3 Preprocessing
The desired outcome of preprocessing is the rs-fMRI volumetric time course aligned and spatially

normalised to a standard brain space, with motion confounds and signals of no-interest removed. An
overview of the preprocessing pipeline is given in Section 6.3.1. To combat residual motion artefacts
not removed by typical preprocessing, we truncated every time course to an interval of lower-motion

volumes, using an in-house method described in Section 6.3.2.

6.3.1 Pipeline overview
Preprocessing was largely carried out in AFNI (Cox 1996) using the afni_proc.py tool (see Appendix A

for a list of parameters). The pipeline (Figure 4) generally followed a standard form (Gotts et al. 2012;
Shulman et al. 2010) and included: removing the first 4 volumes; despiking; slice timing correction;
within-subject volume registration; warping to the Haskins Pediatric Brain template (Molfese et al.
2015), via the native T1-weighted volume; 6 mm spatial smoothing; tissue-based regression (locally
averaged white matter) and regression of motion realignment parameters; detrending; bandpass
filtering (0.01-0.2 Hz); and truncation of the EPI series to the run of 140 successive volumes which
contains the least in-scanner motion. Details of the final step are discussed in Section 6.3.2. Further
details of each of the other preprocessing blocks, together with supporting theory, are discussed in

Appendix B.
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Figure 4: Pipeline for the preprocessing of all participants' resting state (EPI) data. EPI, [2-D] echo planar imaging: the
sequence employed to acquire resting state fMRI data; TR, repetition time; SCA, seed-based correlation analysis; ICA,
independent component analysis.
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Following the approach of the Functional Connectomes Project (Biswal et al. 2010), two different
preprocessing outputs are obtained: a ‘partially-preprocessed’ EP| dataset, which has been spatially
normalised to the Haskins template and Gaussian-smoothed, but has not undergone nuisance
regression and bandpass filtering; and a ‘fully-preprocessed’ dataset, which has additionally
undergone these final steps. The former preserves more signal variance, and is used purely for
estimating group resting state networks using probabilistic ICA (Section 6.5.2), while the latter is
employed for all statistical analyses. After obtaining summary measures of subject motion (Section
6.4.1), every 4-dimensional dataset of each type was grand-mean intensity normalised using a single

multiplicative factor, as is common (Sato et al. 2015; Smith et al. 2014; Starck et al. 2013).

6.3.2 EPIrun truncation
To identify the optimal truncation, a sliding window isolates and quantifies the motion of every

possible subset in the EPI series (Figure 5). Subject motion was quantified using a combination of two
summary statistics corresponding with those employed in other studies (Guha et al. 2016; Thomas et
al. 2013): the root mean square framewise displacement of the brain; and the voxel-wise temporal
standard deviation of the rs-fMRI signal (measured after nuisance regression), averaged spatially over
the whole brain. The former is a standard measure of rigid-body motion, while the latter offers
sensitivity to large framewise amplitude changes (Power et al. 2014; Satterthwaite et al. 2013) or

large fractions of outlying voxels in a volume (lpser et al. 2015).
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Figure 5: The in-house algorithm employed to truncate participants’ resting state (EPI) runs to the 140-volume interval
containing the least in-scanner motion. Two summary statistics of motion are used: mean framewise displacement; and
temporal standard deviation of the resting state signal, averaged over the brain. EPI, echo planar imaging.

Framewise displacement was based on the Euclidian norm of the first time difference of rigid-body

motion estimates (Jo et al. 2013):

VO — x4+ i — yim)? + (3)
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This index, calculated automatically by the AFNI preprocessing stream (afni_proc.py), is averaged over
the EPI series to obtain framewise displacement. The rigid-body motion estimates employed in this
index consist of three translational and three rotational elements, and are obtained during the
alignment of the EPI volumes to a base volume (within-run coregistration; Figure 4). Temporal
standard deviation, the second index employed, was normalised by each subject's modal value of
brain voxel intensity (Power et al. 2012). The optimal interval of EPI volumes is considered that with
the lowest sum of the two motion indices, where each index is first converted into a percentile rank
(the relative standing of the value in the distribution over all possible window positions).

6.4 Exclusion criteria

6.4.1 Within-scanner motion criteria
Subjects were excluded if their 140-volume truncated EPI series included excessive motion —that is, if

either of the two motion indices (defined in Section 6.3.2), as calculated over the truncated series,
exceeded an associated threshold. Subjects with less than 140 volumes?® in their time course were
automatically excluded. To select a pair of thresholds that best compromised between data quality
and residual sample size, the number of excluded subjects was evaluated over a meshgrid of threshold

value combinations, as illustrated in Figure 6.

1% More accurately, 140 volumes after preprocessing. The first four volumes are removed during
preprocessing, such that at least 144 volumes had to have been acquired to avoid exclusion.
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Figure 6: The number of subjects that would be excluded under motion criteria, evaluated over a meshgrid of threshold value
combinations. Subjects were excluded if either the mean framewise displacement, or the temporal standard deviation of the
resting state signal, exceeded the chosen thresholds. RMS, root mean square.

Limits of 1.35 mm and 2.1% were selected for mean framewise displacement and temporal standard
deviation of the resting state signal, respectively. These values satisfy standards previously employed

in the literature (Guha et al. 2016; Ortega et al. 2015; Thomas et al. 2015; Wang et al. 2012).

In summary, subject-level motion correction was performed through: i) rigid-body motion correction
during preprocessing, in the alignment of EPI volumes to a base volume (Section 6.3.1); ii) trimming
of the EPI series to the 140-volume interval containing the least motion (Section 6.3.2); and iii)
exclusion of participants whose trimmed series contained excessive motion. Nevertheless, subject-
level correction typically does not bypass the need for group-level correction (Yan et al. 2013). The
more standard of the two motion indices, framewise displacement, was modelled as a covariate in all
group-level analyses (Section 6.5.1). A disadvantage of this approach is that it decreases the ability to
detect the effect of interest to the extent that it covaries with motion (Power et al. 2014; Satterthwaite
et al. 2012). However, prior HIV rs-fMRI studies do not show significant covariation of motion with HIV
infection status (Guha et al. 2016; Ipser et al. 2015). Group level regression can also only control for
linear effects of motion; but nonlinear effects seem to be insignificant for some resting state networks

(Satterthwaite et al. 2012).
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6.4.2 Other criteria
Subjects with resting state and anatomical datasets that had severe imaging artefacts, such as

incorrect field of view or field bias, were excluded. Subjects were also excluded for failed alignment
of datasets to the template in standard space. For every subject, the alighnment of the EPI base volume
(that to which other EPI volumes in the series are registered during preprocessing) to the native
structural volume, the alignment of the native structural volume to the Haskins template, and the
resultant alignment of the EPI volume to the template, were all visually inspected as a quality control

measure.

6.5 Statistical analysis
The primary aim of this study was to compare FC between HIV+ and HIV-uninfected children at age 9

years. This contrast was explored using two different methods: independent component analysis (ICA)
and seed-based correlation analysis (SCA). ICA facilitates exploratory investigation of FC, but enables
inferences about within-network connectivity only. SCA facilitates testing of particular hypotheses,
and allows inferences about both within- and between-network connectivity. These two pipelines use
Z-score maps of within-network and seed-to-whole-brain connectivity, respectively, as their

dependent variables. The set of analyses performed in this study is summarised in Figure 7.

Additional investigations were carried out within ICA-defined RSNs, which lend themselves particularly
well to exploratory analyses, not requiring a priori selection of anatomical regions of interest
(Beckmann et al. 2005). Within the uninfected children, the effect of perinatal exposure to HIV and
ART was investigated. Amongst HIV+ children, we explored the effects of age at ART initiation, as well
as immune health both at enrolment to the CHER trial (age 6—8 weeks) and at the time of scanning (9
years). Markers of immune health included CD4* count, CD4% and the CD4*:CD8" ratio. However, CD8*
measures at age 9 years were unavailable for a significant number of participants and the CD4*:CD8*

ratio was therefore only included in the investigation of immune health at enrolment.

For clarification, we highlight that no comparison was performed between the HIV-infected and the

HEU groups, or between the HIV-infected and the HU groups. Together, these two comparisons would
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yield similar insight as a comparison between the HIV-infected and HIV-uninfected groups combined
with a comparison between the HEU and HU groups. The latter approach, which is employed in this
study, is (i) more aligned with the separation between the research aims (see Section 1); and (ii)
affords more statistical power to the primary study objective, namely to assess the impact of HIV-

infection in children stable on ART.

The pipelines for ICA and SCA are described in Sections 6.5.2 and 6.5.3, respectively. Both approaches

model FC on a voxelwise basis. The design of these models is discussed in Section 6.5.1.
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Figure 7:Summary of the analyses performed in this study. Comparison of resting state functional connectivity (FC) between
the HIV+ and HIV-uninfected groups was the primary focus of this study, and was performed using both independent
component analysis (ICA) and seed-based correlation analysis (SCA) methods. Additional exploratory analyses were
performed within these two groups, though within the ICA-generated resting state networks only, to better understand the
factors contributing to the results of the primary analysis.

6.5.1 Model design
All statistical analyses were performed in a unified multiple linear regression framework, which

models the FC in each voxel as a linear function of explanatory variables. The portion of between-
subject variance explained by each explanatory variable, as given by the associated regression
coefficient, is an indication of the magnitude of its partial effect on FC. First, we discuss the approach
employed to select variables for inclusion in voxelwise models, then which variables were in fact

included, and finally how these variables were coded in the design matrices.
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Approach to covariate selection

Since our hypotheses investigated causal effects, our variable selection approach chiefly aimed to
prevent bias resulting from the omission of confounders. Such bias negatively or positively distorts

the estimate of the causal effect of interest through the contribution of a non-causal component.

However, identification of confounders is complex. An atypical approach is to bypass selection by
including all measured variables in the model. Ordinarily, this will result in sparse data bias, which is
essentially overfitting of the regression model to peculiarities of the sample data (Austin & Steyerberg
2015). With too great a number of predictor variables, the data cannot support accurate parameter
estimation, because of limited sample size and uneven distribution of covariate values across the
sample (Greenland et al. 2016). Modern fitting techniques address this problem through ‘shrinkage’ —
pulling estimated regression coefficients toward zero in proportion to their instability (Greenland
2008). Yet other problems remain, such as the introduction of measurement noise associated with
each explanatory variable, linearly modelling nonlinear effects, and the difficulty of parameter
interpretation in complex models. Variable selection methods typically penalise model complexity to

some extent.

Potential confounders were identified using classical tests (Kamangar 2012; McNamee 2003), which

require that the following criteria be met:

i The variable is causally associated with FC (or is a surrogate measure of such a cause).

Both the causality and existence (or lack thereof) of the association was established on a priori
evidence. The mass-univariate nature of FC made statistical tests for the association

impractical.

ii. The variable is associated with the effect of interest.

Where the effect of interest is a grouping variable (such as HIV-infection status), this simply

amounts to there being a between-group difference in the covariate. Preference was given to
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a priori evidence, as we did not wish to assume that there was sufficient statistical power to

establish the association.

iii. The variable is not on the causal pathway from the effect of interest to the FC outcome.

Further, any variable with a sample variance considered too small to produce measurable variance in
FC was not included, even if it satisfied the above criteria (Greenland 2008). It is important to note
that the ‘measured’ FC, in this sense, is the FC captured by the EPI protocol and which has survived

(and been revealed through) preprocessing.

Selected covariates

Table 1 presents a summary of the covariates included in the various analyses.

Table 1: Covariates included in the voxelwise model for each analysis performed in this study.

Effect of interest Covariates included in voxelwise model
HIV-infection Sex; framewise displacement.

Perinatal exposure to HIV and ART Sex; framewise displacement.

Treatment timing (age at ART initiation) Framewise displacement; duration of ART interruption.
Immune health in infancy (CD4" count; CD4%, CD4*:CD8" ratio) Sex; framewise displacement.

Current immune health (CD4* count, CD4%) Sex; framewise displacement.

Although our HIV+ and uninfected groups differed in age, and various cortico-cortical and cortico-
subcortical RSNs demonstrate evidence of increasing intrinsic connectivity through adolescence (Sole-
Padulles et al. 2016), the fairly small sample variance of age-at-scanning in our cohort (roughly 5
months on average; Table 3) is unlikely to produce measurable variance in FC. To the author’s
knowledge, there is no literature demonstrating effects of age on FC over a comparably small age
range (IQR: 9.1-9.3 years; full range: 9.0-10.4 years). We did, however, perform post hoc tests for
associations of connectivity scores with age in significant clusters revealed by voxelwise analyses to

confirm that observed differences are not attributable to age.
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Sole-Padulles et al. (2016) detected no effects of sex on voxelwise FC among adolescents. Conversely,
the global and regional topological organisation of RSNs — particularly of the default mode, language,
and visual networks — appears to differ between boys and girls (Wu et al. 2013). There is also evidence
of sex-related differences in frontal grey and white matter volumes in childhood; but the limited
number of longitudinal studies in the literature leaves the matter unsure (Blakemore & Choudhury
2006). Overall, there is some reason to expect an effect of sex on intrinsic connectivity. Further, it has
been shown that girls may be more susceptible to vertical transmission of HIV than boys (Gabiano et
al. 1992; Taha et al. 2005). Therefore, there is a priori evidence for an association of sex with HIV-
infection status in the population, in addition to an association with FC measures. Thus, we controlled
for sex in comparing FC between the HIV+ and uninfected groups. Since the association of sex with
infection status may more generally indicate that the virus affects boys and girls differently, both
perinatally as well as later in development, we also controlled for this covariate in the HU vs. HEU

analysis.

Treatment timing was randomised in HIV+ subjects, and there is thus no expectation of an association
of sex with age at ART initiation; post hoc testing confirms this (female(F) : male(M) = 17.7 : 17.8
weeks, p = 0.98). To the author’s knowledge, no study has reported baseline immunologic measures
as differing between genders in HIV+ infants. Nevertheless, gender differences in CD4% and CD4*:CD8*
ratio at enrolment were observed in our sample (CD4%: F: M = 37.0:33.5, p = 0.19; CD4*:CD8":
F:M=1.6:1.1, p = 0.03), though interestingly not in CD4* count at enrolment (F : M = 1893 : 2018
cells per pl, p = 0.62). Similarly, gender differences in current CD4% (F : M =35.1:38.8, p = 0.17), but
not current CD4* count (F: M =1322:1317 cells per ul, p =0.94), were observed, even though the
literature suggests no gender differences in immunologic or virologic outcomes during long-term ART
(Nicastri et al. 2005; Moore et al. 2003). Given the post hoc evidence, sex was controlled for in all

investigations of relations with immune health measures.
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While abnormal muscle tone, developmental delays in gross motor skills, and deficits in fine motor
control are reported in pediatric HIV-1 infection (Van Arnhem et al. 2013; Koekkoek et al. 2008; Van
Rie et al. 2007), hyperkinesia is not. We therefore do not expect in-scanner motion to correlate with
infection status nor with any other effect under investigation. Post hoc testing revealed no
associations of effects of interest with motion in our sample (p > 0.3 across all cases). Here, framewise
displacement (Section 6.4.1) was employed as the measure of motion. Though not a confounder,
framewise displacement was nevertheless included in all models to increase statistical power through
minimising error variance (Tabachnick & Fidell 2014), as it is well recognised that in-scanner motion
significantly affects the BOLD signal and FC measures (Yan et al. 2013; Van Dijk et al. 2012;

Satterthwaite et al. 2012).

Treatment was interrupted in some HIV+ children commencing ART before 12 weeks of age, according
to the treatment arm into which they were randomised (Section 6.1). In the CHER sample (Sections 0,
6.1), there is evidence that interruption may be harmful to white matter development, and thus may
diminish the potential benefits of earlier ART (Ackermann et al. 2016). We therefore controlled for
duration of treatment interruption when investigating the effect of treatment timing on FC at age 9

years, as it may have a suppression effect.

With one exception, the skewness (Joanes & Gill 1998) of all predictor variables (effects of interest
and covariates; Table 1) was less than 2, satisfying classical thresholds for medium sample size (Kim
2013) and suggesting normal distribution. No predictor variables were mathematically transformed.
When coding interrupt duration with 0 for HIV+ subjects whose ART treatment was not interrupted,
this covariate had moderate skewness of 2.6; but among interrupted subjects only, the covariate had
skewness less than 2. To guard against false inference resulting from violated assumptions of
multivariate normality, we investigated the effect of age at ART initiation in three different ways: i)

among uninterrupted subjects only (N = 20); ii) among interrupted subjects only (N = 20), controlling
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for duration of interruption; iii) among all HIV+ subjects (N = 40), controlling for interrupt duration,

coding non-interruption with a value of 0.

Construction of the design matrix

The design matrix was generated using a custom python script. All continuous predictors were mean-
centered, and categorical predictors were represented using unweighted factor effects coding. An

‘intercept’/grand-mean parameter was included in the model.

6.5.2 Independent component analysis
FSL’s MELODIC, an implementation of probabilistic ICA (Beckmann & Smith 2004)%°, was used to

estimate 20 group spatio-temporal processes, or ‘independent components’ (ICs). The a priori
assumption of 20 sources is typical for rs-fMRI studies with samples of similar size and was adopted
also by the Functional Connectomes Project (Biswal et al. 2010). Partially-preprocessed EP| datasets
(see Section 6.3) are mapped into a 20-dimensional subspace using principal component analysis. The
resultant reduced datasets — that of both HIV+ and uninfected subjects — are temporally concatenated
to form a single matrix of observations (time X voxels). The matrix is decomposed into the desired
sources using a model similar to the general linear model, but where the mixing matrix is unknown
and estimated from the data (Beckmann et al. 2005). Each IC consists of a single time course, and a
spatial map. The latter indicates the extent to which each brain voxel’s BOLD signal is modulated by
the IC—that s, by its temporal characteristic. The spatial maps are converted into so-called ‘Z-statistic’

maps by normalising by the residual noise?! left unexplained by the entire decomposition.

Probabilistic ICA employs a simplistic noise model, with the result that variance attributable to more
complex nuisance signals — such as cardiac and respiratory cycles, blood vessel networks, template

alignment errors, and motion — tends to be isolated as separate ICs (Beckmann et al. 2005).

20 Beckmann and colleagues give a mathematical and probabilistic formulation of the ICA algorithm employed
in this study.

21 More correctly, dividing voxelwise the raw IC estimate by the square root of the noise variance. The data has
been pre-whitened, so that this is equivalent to normalising by the standard error of the IC estimate
(Beckmann et al. 2005).
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Interestingly, Beckmann et al. (2005) illustrated that even when physiological signals are temporally
aliased into the BOLD spectrum during EPl acquisition, probabilistic ICA can separate their spatial maps
from those representing spontaneous brain activity. Proceeding on this assumption, the spatial ICs
were classified as signals-of-interest (neural-modulated BOLD signal) or non-interest by visual
inspection of the spatial maps, loosely applying the criteria of Kelly et al. (2010). For this purpose of
visual inspection, thresholded versions of the ICs were created by alternative hypothesis testing at

p >0.95 (Kelly et al. 2010).

Components classified as artefacts were not used in later statistical analyses. The remainder were
assumed to be RSNs, reflecting large scale patterns of FC. To obtain a sense of the reliability and
reproducibility of these maps, they were visually compared to a similar decomposition performed on
1000 adult subjects in the Functional Connectomes Project (Biswal et al. 2010). The RSNs were
assigned standard names by comparison with visual maps and anatomical descriptions in the literature

(Section 7.2).

To obtain subject-specific spatial maps associated with each group-level IC, the dual regression
approach of Beckmann et al. (2009) was used (see also Filippini et al. 2009). The mechanisms of dual
regression are somewhat complex, and do not need to be fully unpacked to appreciate the significance
of its output (for a technical review, see Erhardt et al. 2011). But briefly: two regressions were
performed against every subject’s fMRI dataset. The full set of group-level spatial maps was fit against
each subject’s fully-preprocessed EPI dataset (see Section 6.3) separately, producing a matrix
describing that subject’s temporal dynamics associated with each IC (the ‘spatial regression’ step). All
20 group-level maps (nuisance or otherwise) were included in this regression, so that variance
associated with artefactual components would not be distributed into subject-specific time courses of
valid RSNs. In the second ‘temporal regression’ step, the previously-acquired matrix of time courses is
fitted against the associated subject’s same EPI dataset to estimate the subject-specific spatial maps

associated with each IC. Voxel magnitudes in the single-subject map are hence the normalised betas
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from the second regression. They represent the temporal variance explained in that subject by the
corresponding IC at a particular brain location??. In the case that the IC is a valid RSN, the parameter
estimate is interpreted to be the level of local connectivity, or functional integration, of the region
into the associated network (Filippini et al. 2009). Cross-subject voxelwise analyses were performed

on these single-subject FC maps.

Between-subject variance in FC associated with a particular RSN was investigated only within the
spatial extent of that RSN. This restriction, though common (Rytty et al. 2013), has non-trivial
implications: it excludes, for example, detection of large group differences in the connectivity of brain
regions that are only marginally associated with the RSN. But given the non-stationarity of fMRI noise
smoothness (Cox et al. 2017), constraining the bounds of analyses in this way is essential when using
cluster-size correction to adjust for multiple voxelwise comparisons. The extent of each RSN was
defined by thresholding the group-level statistic map at Z > 3 and binarizing the result to form a
template (Poppe et al. 2013). Implicit in this simple non-probabilistic threshold is the exclusion of brain
regions that are ‘negatively’ coactivated by the functional network — that is, where the BOLD signal

synchronously decreases as opposed to increases.

For each analysis, the single-subject FC maps (3-D) of the sample of interest were masked with the
associated RSN template and then combined into a single 4-D dataset (with the final dimension being
variation across subjects). The 4-D dataset was input along with a design matrix, a contrast file, and
an F-test file to FSL-randomize, which uses non-parametric permutation inference to identify voxels
where an effect of interest (such as HIV-infection) is significantly non-zero (Winkler et al. 2014). The
default number of permutations (5000) were performed for each analysis. The so-called F-test file

configures FSL-randomise for two-sided testing, performing simultaneous inference on two one-sided

22 Or equivalently, the coherence of the local timecourse with the temporal characteristic of the associated
single-subject IC.
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contrasts, while controlling the family-wise error rate. The construction of the design matrix was

discussed in Section 6.5.1.

The mass-univariate (voxelwise multiple regression) approach is standard in neuroimaging, because
high spatial resolution prohibits multivariate modelling, assuming reasonable sample sizes. Voxelwise
FC measures that are significant at the group level have been shown to be reliable across time
(Shehzad et al. 2009). The approach does however present the difficulty of multiple comparison
correction, to control the false discovery rate (FDR). Typical adjustments, such as Bonferroni
correction, are too harsh and are not appropriate, because hypotheses about FC are made at the scale
of brain regions and not at that of discrete voxels. Put differently, we need to control the false positive
rate of topological features — spatially contiguous clusters of FC — not of voxels (Chumbley & Friston
2009). Thus, Gaussian random field theory, which correctly considers the underlying connectivity to
be continuous (Chumbley & Friston 2009), is used in the rs-fMRI literature (Farrant & Uddin 2015).

This involves estimation of the topological features of fMRI noise in different brain regions.

The inherent spatial smoothness of noise in respective RSN masks was estimated over each subject’s
fully-preprocessed EPI dataset using the 3dFWHM function of AFNI 17.0.09, with the new ‘mixed
autocorrelation function’ methodology (Cox et al. 2017), and then group-averaged. For the spatial
domain associated with each RSN mask, the estimated noise smoothness was input to AFNI’s
3dClustSim to calculate® the cluster size that would be produced at frequency a by thresholded
random noise alone — where a is the desired cluster-level FDR. Cluster-forming (voxelwise) thresholds
were applied to the probability maps output by FSL-randomise for each test. Due to lack of consensus
in the literature, two different thresholds were applied: p < 0.001 (Melrose et al. 2008; Chang et al.

2004) and p < 0.005 (Liu et al. 2013). Cluster-size thresholds associated with a corrected, two-sided

23 Using 5000 Monte Carlo simulations. The simulations constructed clusters using a combination of face and
edge (but not vertex) connections (NN = 2).

58



cluster significance of a = 5% were enforced. These sizes, one for each RSN and for each cluster-

forming threshold, are given in Appendix C.

6.5.3 Seed-based correlation analysis
Seed locations were selected based on three domains of a priori evidence: structural connectivity,

neuropsychological testing, and FC. The functional radiations of these seeds were analysed to
investigate Hypotheses Il, Ill, and IV, respectively (Section 3). Spherical seeds of radius 6 mm were
placed at the chosen coordinates in Haskins Pediatric space, using a transform from standard MNI
space that is supplied with the Haskins atlas. Each seed was masked to include only regions lying within

the brain, and outside of ventricles.

Seeds selected from neuropsychological results

The first set of seed coordinates were informed by neurodevelopmental testing performed at age 5
years, and neurocognitive testing at age 7 years, within a larger cohort of HIV+ and uninfected children
from which this study’s sample is drawn (Section 6.1). At age 5 years, the Beery-Buktenica
Developmental Tests of Visual-Motor Integration (Beery-VMI) revealed significantly reduced visual
perception in HIV+ children compared to uninfected controls (Laughton et al. 2017).
Neurodevelopmental differences, as measured by the Griffiths mental development scales (Luiz et al.
2006), were observed in infancy between uninfected and HIV+ children, and between treatment arms
(Laughton et al. 2012). However, these had apparently resolved by age 5 years (Laughton et al. 2017).
At age 7 vyears, HIV+ children performed significantly worse on the learning, planning, and
simultaneous processing subscales of the Kaufman assessment battery for children (KABC-1l) (Kaufman

& Kaufman 2004) compared to HU?* subjects (Merkle 2015).

For each of the above-mentioned neuropsychological domains showing impairment in HIV+ subjects,
we aimed to identify brain regions selectively involved in that domain. Neurosynth (Yarkoni et al.

2011) was used to perform reverse-inference meta-analyses of fMRI peak activations described in the

24 But not when compared to HIV-exposed uninfected (HEU) subjects.
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literature. The Python-based interface was used in conjunction with database version 0.6, which
contains activation coordinates, key study metadata, and term-based features. Table 2 gives the query
terms used to generate separate statistical brainmaps for the associated domains. Only studies
employing the query term with sufficient frequency were included in each meta-analysis: the term
frequency-inverse document frequency (TF-IDF) threshold was set to 0.05. The Z-score at each voxel
in the resultant FDR-corrected (p < 0.01) maps indicates the relative selectivity with which that region
activates for the given query term. A seed was placed at the Z-score peak, and a second at the second
largest Z-score that is separated from the first by at least the seed radius (to prevent overlapping).

Thus, 8 seed regions associated with neuropsychological testing were defined.

Table 2: Meta-analyses of functional MRI activation studies were carried out using Neurosynth (Yarkoni et al. 2011), to
identify brain regions selectively involved in neuropsychological domains where we have previously found impairment in HIV+
children from this cohort (Laughton et al. 2017; Merkle 2015). For each meta-analysis, the query term input to Neurosynth,
along with the number of studies contributing to the resultant statistical inference map, is given. An asterisk in the query term
will include in the meta-analysis not only studies that contain that exact term (with sufficient frequency), but also those which
contain a longer phrase beginning with that term, so long as that phrase is registered in the Neurosynth lexicon.

Number of studies matching the
query, and satisfying the minimum

Neuropsychological domain Query term frequency criterion?
Visual perception ‘visual perception*’ 69
Learning ‘learning*’ 755
Planning ‘planning’ 206
Simultaneous processing ‘(simultaneous | simultaneously) &~ simultaneous eeg’® 391

@ Term frequency-inverse document frequency (TF-1DF) of at least 0.05.
b That is, studies whose abstracts include the term ‘simultaneous’ or the term ‘simultaneously’, but do not include the term ‘simultaneous

]

eeg’.

Seeds placed in the structural core

The second set of seeds were placed at the coordinates of the peak Z-scores? of those ICA-generated
group RSNs for which the peak was located in the structural core. In a landmark paper, Hagmann et
al. (2008) identified this ‘structural core’ through the investigation of cortico-cortical tracts in the

human brain. Diffusion spectrum imaging followed by computational tractography was used to

%5 precedent for placing seeds at peak coordinates of group RSN maps can be seen in (La Corte et al. 2016).
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construct a cortical connection matrix, which was interrogated with various network analysis
methods. The core has various characteristics indicative of stability and topological centrality within
the massive graph of cortical connections. Its components are likely to provide the shortest path
between any two regions, constitute connector hubs which have a high propensity to form
connections with nodes in other structural modules, and are densely connected among themselves.
The core is located in the posteromedial and parietal cortex, its sub-regions being: the posterior
cingulate cortex, isthmus of cingulate, precuneus, cuneus, paracentral lobule, banks of the superior
temporal sulcus, and the inferior and superior parietal cortex (all bilateral). All connections showing
reduced FC at age 7 years in HIV+ children from the same cohort studied here, compared to uninfected
children, involve a region in the structural core, suggesting that this backbone may be especially

susceptible to HIV-infection or ART neurotoxicity (Toich et al. 2017).

The structural core resembles the spatial profile of the posterior portion of the well-known DMN
resting state network. More generally, Hagmann et al. (2008) observed a strong correspondence
between structural connectivity and resting state FC measured in the same sample, indicating that the
core may comprise hubs not only of structural connectivity, but also of FC. If this is so, FC radiations
seeded in the core are likely to be robust under measurement and testing, in addition to their being

potentially vulnerable to HIV effects.

Seeds placed at coordinates revealing significant HIV-related differences in FC at age 7 years

Finally, to investigate whether FC abnormalities observed in our cohort at age 7 years resolve or
become more pronounced as the children grow older, we retested?® the 7 seeds which revealed
differences in connectivity between HIV+ and uninfected children at that age (Toich et al. 2017). The
seeds were originally centerd on one or more of the peak Z-scores of each RSN group map generated

by ICA. The full set of group RSNs observed at age 7 years is given in Figure 8.

26 One difference is that the seed radius employed in this study is 6 mm, while at age 7 years a radius of 5mm
was used.

61



medVN SAL

vDMN

aDMN

AUD

latVN

SSN

MOT

pDMN

PAR

DAN BGN

Figure 8: Group resting state networks identified at ages 7 years. Valid networks were identified from a 20-dimensional
decomposition performed using FSL’s MELODIC (Beckmann & Smith 2004), and were thresholded at Z > 3 : medVN = medial
visual [network], vDMN = ventral DMN, latVN = lateral visual, SSN = somatosensory, pDMN = posterior DMN, DAN = dorsal
attention, SAL = salience, aDMN = anterior DMN, AUD = auditory, MOT = motor, PAR = frontoparietal, BGN = basal ganglia.
The networks are ordered — top to bottom in the first column, and continuing into the second column — according to the
amount of signal variance each explains in the decomposition. This figure is taken from Toich et al. (2017). With the author’s
permission, labels have been changed to facilitate more intuitive comparison with networks observed here at age 9 years
(Figure 9).

For each of the seeds in these three sets, a subject-specific reference time course was obtained by
averaging the BOLD time courses of all voxels in the seed region. The seed reference was correlated
with the time courses of all brain voxels to generate a seed-to-whole-brain FC map. The subject-
specific maps were Fisher Z-transformed to improve normality of the Pearson correlation coefficients
ahead of significance testing (for precedent, see Herting et al. 2015). For a given seed, the maps of all
subjects were combined into a single 4-D dataset. As in the ICA pipeline (Section 6.5.2), this was input

along with a design matrix, a contrast file, and an F-test file to FSL-randomize to perform voxelwise

non-parametric permutation inference (Winkler et al. 2014).

62



Thresholding proceeded exactly as in ICA (Section 6.5.2), except that the minimum cluster volume
required for significance was based on the average noise smoothness over the entire brain, as
opposed to over an ICA-generated RSN mask. Cluster-forming thresholds of p < 0.001 and p < 0.005
were combined with associated cluster-extent thresholds of 378 mm3 and 918 mm?3 (calculated using
AFNI’s 3dClustSim), to yield a two-sided cluster-level FDR of 5%. As is typical in the literature, no
separate adjustment was performed to account for testing of multiple seeds (e.g. Herting et al. 2015,
Wang et al. 2006). To do so would require impractically severe cluster-forming and cluster-extent
thresholds. This is an inherent limitation of voxelwise analysis (mass univariate testing). Significant
clusters are not constrained to lie within the same RSN as the seed, and so may represent either
regions of affected within-network or between-network FC, depending on the anatomical location of

the cluster relative to the seed.
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7 Results

7.1 Sample characteristics
Of the 59 HIV+ and 32 uninfected (17 exposed, HEU) Xhosa children scanned at age 9 years, 19 HIV+

and 8 uninfected children were excluded on the following grounds: severe field bias in the structural
MRI volume (2 HIV+); incomplete or missing resting state data (11 HIV+; 2 HU; 3 HEU); incorrect field
of view in the resting state data (1 HIV+); failed alignment of the resting state volumes to the Haskins
pediatric template (1 HIV+, due to severe ventricular enlargement; 1 HEU, due to an EPI signal void in
the dorsal brain); and not meeting motion criteria, as described in Section 6.4.1 (4 HIV+; 1 HU; 1
HEU)¥. We therefore present analyses and results for 40 HIV+ and 24 uninfected (12 exposed)

children.

Demographics, treatment details and clinical data for the HIV+ and uninfected groups are given in
Table 3. Although groups did not differ on sex or in-scanner motion, as measured by framewise
displacement, uninfected children were about 5 months older. All HIV+ children for whom data are
presented had initiated ART by 65 weeks (less than 18 months), and all were still on first line ART at
the time of scanning. Half had a period of treatment interruption between these two time points. By
age one year, first viral load suppression had been achieved in 72,5% of HIV+ children, in 90% by 2

years, and in 100% by just over 3 years (160 weeks).

27 All but one of the 6 excluded subjects exceeded the thresholds associated with both indices employed to
guantify motion, demonstrating congruence of the two indices, and to some extent validating their reliability
against each other.
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Table 3: Sample characteristics of HIV+ and uninfected groups.

HIV Uninfected HIV Infected [t]/x2 p
Demographics
N 24 40
Sex: M 12 (50%) 16 (40%) 0.27 0.60
Age at scan (years) 9.6 +0.52 9.2+0.20 2.78 0.01
In-scanner motion (mm) 2 03+04 02+03 0.88 0.38
Perinatally unexposed 12 (50%) NA
Treatment-related measures
Age at ART initiation (weeks) NA 10 (8-23)
Age at first viral load suppression (weeks) NA 46 (33-62)
ART interrupted NA 20 (50%)
Duration of ART interruption (weeks)P NA 41 (29-64)°
Clinical data at enrolment
CD4* cell count (cells/ul) NA 1920 + 722
CD4% NA 36+8
CD4*/CD8g*4 NA 14+0.7
Viral load (RNA copies/ml)
High (>750,000) NA 18 (45%)
Low (400-750,000) NA 22 (55%)
Suppressed (<400) NA 0 (0%)
Clinical data at scan (age 9 years)
CD4* cell count (cells/pl)® NA 1327 £ 661
CD4%® NA 37+8
Viral load (RNA copies/ml)
High (>750,000) NA 0 (0%)
Low (400-750,000) NA 1(2.5%)
Suppressed (<400)f NA 39 (97.5%)

Values are mean + SD, median (interquartile range), or N (% of total).

ART, antiretroviral therapy; M, male.

20n the measurement of in-scanner motion, see Sections 6.3.2 and 6.4.1.

b All interrupted subjects had restarted treatment at the time of scanning.

€ Calculated over interrupted subjects only.

4 CD4*/CD8" at enrolment missing for two children. These two subjects are excluded from all subsequent analyses
concerning immune measures at enrolment.

€ CD4* cell count (and CD4%) at scan missing for two children. These two subjects are excluded from all subsequent
analyses concerning immune measures at scan.

f Assays employed to measure viral loads at age 9 years could detect values less than 400 RNA copies/ml (depending
on blood sample volume), which was the sensitivity limit of the assays used at enrolment. However, we keep the upper
threshold of the ‘suppressed’ category at 400 copies to aid comparison with enrolment measures. This threshold
nevertheless meets the criteria suggested by the World Health Organisation for evidence of virologic suppression in
low- and middle-income countries: <1,000 RNA copies/ml (Bennett et al. 2006).

Outliers were defined as values more than 3 SDs beyond the sample mean. To preserve the number
of subjects in analyses, winsorization was performed on the following measures with outliers:

interrupt duration (2 HIV+), ART initiation age (1 HIV+) and CD4* count at scan (1 HIV+).

65



The HIV-uninfected group consists of subjects perinatally-exposed and perinatally-unexposed to HIV
and ART. The demographics of these two subgroups is presented in Table 4. There were no significant
differences in sex, age at scan, or in-scanner motion (framewise displacement) between these two

subgroups.

Table 4: Sample characteristics of the HIV-unexposed uninfected (HU) and HIV-exposed uninfected (HEU) groups.

Exposed
Unexposed uninfected
uninfected (HU) (HEV) [t]/x2 p
Demographics
N 12 12
Sex: M 5 (42%) 7 (58%) 0.04 0.84
Age at scan (years) 9.4+0.44 9.7 +£0.55 1.71 0.10
In-scanner motion (mm) 03+0.3 04+05 0.72 0.48

Values are mean + SD or N (%). M, male.

7.2 Resting state networks revealed by group independent component analysis
Eight of the 20 components were classified as artefacts. Appendix D illustrates some typical nuisance

features observed in these components.

The remaining 12 ICs, shown in Figure 9, were identified to be RSNs — that is, reflecting large scale
patterns of FC. Full RSN names associated with the abbreviations employed in Figure 9 are given in
Table 5, along with topological descriptions of the spatial maps, and references to literature identifying

RSNs of similar spatial profile.
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latVN
[-20, -103, -1]

medVN
[2, -84, 27]

aDMN
(-4, 53, 17]

pDMN
[2, -44, 37]

CER
[28, -82, -44]

SSN

[-43, -37, 61]
DAN

[-23, -68, 40]
L-PAR

[-58, -12, 37]
TPN

[63, -50, 20]
aPFC

[31, 62, 1]
BGN

[12, -3, 17]

Figure 9: Group resting state networks revealed by independent component analysis. The networks are ordered — top to
bottom in the first column, and continuing into the second column —according to the amount of signal variance each explains
in the decomposition. The spatial maps are here shown thresholded at Z > 3: latVN = lateral visual [network], medVN =
medial visual, alDMN = anterior DMN, pDMN = posterior DMN, SAL = salience, CER = cerebellar, SSN = somatosensory,

DAN = dorsal attention, L-PAR = left frontoparietal, TPN = temporoparietal, aPFC = anterior prefrontal cortex, BGN = basal

ganglia.
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Table 5: Topological descriptions of the 12 resting state networks (RSNs) revealed by group ICA, as visualized in Figure 9. A
canonical name for each RSN is selected from among literature identifying a network with a similar spatial profile. Such
literature is cited in the last column. Listed grey matter regions are bilateral, unless otherwise indicated; these regions are
roughly listed in posterior to anterior order. Coordinates are given in left-posterior-inferior (LPI) convention. L, left; R, right.

Peak coactivation

Literature

Abbreviated Canonical RSN (2), in MNI-152 identifying an RSN of
RSN name name Grey matter structures overlaid, or partly overlaid space similar topography
Occipital pole (primary visual cortex), extending
laterally and widely into the visual association cortex of
| Visual network, th_e occipital Iob_e. . -20,-103, -1
atvVN | Lingual and fusiform gyri. e
ateral L - L occipital pole
Posterior intraparietal sulcus.
Inferior temporal gyrus (posterior).
Lateral geniculate body. Yeoetal. 2011
- — De Luca et al. 2006
Whole medial surface of occipital lobe (cuneus). Beckmann et al. 2005
Parts of the inferior (lingual gyrus) and lateral surfaces
Visual network of the occipital Iope. _ ) ) 2, 84 27 N
medVN medial ' Precuneus, extending into the superior parietal lobule. R visual association
Inferior parietal lobule. cortex (in cuneus)
Central sulcus.
Lateral geniculate body.
Precuneus.
Cingulate (posterior, anterior).
Anterior default L angular gyrus (inferior parietal lobule). -4,53,17
aDMN mode network Caudate and putamen. L dorsomedial
Ventromedial (extending down to rostral gyrus) and prefrontal cortex
dorsomedial prefrontal cortex. Andrews-Hanna et al.
Frontopolar prefrontal cortex. 2010
Precuneus. Greicius et al. 2003
Cingulate (posterior, anterior). 2 .44 37
Posterior default Inferior parietal lobule. S
pDMN T P . . R precuneus
mode network Posterior hippocampal and parahippocampal gyri.
R anterior superior temporal sulcus.
Ventromedial prefrontal cortex.
Supramarginal gyrus (superior parietal lobule).
Insulae, transverse temporal gyri, and opercula
(including superior temporal gyrus).
Posterior and mid cingulate gyrus and sulcus, extending
. into the marginal sulcus and anterior-most precuneus. -36, 3, 10
SAL Salience network Ventrolateral postcentral and precentral gyri. L frontal operculum Seeley etal. 2007
Supplementary motor area (medial frontal).
Putamen.
Dorsolateral prefrontal cortex.
Inferior frontal gyrus (opercular and triangular parts).
CER Cerebellar Cerebellum. 2R8r’x_)§t2ér;gfcerebellar Zuo et al. 2010
network Posterior middle and inferior temporal gyri. cortex Smith et al. 2009
R inferior temporal gyrus (posterior, visual processing
area).
Superior parietal lobule and anterior intraparietal sulcus.
a Postcentral gyrus, and dorsal precentral gyrus.
SSN Somatosensory Paracentral lobule (secondary motor area). -43,-37, 61 | Yeoket al. 2011| 200
network Posterior superior temporal gyrus and operculum. L postcentral gyrus Beckmann et al. 5
Thalamus.
Transverse temporal gyri and posterior insula.
Medial orbitofrontal cortex.
Dorsolateral occipital cortex.
Intraparietal sulcus.
Supramarginal gyrus (inferior parietal lobule).
Posterior cingulate (below marginal sulcus). 23, -68. 40
Dorsal attention® Posterior portions of the |nfer_|or temporal and middle Leﬁ intr’aparietal Yeo et al. 2011
DAN temporal gyri (visual processing area). Zuo et al. 2010

network

Frontal eye field (premotor cortex).

Ventrolateral precentral gyrus.

Dorsolateral prefrontal cortex (L hemisphere has greater
coactivation).

Anterior insular cortex.

sulcus, posterior part

Fox et al. 2006
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L-PAR

Left-lateralised
frontoparietal®
network

Primary visual cortex (cuneus).

L inferior parietal lobule.

L intraparietal sulcus.

L posterior temporal lobe (visual processing region).
Insular cortex (L hemisphere has greater coactivation).
L postcentral and precentral gyri.

L putamen and caudate.

L dorsolateral and ventrolateral prefrontal cortex.

-58, -12, 37
L postcentral gyrus

Shirer et al. 2015
Smith et al. 2009
Calhoun et al. 2008

TPN

Temporoparietal®
network

Precuneus.

Middle and ascending superior temporal sulcus.
Temporooccipital transition zone.
Temporoparietal junction.

Angular gyrus.

63, -50, 20
R angular gyrus

Allen et al. 2011
Smith et al. 2009
Calhoun et al. 2008
Damoiseaux et al.
2006

aPFC

Anterior
prefrontal cortex

Inferior parietal lobule.

Paracentral lobule, extending into dorsal-most
sensorimotor area.

Orbitofrontal cortex.

Frontal pole extending widely into the ventrolateral
prefrontal cortex (and parts of the dorsolateral prefrontal
cortex).

31,62,1
R frontopolar
prefrontal cortex

de Bie et al. 2012

Dosenbach et al. 2007

BGN

Basal ganglia
network

Superior cerebellum (lobules 1 to 5).
Hippocampus and amygdala.

Pontine nuclei (brainstem).

Caudate (very extensive) and putamen.
Thalamus.

Anterior and middle cingulate.

Middle temporal gyrus.

12,-3,17
R ventral caudate

Allen et al. 2011

2In adults, this network includes more extensive coactivation in motor regions, and is then referred to as the ‘sensorimotor’ network (Beckmann et al.
2005).

b Synonymous with ‘dorsal visual attention stream,” as in (Zuo et al. 2010).

¢ Sometimes called ‘executive control” network, as in (Shirer et al. 2015). However, the author prefers to avoid that label, to prevent confusion with
the cingulate/insulae/parietal component that has a central role in control signalling, and which is largely constituted by the salience network (for a
more detailed discussion, see Section 5.7.2).

d Although ‘temporoparietal” is sometimes used (Thornburgh et al. 2017), the corresponding adult network is more commonly labelled ‘auditory’.
Here, however, the primary auditory cortex is not included.

7.3 HIV+vs. uninfected functional connectivity comparisons
We present differences in FC between HIV+ and uninfected (perinatally-exposed and unexposed

combined) children revealed by ICA (Section 7.3.1) and SCA (Sections 7.3.2, 7.3.3, 7.3.4) pipelines.

7.3.1 ICA-revealed within-network differences
We detected no regions within ICA-generated RSNs showing effects of infection status (HIV+ vs.

uninfected) at age 9 years.

7.3.2  Functional connectivity with seeds related to neuropsychological domains
Two seeds were selected for each neuropsychological domain showing abnormalities in the HIV+

group at age 5 or 7 years (Table 6) (Laughton et al. 2017; Merkle 2015). In Figure 10a, the seeds are
shown overlain on the reverse inference maps from which their locations were selected. The maps
were generated by meta-analyses performed in Neurosynth, and highlight regions selectively involved
in a particular neuropsychological domain. Figure 10b visualises all the seeds in a glass-brain. Four
seeds are located in the left cerebral cortex, one in the right cerebral cortex, two in the striatum of
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the right basal ganglia, and one in the left cerebellar cortex. For the learning, planning and
simultaneous processing domains, the pairs of seeds were ipsilateral, while the visual perception pair

was contralateral, as dictated by the position of Z-score peaks in the associated meta-analysis maps.

The reverse inference map for the ‘simultaneous processing’ meta-analysis is particularly sparse. The
forward inference map (indicating regions consistently, rather than specifically, activated in studies
associated with the search term) on the other hand, is not: it includes extensive activation in the
medial frontal, fronto-insular and thalamic regions, for example (not shown). The sparsity of the
reverse inference map may thus indicate that, although various anatomy is consistently involved in
supporting cognition that requires the simultaneous holding of multiple pieces of information in

working memory, none or little of this anatomy is statically and exclusively dedicated to that function.

Table 6: Seeds associated with neuropsychological domains showing abnormalities in HIV+ children at age 5 or 7 years, and
used to investigate differences in seed-to-whole-brain connectivity between HIV+ and uninfected children (perintatally-
exposed and unexposed) at age 9 years using seed-based correlation analysis (SCA). Anatomical locations and seed volumes
are given. Seeds are initially spherical with a radius of 6 mm, but are masked to remove non-brain tissue. The seeds are
visualised in Figure 10.

Seed Neuropsychological Anatomical location Coordinates at seed center? Seed volume, after
label domain (MNI, LPI) masking®
(mm?°)
X y z
Learnl  Learning R ventral striatum 25 10 -10 891
Learn2  Learning R caudate 12 4 13 783

L precentral gyrus

Planl Planning (functional area: movement of the trunk) -26 14 58 891
. L precentral gyrus
Plan2 Planning (functional area: movement of the upper limb) -4 2 34 864
Siml Simultaneous processing L parahippocampal gyrus, on the medial -11 -3 -42 405
surface of the temporal lobe
Sim2 Simultaneous processing L cerebellar tonsil / biventral lobule -14 -57 -42 891
Visl Visual perception R occ_lpl_tal lobe, lateral surface (visual 6 73 6 891
association cortex)
Vis2  Visual perception L superior parietal lobule -16 -60 67 702

(anterior part)

@ The center of the spherical seed, before any non-brain tissue in the seed was masked out.
P Voxels lying outside of the brain or within ventricles were excluded from the seed. The residual seed region was used for subsequent seed-based
correlation analysis (SCA).

70



Learnl Learn2

[25, 10, -10]

R caudate

Plan2
[-54, 2, 34)

Planl
[-26, -14, 58]

O

L precentral gyrus 0.0 L precentral gyrus

Siml “ : - Sim2
[-11, -3, -42] - 2 ~ . s } [-14, -57, -42]

L parahippocampal gyrus 0.0 L cerebellar tonsil

Visl i : Vis2
(46, -73, -6) : ’ [-16, -60, 67]

@
J R L
left superior anterior

(b)

Figure 10: Seeds assocaited with neuropsychological domains showing impairment in HIV+ children at age 5 or 7 years, and
used to investigate differences in seed-to-whole-brain connectivity between infected and uninfected children at age 9 years.
(a) Each seed is shown overlain on the reverse inference map (hot colours) produced by the meta-analysis performed in
Neurosynth (Yarkoni et al. 2011) for that domain. This map is thresholded at an FDR of p < 0.01. Where the map is sparse,
the seed may visually occlude the map in the slices shown. The saturation levels for the map’s colour-bar are the 2" and 98th
percentiles of non-zero values. Seed labels in the margins reference seed details given in Table 6. Coordinates under the seed
label are those of the seed center, in MNI standard space, using left-posterior-inferior (LPI) convention. Each seed is assigned
a colour-code, which is used to identify that seed in (b), and to index regions showing HIV-related differences in connectivity
with that seed in Figure 11 and Figure 12. (b) All the seeds in (a) are rendered together in a glass-brain.

Three of the eight seeds revealed significant between-group differences. Four regions showed
significantly differing FC to the first planning seed (left precentral gyrus) in HIV+ compared to
uninfected (HU and HEU combined) children: bilateral precuneus, right paracentral lobule, left

putamen, and bilateral ventromedial prefrontal cortex (PFC). The right angular gyrus showed
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significantly differing FC to the first visual perception seed, and the left occipital pole to the second
visual perception seed. In all instances, the HIV+ positive group demonstrated greater positive BOLD
correlations compared to uninfected children. For the planning seed, the effect of infection on FC only
with the precuneus is observed at both the p < 0.005 and p < 0.001 cluster-forming thresholds. All of

the clusters associated with the visual perception seed disappear at the stricter threshold.

Table 7 presents locations and volumes for the clusters showing group differences in FC to seeds,
together with group means of the cluster-averaged FC Z-scores. Being Fisher Z-transformed
correlation coefficients rather than normalised parameter estimates, connectivity scores tabulated
for SCA clusters differ from those recorded for ICA by about an order of magnitude (compare Table
13, Section 7.4). Post hoc testing revealed no significant association of scan age with cluster-averaged

FC (p>0.2).
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Table 7: Size and peak coordinates of regions showing significantly increased functional connectivity to seeds in HIV+ children
compared to uninfected (HIV-) children (perintatally-exposed and unexposed), obtained using seed-based correlation analysis
(SCA). Seeds correspond with neuropsychological domains showing significant between-group differences at ages 5 or 7 years
(Laughton et al. 2017; Merkle 2015). Clusters are grouped by the cluster-forming threshold (p < 0.005 or p < 0.001). Also given
are group means of the cluster-averaged connectivity scores. Alphabetic cluster labels (A — F) correspond with those in Figure

11.

Seed information

Clusters of FC difference (uninfected < HIV+)

Cluster peak
coordinates

Group means (SD) of
average FC Z-scores

RSNs (MNI, LPI) over cluster region
(identified at
age 9 years) Cluster
Seed which contain RSNs which contain the X Y volume HIV- | HIv+ C|I;§;Tr
label NP domain  Seed location the seed? Cluster location® cluster? (mm?®)
Cluster-forming threshold: p < 0.005
. L precentral Somatosensory Precuneus Posterior DMN (pDMN); o 0.0611 0.198
Planl  Planning gyrus (SSN) (bilateral) salience (SAL) To-AT a4 2484 (0.158) (0.131) A
R paracentral
. - 0.150 0.291
lobule; Salience (SAL) 8 -6 61 1620 (0.117) (0.122) B
SMA
L putamen;, .
L transverse Left fron.toparletal 0.0834 0.205
temporal gyrus; (L-PAR), 30 19 0 116l (0.0775) (0.112) c
- ' basal ganglia (BGN) ' '
L insula
Ventromedial PFC Anterior and posterior 2 49 0 918 0.0293 0.154 D
(bilateral) DMN (aDMN and pDMN) (0.130) (0.149)
Lateral visual R inferior parietal
Visl Visual R lateral (latVN); lobule P Posterior DMN (pDMN); 53 59 27 972 0.00338 0.144 £
perception  occipital lobe  temporoparietal temporoparietal (TPN) (0.109) (0.0978)
(TPN) (angular gyrus)
. L superior . L
; Visual - Dorsal attention L occipital pole, - PV ) -0.0353 0.118
Vis2 perception Ipoatl)':JeILal (DAN) extending laterally Lateral visual (latVN) 14 -103 -4 1782 (0.103) ‘ (0.135) F
Cluster-forming threshold: p < 0.001
. L precentral Somatosensory  Precuneus Posterior DMN (pDMN); - 0.0662 0.217 -
Plan1  Planning gyrus (SSN) (bilateral) salience (SAL) ToAr a4 837 (0.145) (0.162) A

NP, neuropsychological; RSN, resting state network; MNI, Montreal Neurological Institute 152 atlas; LPI, left-posterior-inferior; FC, [resting state] function connectivity.

HIV-, HIV-uninfected; HIV+, HIV-infected.

L, left; R: right; SMA, supplementary motor area; PFC, prefrontal cortex.
@ An RSN is listed if the majority of the cluster’s extent is contained within its spatial domain (RSNs identified at age 9 years are visualised in Figure 9).

bBased on cluster overlap in Haskins pediatric atlas.

* Cluster has center coordinates corresponding with that of the similarly labelled cluster at p < 0.005, indicating that the effect persists in the same region at the stricter

threshold of p < 0.001.

Figure 11 shows each cluster overlain on the forward inference map produced by the associated

Neurosynth meta-analysis. The forward inference (as opposed to the reverse inference) map describes

the consistency, and not the relative selectively, with which brain regions activate in fMRI tasks related

to the neuropsychological domain of interest. Five of the six recorded clusters overlap barely or not
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at all with the corresponding forward inference map. Figure 11 also presents boxplots of cluster-
averaged FC scores for the HIV+ and uninfected groups. Figure 12 visualises all the seeds and clusters

together in a glass brain. Clusters are predominantly medial or posterior.

Cluster-forming threshold: p < 0.005

*

[-7, -47, 44]
seed: Planl

Precuneus

B
[8, -6, 61]
seed: Planl

C
[-30, -19, 0]

seed: Planl N
D 0.0
L putamen; L transverse temporal;

L insula HIV HIV+

) ,
2, 49, 0] 8 |
seed: Planl . - B
O

Ventromedial PFC

1IV+

E
[53, -59, 27]
seed: Visl

F

[-14, -103, -4]
seed: Vis2

O

L occipital pole 2 |

*Cluster persists (at the same center coordinates) when using the

stricter cluster-forming threshold (p < 0.001).
SMA, supplementary motor area; PFC, prefrontal cortex.

Figure 11: Each panel shows a region (blue) of significantly increased connectivity to a seed (not shown) in HIV+ compared to
uninfected (HIV-) children (perintatally-exposed and unexposed), where seeds correspond with neuropsychological domains
showing significant HIV-related impairment at ages 5 or 7 years. The cluster is shown overlain on the forward inference map
(hot colours) produced by the meta-analysis performed in Neurosynth (Yarkoni et al. 2011) for that domain. Cluster-forming
thresholds of p < 0.001 and p < 0.005 were combined with cluster-size thresholds to yield a corrected cluster significance of
p <0.05 (two-sided) in all cases. To the right of each panel, boxplots visualise the distributions of connectivity Z-scores,
averaged over the cluster region, for the two groups. The alphabetic cluster labels in the left margin (A — F) reference the
tabulated details in Table 7. Coordinates under the seed label are those of the peak between-group difference, in MNI|
standard space, using left-posterior-inferior (LPl) convention. Each cluster is assigned a coloured square, which indexes the
associated seed in Figure 10 and the associated seed-cluster set in Figure 12.
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Cluster-forming threshold: p < 0.005

~

X / / >’ S A S
e ‘e R L

left superior anterior

Cluster-forming threshold: p < 0.001
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Ay > A
, | !
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f . J Jad s ‘J >
g R L
left superior anterior

Figure 12: Glass-brain renderings of seeds (indicated with black arrow tips) and clusters between which functional
connectivity is greater in HIV+ compared to uninfected children, for the results detailed in Table 7 and Figure 11. Seeds are
associated with neuropsychological domains showing HIV-related impairment. All clusters revealed by the same seed, along
with the seed itself, are filled with the same colour, which indexes the seed in Figure 10: cream = ‘planning’ domain, L
precentral gyrus seed; purple = ‘visual perception” domain, R occipital pole; green = ‘visual perception’ domain, L superior
parietal lobule. Dotted lines indicate seed-cluster connections, but in no way represent the anatomical path of the connection.

Functional connectivity with seeds in the structural core

Four seeds were placed in the structural core — one for each ICA-generated group RSN where the

global Z-score peak of the ICA-generated group map lies in the structural core (Table 8). In Figure 133,

the seeds are shown overlain on the group RSN from which they were taken, respectively. Two of the

seeds lie in the medial surface of the cerebral cortex, while the remaining two lie in the left and right

posterior cerebral cortex (Figure 13b).
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Table 8: Seeds placed in the structural core and used to investigate differences in seed-to-whole-brain connectivity between
HIV+ and uninfected (perinatally-exposed and unexposed) children using seed-based correlation analysis (SCA). Anatomical
locations and seed volumes are given. Seeds are initially spherical with a radius of 6 mm, but are masked to remove non-

brain tissue. The seeds are visualised in Figure 13.

Coordinates at seed center?

(MNI, LPI)
Seed RSN in which the seed is X y 7 Seed volume, after masking®
label located? Anatomical location of seed center (mm?)
medVN Medial visual network R extrastriate visual cortex (in cuneus) 2 -84 27 891
pDMN Posterior default mode R precuneus -2 44 37 891
network
DAN Dorsal attention network Left intraparietal sulcus, posterior part -23 -68 40 891
TPN Temporoparietal network R angular gyrus 63 -50 20 567

RSN, resing-state network; MNI, Montreal Neurological Institute 152 atlas; LPI, left-posterior-inferior.

L, left; R, right.
@ Seeds are placed at the global Z-score peak of the ICA-generated group map.

b The center of the spherical seed before any non-brain tissue voxels in the seed were masked out.

¢ Voxels lying outside of the brain or within ventricles were excluded from the seed. The residual seed region was used for subsequent seed-based

correlation analysis (SCA).
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medVN DAN
[2, -84, 627 [-23, -68, 40]

pDMN TPN
[2, -44, 37) [63, -50, 20]

]

R precuneus

: R L
left superior anterior

(b)

Figure 13: Seeds placed in the structural core and used to investigate differences in seed-to-whole-brain connectivity between
HIV+ and uninfected (perintatally-exposed and unexposed) children. (a) Each seed (blue) is shown overlain on the group map
of the resting state network (hot colours) from which the seed was taken. This map is thresholded at Z > 3. The saturation
levels for the network’s heatmap are the 2nd and 98th percentiles of non-zero values. Seed labels in the margins reference
seed details given in Table 8. Coordinates under the seed label are those of the seed center, in MNI standard space, using left-
posterior-inferior (LPI) convention. Each seed is assigned a colour-code, which is used to identify that seed in (b), and to index
regions showing HIV-related differences in connectivity with that seed in Figure 14 and Figure 15. (b) All the seeds in (a) are
rendered together in a glass-brain.

At a cluster-forming threshold of p < 0.005, five regions showed significantly differing FC to the
temporoparietal network seed (right angular gyrus) in HIV+ compared to uninfected (HU and HEU
combined) children: left inferior frontal gyrus, left precentral gyrus, left intraparietal sulcus, bilateral
extrastriate®® cuneus, left premotor/pre-SMA. Three of these clusters persist at the stricter cluster-
forming threshold of p < 0.001 (left inferior frontal gyrus, left precentral gyrus, and left intraparietal
sulcus). In addition, the left premotor cortex shows significantly differing FC to the medial visual

network seed (right extrastriate cuneus) only at the less severe cluster-forming threshold. In all cases,

the BOLD correlations were greater positive in HIV+ compared to uninfected children. The posterior

28 Visual areas outside of the primary visual cortex, which in turn is considered to be in and immediately
around the calcarine fissure.
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DMN seed (right precuneus) and dorsal attention network seed (left intraparietal sulcus) revealed no
connections with significant between-group differences. Post hoc testing revealed no significant

association of scan age with cluster-averaged FC (p > 0.1).

Figure 14 shows clusters demonstrating greater FC in HIV+ children compared to uninfected children
to a seed in the structural core, overlain on the RSN group-map from which the associated seed was
taken. In every case, the cluster lies well outside of the bounds of the RSN associated with the seed,
indicating between-network connections. Except for a result in the bilateral cuneus, clusters are left-

lateralised for both seeds, and all lie in the cerebral cortex (Figure 15).
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Table 9: Size and peak coordinates of regions showing significantly increased connectivity to seeds in HIV+ compared to
uninfected (HIV-) children (perintatally-exposed and unexposed), obtained using seed-based correlation analysis (SCA). One
seed was placed at the peak of each ICA-generated group resting state network that had its peak situated in the structural
core, as defined by Hagmann et al. (2008). Clusters are grouped by the cluster-forming threshold. Also given are group means
of the cluster-averaged connectivity scores. Alphabetic cluster labels (A — F) correspond with those in Figure 14.

Seed information Clusters of FC difference (uninfected < HIV+)
Group means®
Cluster peak (SD) of average
coordinates FC Z-scores over
(MNI, LPI) cluster region
RSN (identified at age Cluster
Seed Seed 9years)whichcontain ~ x 'y z volume HIV- | HIV+  Cluster
label network Seed location Cluster location? the seed® (mmd) label
Cluster-forming threshold: p < 0.005
Medial R extrastriate .
medVN  visual visual cortex (in L premotor cortex I(_Le_fltazgr;topanetal 30 13 61 918 (g f03) (8'21) A
network cuneus) ' '
Temporo L inferior frontal Left fron.toparletal
X ; . (L-PAR); 0.01 0.16
TPN parietal R angular gyrus gyrus, orbital part (in - -46 43 -3 2376 B
anterior prefrontal cortex (0.09) (0.13)
network ventrolateral PFC)
(aPFC)
Left frontoparietal 0.05 0.20
L precentral gyrus (L-PAR) 36 -9 51 2268 (0.11) (0.16) C
Somatosensory (SSN);
. - dorsal attention (DAN); 0.03 0.19
L intraparietal sulcus left frontoparietal -46  -37 54 1863 (0.15) (0.17) D
(L-PAR)
Visual association 0.08 0.24
cortex in cuneus, Medial visual (medVN) 2 81 20 1323 (0' 12) (0' 18) E
bilateral ' ’
Left frontoparietal /
L premotor cortex; dorsal attention + 0.02 0.15
L pre-SMA salience Ar 051 1188 0.11) | (0.14) F
(L-PAR/DAN + SAL)®
Cluster-forming threshold: p < 0.001
Temporo L inferior frontal I(_f_fltaggr)lFoparletal 0.01 017
TPN parietal R angular gyrus gyrus, orbital part (in anterior 'refrontal cortex -46 43 -3 918 (0'10) (0'1 2 B*
network ventrolateral PFC) P ' '
(aPFC)
Left frontoparietal 0.05 0.22 -
L precentral gyrus (L-PAR) 36 -9 51 567 (0.10) (0.16) C
Somatosensory (SSN);
. . dorsal attention (DAN); ) ) 0.02 0.18 "
L intraparietal sulcus left frontoparietal 46 -37 54 486 (0.16) (0.17) D
(L-PAR)

RSN, resting state network; MNI, Montreal Neurological Institute 152 atlas; LPI, left-posterior-inferior; FC, [resting state] function connectivity.

HIV-, HIV-uninfected; HIV+, HIV-infected.

L, left; R, right; PFC, prefrontal cortex; SMA, supplementary motor area.

@Based on cluster overlap in Haskins pediatric atlas.

b An RSN is listed if the majority of the cluster’s extent is contained within its spatial domain (RSN identified at age 9 years are visualised in Figure 9).

®No single RSN contains the majority of this cluster’s extent. The premotor portion (in the superior frontal gyrus) is partially contained in the spatial profiles of both
the left frontoparietal and dorsal attention networks; the medial pre-SMA portion is fully contained in the salience network.

* Cluster has center coordinates corresponding with that of the similarly labelled cluster at p < 0.005, indicating that the effect persists in the same region at the
stricter threshold of p < 0.001.
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Cluster-forming threshold: p < 0.005

Al D*
[-30, 13, 61] n . - [-46, -37, 54]
seed: medVN ; E' *  seed: TPN
30

L intraparietal sulcus

L premotor cortex

HIV- HIV+

*B 04 E
[-46, 43, -3] | 5 ~ " [2,-81, 20]
00 seed: TPN

|
seed: TPN [ ) . B
o e
L inferior frontal gyrus, orbital part |
HIV HIV+ HI' HIV+
F
[-17, 0, 51]
! ! seed: TPN
=] =]

L precentral gyrus L premotor cortex; L pre-SMA

HIV. HIV+ Hiv. HIV+

*Cluster persists (at the same center coordinates) when using the stricter cluster-forming threshold (p < 0.001).
SMA, supplementary motor area.

Figure 14: Each panel shows a cluster (blue) of significantly increased connectivity to a seed (not shown) in HIV+ children
compared to uninfected (perintatally-exposed and unexposed) children, where seeds were placed in the structural core (cf.
Hagmann et al. 2008). The cluster is shown overlain on the resting state network at the peak of which the seed was placed.
Cluster-forming thresholds of p < 0.001 and p < 0.005 were combined with cluster-size thresholds to yield a corrected cluster
significance of p < 0.05 (two-sided) in all cases. Each network’s group map is thresholded at Z > 3. The saturation levels for
each network’s heatmap are the 2nd and 98th percentiles of non-zero Z-score values. Alongside each panel are boxplots
visualising distributions of connectivity Z-scores, averaged over the cluster region, for the two groups. The alphabetic cluster
labels in the margins (A — F) reference the tabulated details in Table 9. Each cluster is assigned a coloured square, which
indexes the associated seed in Figure 13 and the associated seed-cluster set in Figure 15.
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Cluster-forming threshold: p < 0.005

superior anterior

Cluster-forming threshold: p < 0.001

superior anterior

Figure 15: Glass-brain renderings of seeds (indicated with a black arrow tip) and clusters, for the results detailed in Table 9
and Figure 14 (regions revealing significantly increased connectivity to ‘structural core’ seeds in HIV+ compared to uninfected
children). All clusters of between-group differences in connectivity to the same seed, along with the seed itself, are filled with
the same colour, which indexes the seed in Figure 13: purple = R cuneus in medial visual network, orange = R angular gyrus
in temporoparietal network. Dotted lines indicate seed-cluster connections, but in no way represent the anatomical path of
the connection.

7.3.4 Functional connectivity with seeds revealing HIV-related differences at age 7 years
We retested six seeds (Table 10) which revealed differences in FC between HIV+ and uninfected

children at age 7 years. In Figure 16a, the seeds are shown overlain on the 9-year RSN that best
corresponds to the 7-year RSN from which they were originally taken. The full set of networks
identified at ages 7 and 9 years are shown in Figure 8 (Section 6.5.3) and Figure 9 (Section 7.2),

respectively.
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Table 10: Seeds placed, at age 9 years, at the same coordinates as seeds revealing significant differences in seed-to-whole-
brain connectivity between HIV+ and uninfected (perintatally-exposed and unexposed) children at age 7 years. The seeds are
used to investigate between-group differences in connectivity at age 9 years using seed-based correlation analysis (SCA).
Anatomical locations and seed volumes are given. Seeds are spherical with a radius of 6 mm. The seeds are visualised in Figure

16.
Coordinates at seed
center
) (MNI, LP1) Seed volume,
RSN at age 7 years from RSN assignment at age X y ; after masking?
Seed label which the seed was taken ~ Anatomical location 9 years (mmd)
SSN7years Somatosensory®' L paracentral lobule Som?;%s'iel;\sory -2 -32 60 891
DDMN7years  Posterior default mode® R precuneus Posterior default mode g 79 32 891
(pPDMN)
SAL7years Salience-° R anterior cingulate Salience 2 35 18 891
(SAL)
aDMN7years  Anterior default model-¢ L posterior cingulate Ante”?;g?\;aﬁ;t mode -2 -49 29 891
R postcentral gyrus
MOT7years Motor®! (ventrolateral portion, near Som?;%sﬁ?sory 56 -12 18 891
lateral fissure)
(non-lateralised) R dorsolateral PFC (R middle Anterior prefrontal
PAR7years Frontoparietal - frontal gyrus) (aPFC)? 4 15 43 891

RSN, resting state network; MNI, Montreal Neurological Institute 152 atlas; LPI, left-posterior-inferior.

L, left; R, right; PFC, prefrontal cortex.

Cl'In the study at age 7 years, this seed corresponded to the global Z-score peak of the ICA-generated group map.

Lo¢ | the study at age 7 years, this seed corresponded to a local maximum in the ICA-generated group map, separated by some distance along the anterior-
posterior axis from the global peak. In that study, networks with large anterior-posterior spread were explored with a seed placed at a distant local
maximum in addition to a seed at the global maximum. We here investigate only those seeds that produced significant group differences at age 7 years; the
seed placed at the global maximum did not.

2 Voxels lying outside of the brain or within ventricles were excluded from the seed. The residual seed region was used for subsequent seed-based
correlation analysis. In this analysis, no such voxels were lost.

® The dorsal frontoparietal network changes considerably from age 7 years, becoming left-lateralised at age 9 years (see in-text discussion that follows, as
well as Section 8.2.2). As a result, the seed selected from the global Z-score peak of this network at age 7 years no longer lies within the spatial extent of
the associated network at age 9 years. No ICA-generated network identified at age 9 years seems to contain the majority of this seed’s extent; the anterior
prefrontal cortex (aPFC) network contains a small portion of the seed’s volume.
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MOT7yrS
[56, -12, 18]

PAR7yrs
[41, 15, 43]

R I
left superior anterior

(b)

Figure 16: Seeds placed, at age 9 years, at the same coordinates as seeds revealing significant differences in seed-to-whole-
brain connectivity between HIV+ and uninfected (perintatally-exposed and unexposed) children at age 7 years. (a) Each seed
is shown overlain on the group map of the resting state network at age 9 years best corresponding with the seed-containing
network at age 7 years. This map is thresholded at Z > 3. The saturation levels for the network’s heatmap are the 2" and 98t"
percentiles of non-zero values. Seed labels in the margins reference seed details given in Table 10. Coordinates under the seed
label are those of the seed center, in MNI standard space, using left-posterior-inferior (LPI) convention. Each seed is assigned
a colour-code, which is used to identify that seed in (b), and to index regions showing HIV-related differences in connectivity
with that seed in Figure 18 and Figure 19. (b) All the seeds in (a) are rendered together in a glass-brain.

Network assignments of these seeds at age 9 years were mostly similar to those at age 7 years, with
a few exceptions (Figure 17). Separate somatosensory and motor networks are present at age 7 years,
while only the somatosensory network is present at age 9 years, which nevertheless contains dorsal
(but lacks ventrolateral) primary motor areas (Figure 17: SSN, MOT). The somatosensory network at

age 9 years is thus used as the corresponding RSN for the seeds associated with both the motor and
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somatosensory networks at age 7 years. Finally, the dorsal frontoparietal network? is symmetric and

bilateral at age 7 years, but is left-lateralised at age 9 years (Figure 17: PAR, L-PAR).

age 7 years age 9 years
aDMN aDMN
pDMN pDMN
SAL SAL
MOT
SSN SSN
PAR L-PAR

Figure 17: Comparison of group resting state networks revealed by independent component analysis (ICA) at ages 7 (left) and
9 (right) years; specifically, those networks where the network peak had functional connections that differed significantly
between HIV+ and uninfected children at age 7 years. Seeds were placed at these peaks at age 9 years. Obtaining
correspondence between networks at age 7 and 9 years allows us to explore: i) whether the seed is still located in the same
network at age 9 years; and ii) whether connections showing significant HIV-related differences at age 9 years are within- or
between-network connections, according to the positioning of the target region relative to the network containing the seed.
aDMN = anterior DMN, pDMN = posterior DMN, SAL = salience, SSN = somatosensory, MOT = motor, PAR = frontoparietal,
L-PAR = left-lateralised frontoparietal.

The somatosensory, salience, and anterior DMN seeds are well located within the bounds of their
associated 9-year RSN; the posterior DMN and motor seeds lie on the edge of their associated RSN;

and the frontoparietal seed, being in the right hemisphere, lies outside the 9-year RSN (Figure 16).

2% In the manuscript reporting HIV-related FC differences at age 7 years (Toich et al. 2017), this network was
referred to as ‘executive control.” In this manuscript, we avoid this label to prevent confusion with the
cingulate/insulae/parietal network (largely composed of the salience network) which has a central role in
control signalling, and which does not become lateralised in adulthood (for a more detailed discussion, see
Section 5.7.2).
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Four of the seeds lie in the medial surface of the cerebral cortex, while the remaining two lie in the

right mid-to-anterior cerebral cortex (Figure 16b).

Three regions demonstrate increased FC with the somatosensory network seed (left paracentral
lobule) in HIV+ children compared to uninfected children: bilateral intraparietal sulcus, and left
frontopolar PFC. A further two regions demonstrate increased FC with the posterior DMN seed (right
precuneus) in HIV+ children: right occipital pole and left middle temporal gyrus. The clusters were
present at a cluster-forming threshold of p < 0.005, but not at p < 0.001 (Table 11). Post hoc testing
revealed no significant association of scan age with cluster-averaged FC (p > 0.1). None of the seeds
revealed clusters of lower FC in HIV+ children compared to controls. The seeds in the salience network,
anterior DMN, motor network and dorsal frontoparietal network revealed no clusters of significant

between-group differences at age 9 years.
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Table 11: Size and peak coordinates of regions showing significantly greater functional connectivity to seeds in HIV+ children
compared to uninfected (HIV-) children (perintatally-exposed and unexposed) at age 9 years, obtained using seed-based
correlation analysis (SCA). These seeds were placed at the same coordinates as seeds revealing significant between-group
differences at age 7 years (Toich et al. 2017). Also given are group means of the cluster-averaged connectivity scores. Cluster

labels (A — E) correspond with those in Figure 18.

Seed information

Clusters of FC difference (uninfected < HIV+)

Cluster peak
coordinates

Group means (SD)
of average FC Z-
scores over cluster

(MNI, LPI) region
Cluster
dentifi HIV- HIV+
Seed location RSNs (identified atage 9 years)  x  y z  volume | Cluster
Seed label  Seed network  (abbreviated)  Cluster location? which contain® the seed (mm?®) label
Cluster-forming threshold: p < 0.005
Somatosensory L paracentral R intraparietal Dorsal attention (DAN); ) 0.01 0.16
SSNyears network lobule sulcus posterior DMN (pDMN) 3 50 37 1323 (0.16) (0.15) A
Anterior prefrontal cortex
(aPFC); i 0.00 0.14
L frontopolar PFC anterior DMN (aDMN); 39 43 17 1134 (0.13) (0.13) B
dorsal attention (DAN)
L intraparietal . 0.00 0.14
sulcus (deep) Dorsal attention (DAN) -27 -89 37 999 (0.14) (0.15) C
Posterior default R occipital pole, . ) R -0.05 0.12
PDMN7years mode network R precuneus extending laterally Lateral visual (latVN) 21 -100 -7 1647 (0.16) 0.17) D
L middle temporal . 0.11 0.24
ayrus Left frontoparietal (L-PAR) -61 -13 -20 1296 (0.11) (0.12) E

MNI, Montreal Neurological Institute 152 atlas; LPI, left-posterior-inferior; FC, [resting state] function connectivity.

HIV-, HIV-uninfected; HIV+, HIV-infected.
L: left; R: right; PFC, prefrontal cortex.
@Based on cluster overlap in Haskins pediatric atlas.

b An RSN is listed if the majority of the cluster’s extent is contained within its spatial domain (RSN identified at age 9 years are visualised in Figure 9).

Figure 18 shows each cluster demonstrating significantly greater FC to a seed in HIV+ compared to

uninfected children. The cluster is overlain on the RSN group-map at age 9 years best associated with

the seed-containing network at age 7 years (as in Figure 16a). Two of the clusters showing between-

group differences in FC to the somatosensory seed lie adjacent to the bounds of the ICA-revealed

somatosensory group map (Figure 18A, C), while the remaining cluster (Figure 18B) lies well outside

of the map’s boundaries. Clusters showing between-group differences in FC to the posterior DMN

seed also lie well outside the bounds of the posterior DMN group map (Figure 18D, E). All clusters lie
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in the cerebral cortex (Figure 19). All are fairly lateral, with the exception of the cluster in the right

occipital pole (Figure 18D), produced by the posterior DMN seed.

Cluster-forming threshold: p < 0.005

A
[34, -50, 37

seed: SSN7yrs
O

B
[-39, 43, 17]

seed: SSN7yrs
O

L frontopolar PFC : |

C
[-27, -59, 37]

seed: SSN7yrs
|

L intraparietal sulcus

D
[21, -100, -7]

seed: pDMNy7yrs
i

R occipital pole

HIV HIV+

E
[-61, -13, -20]

seed: pDMN7yrs
=

L middle temporal gyrus

PFC, prefrontal cortex.

Figure 18: Each panel shows a cluster (blue) with significantly greater connectivity to a seed (not shown) in HIV+ compared
to uninfected (perinatally-exposed and unexposed) children. Seeds were placed in regions revealing significant between-
group differences at age 7 years. The cluster is shown overlain on the group map of the resting state network at age 9 years
that best corresponds with the seed-containing network at age 7 years. Cluster-forming thresholds of p < 0.001 and p < 0.005
were combined with cluster-size thresholds to yield a corrected cluster significance of p < 0.05 (two-sided) in all cases. Each
network’s group map is thresholded at Z > 3. The saturation levels for each network’s heatmap are the 2nd and 98th
percentiles of non-zero Z-score values. Alongside each panel are boxplots visualising distributions of connectivity Z-scores,
averaged over the cluster region, for the two groups. The alphabetic cluster labels in the left margins (A — E) reference the
cluster details in Table 11. Each cluster is assigned a coloured square, which indexes the associated seed in Figure 16 and the
associated seed-cluster set in Figure 19.
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Cluster-forming threshold: p < 0.005

left superior anterior

Figure 19: Glass-brain renderings of seeds (indicated by a black arrow tip) and clusters, for the results detailed in Table 11
and Figure 18 (regions revealing significantly increased connectivity to a seed in HIV+ compared to uninfected children, where
seeds were placed at coordinates revealing significant between-group differences at age 7 years). All clusters of between-
group differences in connectivity to the same seed, along with the seed itself, are filled with the same colour, which indexes
the seed in Figure 16: purple = somatosensory network, at age 7 years; blue = posterior DMN, at age 7 years. Dotted lines
indicate seed-cluster connections, but in no way represent the anatomical path of the connection.

7.4 ICA-revealed associations of within-network connectivity with immune measures
Among HIV+ children, two distinct left cerebellar regions (lobules 7 and 8) showed greater functional

integration into the cerebellar network with increasing CD4%, one (lobule 8) only with CD4% in infancy
and the other (lobule 7) with both CD4% in infancy and at age 9 years. Post hoc testing revealed
significant correlations of average within-network FC in each region with age at scanning, indicating a
potential confounding effect of age in this analysis. We motivated against controlling for age (Section
6.5.1); however, to be conservative, we repeated the analysis in the cerebellar network while
controlling for age voxelwise. The effect of early immune health on FC in lobule 8 disappeared, but
effects of early and current immune health in lobule 7 remained. We here present and discuss details
for clusters revealed by the age-adjusted model. Results produced by the unadjusted model are given

in Appendix E.

Table 12 presents the locations and volumes of the clusters of immune effect, and values of the post
hoc correlation of immune measures with average FC scores over the cluster region. The clusters are
anatomically depicted at their peak Z-scores in Figure 20. Also shown are scatter plots of FC against

immune health measures, and the distribution of cluster-averaged FC scores for the HIV+ group.
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Additionally, the distributions of FC scores over the cluster regions for the uninfected groups are

shown for comparison purposes. We found no effect of CD4* count, neither in infancy nor at age 9

years, on within-network FC in any of the networks. Neither did we find an effect of CD4*:CD8" ratio

in infancy.

Table 12: Size and peak coordinates of two nearby regions showing significant association of immune health with functional
integration into the cerebellar network (obtained using ICA). Also given are correlations of the immune measure with the
average functional connectivity (FC) over the cluster (all are positive). Cluster labels (A, B) correspond with those in Figure 20.

Cluster peak
coordinates

(MNI, LPI)
Cluster ~ Correlation® of immune measure
ICA-generated X y Z volume  with FC averaged over the cluster Cluster
network Cluster anatomical location? (mm?®) region (r) label
CD4% in infancy (at age 6-8 weeks) associated with within-network FC at age 9 years
Cluster-forming threshold: p < 0.005
Left cerebellar hemisphere:
Cerebellar crusl and crus2 (lobule 7) inthemid  -26 -72 -34 1026 0.545 A
(CER) .
and lateral regions
CD4% at scan (at age 9 years) associated with within-network FC at age 9 years
Cluster-forming threshold: p < 0.005
Cerebellar Left cerebellar hemisphere:
(CER) crusl and crus2 (lobule 7) inthe mid -39 -63 -44 513 0.617 B

and lateral regions

ICA, independent component analysis; MNI, Montreal Neurological Institute 152 atlas; LPI, left-posterior-inferior; FC, [resting state]

functional connectivity.

HIV-, HIV-uninfected; HIV+, HIV-infected.
@Based on cluster overlap in Haskins pediatric atlas.
bValues are Pearson correlation coefficients.
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CD4 percentage in infancy (age 6-8 weeks)

Cluster-forming threshold: p < 0.005

r=0.545

Within-network connectivity (Z-score),

A g |
[-26, -72, -34] i & #} i
L cerebellar hemisphere: . :
crusl & crus2 |
Cba pcrccn‘tage in infancy {at enrolment) - & R A
CD4 percentage at scan (age 9 years)
Cluster-forming threshold: p < 0.005
o r=0.617
B
[-39, -63, -44] 1

- R

L cerebellar hemisphere:
crusl & crus2

Within-network connectivity (Z-score)
cluster-average

CD4 percentage at age 9 years

Figure 20: (Left) Two nearby clusters (blue) within the cerebellar resting state network (hot colours) where better immune
health, both at enrolment and at age 9 years, is associated with increasing within-network connectivity at age 9 years. A
cluster-forming threshold of p < 0.005 was combined with an associated cluster-size threshold to yield a corrected cluster
significance of p < 0.05 (two-sided). The network's group map is thresholded at Z > 3. The saturation levels for the network’s
heatmap are the 2nd and 98th percentiles of non-zero Z-score values. (Right) Plots of the average connectivity Z-scores in the
cluster region against the associated immune health measure. Alongside are distributions of connectivity Z-scores, averaged
over the cluster region, for the various groups. The alphabetic cluster labels in the left margin (A, B) reference the cluster
details in Table 12. Coordinates under the cluster labels are those of the peak correlation, in MINI standard space, using left-
posterior-inferior (LPI) convention. L, left; R, right.

The immune effects only survive at the less severe cluster-forming threshold (p < 0.005). The peak
coordinates for the effect of early and the effect of current immune health, while nearby, are not
identical. The former is in crus 1 of left lobule 7, and the latter in crus 2 of the same lobule. The

clusters showing a relation to the two measures do, however, partially overlap.

7.5 Other exploratory analyses

Effect of treatment timing (ICA pipeline)

We found no regions within ICA-generated RSNs showing effects of age at ART initiation at age 9 years:
neither among HIV+ children whose ART was not interrupted (N=20), nor among interrupted children

(N=20), nor among all HIV+ children (N=40).
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HIV-exposed uninfected (HEU) vs HIV-unexposed uninfected (HU) (ICA pipeline)

When compared to unexposed children, HEU children had a single region, the right primary visual
cortex, of reduced functional integration into the medial visual network (at both p <0.001 and
p < 0.005 cluster-forming thresholds). No other RSNs revealed significant between-group differences
in within-network connectivity. Table 13 gives the coordinates of the peak FC difference, as well as
the group means of FC scores averaged over the cluster regions for both significance levels. The cluster
is shown overlaid on the medial visual network in Figure 21, together with boxplots of each group’s
distribution of cluster-averaged FC scores. Post hoc testing revealed no significant association of

cluster-averaged FC with scan age (p > 0.4)

Table 13: Size and peak coordinates of a region in the medial visual network having significantly lower within-network
connectivity (obtained using ICA) in HIV-exposed uninfected (HEU) children compared to HIV-unexposed uninfected (HU)
children. Also given are group means of the cluster-averaged FC (Z-scores).

Cluster peak

coordinates Group means (SD) of average FC
(MNI, LPI) Z-scores over cluster region
ICA-generated X y z Cluster volume HU | HEU
network Cluster anatomical location? (mm?)
Cluster-forming threshold: p < 0.005
Visual network, R primary visual cortex (anterior end of 15 .72 17 999 571 2.93
medial (medVN) pericalcarine sulcus) (1.45) (1.23)
Cluster-forming threshold: p < 0.001
Visual network, R primary visual cortex (anterior end of 5 72 17 243 6.12 2.93
medial (medVN) pericalcarine sulcus) (1.56) (1.62)

ICA, independent component analysis; MNI, Montreal Neurological Institute 152 atlas; LPI, left-posterior-inferior; FC, [resting state]
functional connectivity.

HU, HIV-unexposed uninfected; HEU, HIV-exposed uninfected.

@Based on cluster overlap in the Haskins pediatric atlas.
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Cluster-forming threshold: p < 0.005

*[15, -72, 17]

: | -

Primary visual cortex (cuneus)
HU HEU

*Cluster persists (at the same center coordinates) when using the
stricter cluster-forming threshold (p < 0.001).
HU, HIV-unexposed uninfected; HEU, HIV-exposed uninfected.

Figure 21: (Left) One cluster (shown in blue) within the medial visual network (hot colours) demonstrated lower within-
network connectivity in HIV-exposed uninfected (HEU) children compared to unexposed (HU) children. Cluster-forming
thresholds of p < 0.001 and p < 0.005 were combined with cluster-size thresholds to yield a corrected cluster significance of
p < 0.05 (two-sided). The network's group map is thresholded at Z > 3. The saturation levels for the network’s heatmap are
the 2" and 98 percentiles of non-zero Z-score values. (Right) Distributions (median, with 25% and 75% quartiles as hinges,
and whiskers extending to the most extreme value that is no further from the hinge than 1.5 times the interquartile range) of
connectivity Z-scores, averaged over the cluster region, for the HIV+ and uninfected groups. Coordinates under the cluster
labels are those of the peak between-group difference, in MINI standard space, using left-posterior-inferior (LPl) convention.
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8 Discussion

8.1 A caution on qualitative comparisons
At various points in the following discussion, as part of exploring different interpretations of our

results at age 9 years, we compare them to published results acquired from the same cohort at age 7
years. Such comparisons are made with the view to attributing the differences between the two result

sets to differences in age, or to age-parameterised effects of HIV/ART.

In the least, this makes the assumption that the demographics of the two samples are similar. This is
largely true: the percentage of uninfected children (7 years:9 years = 40% : 38%), perinatally-
unexposed controls (7 years:9 years = 56% : 50%) and males (7 years:9 years = 36% : 44%),
correspond well; so too do CD4* percentages at scanning (7 years:9 years = 36% :37%). The
percentage of virologically suppressed (at scanning) HIV+ children does, however, differ somewhat (7

years : 9 years = 74% : 97%).

However, it must be cautioned that all such comparisons are merely qualitative. They do not
guantitatively account for between-subject variance when considering the within-subject variance of
connectivity with age. Therefore, the various speculations explored here would need to be later

investigated through formal voxelwise longitudinal analysis.

8.2 ICA-generated resting state networks: reliability and developmental trajectory
Eleven of the 12 RSNs corresponded well with components identified among adults in the Functional

Connectomes Project (Biswal et al. 2010), indicating reasonable reliability of the decomposition. The
remaining network is here labelled as the ‘anterior prefrontal cortex’ network (Figure 9: aPFC). The
RSNs largely concord with published adult networks —an observation also made at age 7 years in our
cohort (Toich et al. 2017) — indicating that functional networks are reliably observable and already
well-formed at this age. In support of this hypothesis, Thornburgh et al. (2017) observed all major
networks canonically described in adults in a cohort of typically-developing 6—7-year-olds. This
supports the feasibility of longitudinal analysis of large scale functional architectures through

childhood and adolescence. Nevertheless, differences do exist between pediatric and adult RSNs.
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While primary sensory and motor networks display robust functional organisation, higher cognitive
networks can be incomplete or fragmented (Thornburgh et al. 2017; De Bie et al. 2012). In the
paragraphs that follow, we discuss some of the noteworthy spatial characteristics of our observed ICA-
generated RSN, in light of those observed at age 7 years (Figure 8) in the same cohort (Toich et al.
2017), in other pediatric ICA studies, and in adults. Templates of RSN group-maps at age 7 years were

available for this cohort, facilitating slice-by-slice qualitative comparisons where necessary.

8.2.1 Default mode network
We observed the DMN as two separate components, sharing a common precuneus node. The anterior

component had extensive coactivation in the PFC, while the posterior had more extensive coactivation
in the precuneus and lateral parietal cortices. Anterior-posterior fractionation of the DMN is
consistently observed in children (Muetzel et al. 2016; De Bie et al. 2012), and concords with a lack of
anterior-posterior connectivity between DMN regions in ROI-based studies (Power et al. 2010).
Conversely, adults present a single integrated network. A third ventral DMN component was observed
at age 7 years, but not at age 9 years, though some of its posterior-cingulate and (para)hippocampal
features appear to be integrated into the posterior DMN at age 9 years. The absence of a separate
ventral component at age 9 years may indicate movement towards a more mature, integrated DMN.
Alternatively, the ventral DMN may be a transitory network supporting an age-specific function in

younger childhood.

8.2.2 Control and attention networks
The network here labelled as the ‘anterior prefrontal cortex’ network (Figure 9: aPFC), having

extensive coactivation at the frontal pole above the orbits, resembles a frontopolar RSN identified in
a study of healthy children of age five to eight years (De Bie et al. 2012). Lacking posterior coactivation,
the study postulated that it was an immature precursor of the adult cingulo-opercular network
identified by Dosenbach et al. (2007) using ROl-based techniques. The cingulo-opercular network
plays a key role in top-down control on the temporal scale of entire task sets. In contrast to this

younger sample, the associated RSN in our study included posterior coactivation in the paracentral
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and inferior parietal lobules, possibly indicating greater anterior-posterior integration with age.
However, it lacks the expected dorsal anterior cingulate region that is key to Dosenbach’s cingulo-
opercular network®. Therefore, our aPFC component (and perhaps also that observed in the younger
sample) more likely corresponds with the ‘ventral attention system’ that was defined by Fox et al.
(2006) using both seed-based and ICA techniques, which is focused in the right ventral frontal regions
and the right temporoparietal junction in healthy adults. This system reorients attention in response
to goal-relevant stimuli. We predict that the bilateral aPFC component at age 9 years will become

right-lateralised in later years.

At age 7 years, such inferior frontopolar coactivation is conjoined into the dorsal frontoparietal
network (Figure 8: PAR). This may indicate an imperfect separation, at the younger age, of the more
ventral systems managing cognitive control signalling and attention reorientation, from the more
dorsal systems supporting information manipulation and executive functions such as working memory
(for further details on how these functions map across RSNs and anatomy, see Section 5.7.2).
Frontopolar coactivation at age 7 years was also less extensive3!. Increased coactivation in frontopolar
regions at age 9 years is consistent with the observation by Thornburgh and colleagues (2017) that
the PFC, as well as association areas, are more greatly connected in later development, whereas

primary sensory and motor cortices are favoured in younger children.

The left-lateralised dorsal frontoparietal network (Figure 9: L-PAR) appears alone in our sample.
Speech and language cognition is uniquely associated with this network, consistent with the left-
lateralisation of language function (Smith et al. 2009). In adults, it is often (Shirer et al. 2015; Calhoun

et al. 2008) but not always (Zuo et al. 2010) accompanied by a symmetrical contralateral network. In

30 The anterior cingulate, which along with the insulae/frontal opercula forms a core of cognitive control
signalling (Ham et al. 2013; Menon & Uddin 2010; Dosenbach et al. 2007), is not absent in our decomposition,
but is present in the salience network component, as is typical.

31 Ventral frontal activation was also observed in the ventral DMN at age 7 years, a network not observed at age
9 years. However, it is not plausible that this coactivation could combine with that observed in the frontoparietal
network to explain the greater frontopolar coactivation at age 9 years, since DMN networks are anticorrelated
with all task positive networks (Popa et al. 2009; Fox et al. 2005), including the frontoparietal network.
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5-8-year old children, De Bie et al. (2012) also only observe a left-lateralised frontoparietal system.
The frontoparietal network in our own cohort at age 7 years was symmetrical and bilateral.

Subsequent lateralisation is indicative of normal development.

However, the inclusion of sensorimotor cortex in the frontoparietal network at age 9 years is peculiar,
as these systems are anticorrelated in adults (Doucet et al. 2011). The sparsity of pediatric ICA studies
with a narrow age range makes it difficult to discern whether entanglement of these systems at this
age is normal, indicative of a delayed but conventional development trajectory, or an abnormal
trajectory. The former two options are at least plausible, given lack of functional separation between
anatomically adjacent regions in children (Fair et al. 2009). It will be informative to study how the RSN

evolves through the adolescent years.

8.2.3 Visual networks
Visual, sensory and motor networks tend to exhibit mature functional organisation already in early

childhood (De Bie et al. 2012). We observed two separate visual networks at age 9 years (Figure 9:
latVN, medVN), similarly to age 7 years. The split into a medial and lateral visual network is observed
in other pediatric studies (Thornburgh et al. 2017), and remains in adulthood (Smith et al. 2009;

Beckmann et al. 2005).

There is strong concordance between the medial and visual networks observed at age 7 and 9 years
in our cohort. However, one striking difference is the inclusion of dorsal somatosensory regions
(posterior paracentral lobule and dorsal-most postcentral gyrus) into the medial visual network at age
9 years (not shown). While somatosensory and visual systems are positively correlated (Doucet et al.
2011), they normally appear well-separated in ICA decompositions. Similar integration of
somatosensory areas into visual networks has been observed in normal aging of adults (Biswal et al.
2010: Figure S2), indicating that it may be a late-manifesting mode of FC disruption in our cohort
(which is largely HIV+ or perinatally-exposed) rather than of typical FC development through
childhood. Further studies employing voxelwise longitudinal analysis to investigate development of

visual networks in HIV+ and uninfected children would be informative.
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8.2.4 Motor and somatosensory networks
ICA typically revels a separate motor network in children (Thornburgh et al. 2017), while primary and

supplementary motor cortex is integrated with the somatosensory cortex in adults into a single
sensorimotor®® network (Biswal et al. 2010; Smith et al. 2009). The somatosensory network at age 9
years (Figure 9: SSN), as at 7 years, includes the dorsal-most portion of the precentral gyrus (seat of
the primary motor cortex), but not the ventrolateral portions of the gyrus or the SMA (supplementary
motor cortex). While these regions appeared as a separate motor network at age 7 years, no such
network was observed at age 9 years. This may simply be an effect of sampling variation, rather than
a feature of the population under investigation. In a study investigating robustness of ICA
decompositions in children, the motor network demonstrated lower resampling stability than many
other common networks (Muetzel et al. 2016). Alternatively, the lack of a separate motor network
may indicate gradual integration into a sensorimotor network. However, we did not observe marked
expansion of the somatosensory network to include additional motor areas at age 9 years compared

to age 7 years.

At any rate, motor coordination has apparently not been disrupted in our generally asymptomatic
cohort (Laughton et al. 2017), although missed motor development milestones are often reported in

progressive HIV encephalopathy (Van Rie et al. 2007).

8.2.5 Cerebellar network
A notable feature is the presence of a separate cerebellar network (Figure 9: CER), which was not

observed at age 7 years. Such a network is often (Thornburgh et al. 2017; Muetzel et al. 2016) but not
always (De Bie et al. 2012) indicated in children. Conversely, it is consistently revealed in adults (Biswal
et al. 2010; Smith et al. 2009). The presence of this component at age 9 years may indicate progression

towards more robust FC organisation of cerebellar systems and cerebrocerebellar loops.

33 Also called ‘somatomotor.’
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8.2.6 Temporoparietal network
The separate temporal lobe component — here labelled as the ‘temporoparietal network’ (Figure

9,Table 5: TPN) — interestingly does not include the primary auditory cortex (Brodmann area 41),
though itincludes the auditory and visual-auditory association cortices (superior temporal sulcus). The
primary auditory cortex is, however, present in the salience network, which extends further
posteriorly in the medial/superior temporal and insular cortex than seems to be typical in adults
(Seeley et al. 2007). This lack of functional segregation between nearby auditory and attention-related
regions is consistent with previous findings describing an anatomically-local arrangement of FC in
children, as opposed to an emphasis on connectivity of anatomically-segregated but functionally
related regions in adults (Fair et al. 2009). We have discussed similar lack of segregation in the

frontoparietal network (Section 8.2.2).

8.2.7 Types of functional connections evidenced by networks
In concordance with De Bie et al. (2012), we note established subcortico-cortical and long-range

cortico-cortical connections at this age. This is evidenced by several RSNs having spatial extents that
overlap both subcortical and cortical anatomy (aDMN, SAL, SSN, L-PAR, BGN) and both anterior and

posterior anatomy (aDMN, pDMN, DAN, L-PAR, aPFC), respectively (Figure 9).

8.3 HIV+ vs. uninfected functional connectivity comparisons
We discuss significant differences in FC between HIV+ and uninfected (perinatally-exposed and

unexposed combined) children as revealed by ICA (Section 8.3.1) and SCA (Sections 8.3.2, 8.3.3, 8.3.4)

pipelines.

8.3.1 ICA-revealed within-network differences
Against hypothesis | (Section 3), we found no HIV-related intra-network FC differences within any ICA-

generated RSNs at age 9 years. The analysis at age 7 years (Toich et al. 2017) produced the same null
result. This may be a consequence of within-network connectivity not being sufficiently robust at this
age. There is a strong line of evidence suggesting that within-network connectivity increases towards
adulthood, while between-network connectivity decreases (Fair et al. 2009; Stevens et al. 2009).
Though the spatial topographies of ICA-generated RSNs largely resemble those of adult networks
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already in childhood (Thornburgh et al. 2017) — an observation also made in our own cohort at ages 7
and 9 years (Figure 8, Figure 9) — graph theory indicates that functional integration, especially within
anatomically-distributed networks, continues into young adulthood (Fair et al. 2009). That is, while
we may observe initial allocation of brain regions to networks in early childhood, the strength with
which regions are functionally integrated into those networks likely develops more slowly throughout

adolescence.

8.3.2 Functional connectivity with seeds related to neuropsychological domains
We found partial support for the hypothesis that brain regions underpinning neuropsychological

domains that are impaired in perinatally HIV-infected children would have FC that differs between
HIV+ and uninfected children (Hypothesis Ill, Section 3). One of the two seeds associated with
planning, specifically the seed located in the left precentral gyrus in a region involved with movement
of the trunk (Plan1), and both seeds associated with visual perception (Visl: right visual association
cortex, Vis2: left superior parietal lobule) had connections demonstrating greater FC in HIV+ compared
to uninfected children (Table 7). This may suggest that FC abnormalities contribute to deficits in these
neuropsychological domains in HIV+ children. This causal proposition assumes that the
neuropsychological deficits observed at ages 5 and 7 years, according to which we selected our seeds,
have persisted in some form to age 9 years, when we measure these significant FC differences.
Analysis of neuropsychological measures acquired at age 9 years are not yet complete. A proposition
of opposite causality is also possible: that the observed FC abnormalities, rather than forming part of
the origin of neuropsychological deficits, indicate neuroplastic reconfiguration targeting the resolution

of these deficits. Our finding of FC increases in HIV+ children gives credence to this interpretation.

Impairment or delayed neurodevelopment of visuospatial perception in perinatally HIV-infected
children has been previously described, at least in the pre-ART era (Birn et al. 2006; Tardieu et al. 1995;
Boivin et al. 1995; Diamond 1987). Previous rs-fMRI studies also suggest susceptibility of visual
function to HIV infection. For example, in an ICA analysis of early HIV infection in adults, only the

lateral visual network showed reduced functional integration in the HIV+ group (Wang et al. 2011).
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Within-network FC was reduced in the left inferior parietal cortex of this network, suggesting reduced
integration of parietal cortex with visual association cortex. Further, the FC abnormality was predictive
of poorer visual-motor coordination in HIV+ adults (Wang et al. 2011). It is striking that in our analysis,
both visual perception seeds likewise revealed parietal-occipital FC that differed between HIV+ and
uninfected children. Correspondence with results seen in adults may indicate that these FC
abnormalities are an age-independent effect of early HIV infection, rather than being indicative of

atypical or delayed neurodevelopment.

Impairment in executive functioning, of which the ‘planning’ construct forms part, and which is
strongly associated with real-world outcomes such as academic achievement, has been inconclusively
investigated in the very limited set of cognitive studies in pediatric HIV+ literature (Laughton et al.
2017; Nichols, Chernoff, Malee, Sirois, Woods, et al. 2016; Merkle 2015). It is a neuropsychological
domain that does, however, show impairment in HIV+ adults, even in the post-ART era (Heaton et al.
2011). In fact, a shift is described from cognitive slowing, motor deficits and verbal deficits in the pre-

ART era, to executive function and learning deficits in the post-ART era (Heaton et al. 2011).

With a limited body of pediatric neuroimaging literature, the relationship between neuroimaging
markers and cognitive impairment in children is still largely unexplored. Worse cognitive performance
(cognitive proficiency, working memory, processing speed) has been related to smaller grey matter
volumes in the bilateral precentral and the left middle frontal gyri (among 10 investigated regions) in
perinatally-infected youth (Lewis-de los Angeles et al. 2017). In our analysis, the left precentral gyrus
was the seed selected for the planning domain, and had functional connections with medial frontal
(paracentral lobule, SMA, ventromedial PFC), medial parietal (precuneus), left insula, and basal ganglia
(left putamen) regions that differed significantly between HIV+ and uninfected children. Taken
together, these two sets of results might suggest that that abnormal precentral FC in HIV+ youth arises
from grey matter insults in this region and contributes to impaired cognitive function. In another study

among perinatally infected youth, some functional connections of the medial PFC and the posterior
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cingulate (two key nodes of the DMN) that were significantly modulated by disease severity were
found to predict processing speed scores (Herting et al. 2015). The performance-predictive connection
for the medial PFC was with a right inferior frontal region, while in our analysis it was the medial PFC’s
connectivity with the precentral gyrus ‘planning’ seed (Table 7: Plan1) that differed between HIV+ and
uninfected children. However, the same study did describe lowered FC of the medial PFC to the
precentral gyrus with greater HIV disease severity, supporting this connection’s vulnerability to

infection, if not its involvement in cognition.

It is striking that only two of the six regions having abnormal FC with the planning and visual
perceptions seeds in HIV+ children are in the frontal lobe, and that both of these are medial. The
remainder are in the posterior (parieto-occipital) cortex or in the striatum (basal ganglia). The visual
perception seeds themselves are posterior, and the planning seed is dorsomedial within the precentral
gyrus. DTl studies indicate that white matter bundles mature asynchronously in the postnatal period,
with progression from a posterior-to-anterior and central-to-peripheral direction (Dubois et al. 2014).
This might suggest that the planning- and visual perception-related FC abnormalities arise from CNS
insults (HIV- or ART-mediated) during early, rather than later, development. Whether FC alterations
themselves arise early and persist, or later, we cannot speculate. We do note that none of these six
functional connections that differ significantly between HIV+ and uninfected children at age 9 years
correspond directly with such connections observed at age 7 years®, suggesting delayed FC

alterations.

For all regions showing significantly differing FC with the planning and visual perception seeds

between HIV+ and uninfected children, the HIV+ group had greater positive BOLD correlations (Figure

34 There are, however, rough similarities. Like the ‘left precentral gyrus (Plan 1 seed) <> left insula / transverse
temporal gyrus’ connection at age 9 years, the ‘right postcentral gyrus <> superior/middle temporal gyrus’
connection at age 7 years involves a region near the central sulcus and a temporal region. An ipsilateral ‘occipital
&> parietal’ connection is implicated at both ages: between the right lateral occipital lobe (Vis1 seed) and the
right angular gyrus at age 9 years, and between the right occipital pole / inferolateral occipital lobe and the right
precuneus at age 7 years. The same connection at age 7 years similarly bears some resemblance to the ‘left
occipital pole <> left superior parietal lobule (Vis2 seed)’ connection implicated at age 9 years.
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11). The uninfected group has either lesser positive or near-zero BOLD correlations. Three

interpretations might be posited for this phenomenon.

Firstly, greater FC in the HIV+ group might indicate connections to regions not typically engaged in
neural systems subserving the neuropsychological domain of interest, and indicate recruitment of
atypical brain regions. Of the six regions having significant between-group differences in FC with the
planning and visual perception seeds, five lie largely outside areas consistently activated in fMRI tasks
testing the associated neuropsychological domains, where these domain-related areas are mapped
by automated meta-analyses (Figure 11). Of these, four lie immediately adjacent to the domain-
related areas. This supports the proposition that recruitment (either immature, or insult-induced)
underlies the higher correlations in HIV+ children, since recovering stroke patients recruit the function
specifically of regions adjacent or contralateral to those damaged (Carpenter et al. 2000). Chang et al.
have shown that HIV+ adults demonstrate abnormally expansive functional activation compared to

controls in some attention tasks (2001; 2004).

The second possible explanation is that functional connections between the implicated regions have
been submitted to functional pruning in uninfected children, and that their presence in HIV+ children
is an indicator of immature functional organisation. Rs-fMRI studies indicate that through childhood
development, the strength of short-range functional connections decrease, while the strength of long
range connections between regions that are functionally-related in adults simultaneously increase
(Uddin et al. 2010; Power et al. 2010; Fair et al. 2009; Supekar et al. 2009). The functional pruning of
short-range connections is posited to be underpinned by synaptic pruning (Power et al. 2010), which
takes place throughout the first twenty years of life (Huttenlocher 1979). Further evidence for
functional pruning is that the spatial extents of RSNs tend to become reduced towards adulthood
(Littow 2010), and that brain activation patterns for a given task tend to become less diffuse and more

focal with age (Durston et al. 2006). All connections with the planning and visual perception seeds

102



showing significant HIV-related increases here were relatively short-range. There are no connections

between parietal/occipital and frontal regions, for instance.

Finally, a combination of the previous two hypotheses is also plausible: connections not typically
associated with a cognitive function in adults are nevertheless present in children, and are the targets
for functional pruning in typical development. That is, these connections are not necessarily indicative
of recruitment following damage to neural systems, but may be indicative of immature and perhaps

inefficient systems.

8.3.3 Functional connectivity with seeds in the structural core
Our results lend partial support to the hypothesis that the connectivity of seeds in the structural core

is particularly vulnerable to HIV and/or ART (Hypothesis I, Section 3). Two of the four tested seeds
showed significant between-group differences in their connectivity. These connections involved six
different target regions (Table 9). Against our expectation, all BOLD correlations were greater in the
HIV+ group compared to the uninfected group. The left premotor cortex had increased FC to the
medial visual network seed (right peristriate cuneus) in HIV+ children, while left ventrolateral PFC, left
precentral gyrus, left intraparietal sulcus, left premotor/pre-SMA and bilateral visual association
cortices had increased FC to the temporoparietal network seed (right angular gyrus). Of the latter
seed’s five implicated connections, three of these (to the left ventrolateral PFC, left precentral gyrus,
and the left premotor/pre-SMA) bear some similarity to an ‘inferior parietal <> frontal’ connection
showing HIV-related differences at age 7 years (specifically, that between the right inferior parietal
lobule and the right middle frontal gyrus). The directionality at age 7 years was, however, different,

with HIV+ children having lower FC than uninfected children.

All significant regions lay well outside of the RSN at the peak of which the associated seeds were placed
(Figure 14), indicating that the affected connections are between- rather than within-network
connections. Since nodes of the structural core have hub-like properties in graphs of structural
connectivity (Hagmann et al. 2008), it is perhaps not surprising that they would be well-positioned to

reveal group differences in between-network connectivity.
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Since between-network connectivity appears to reduce through adolescence and young adulthood,
stronger between-network connectivity in HIV+ children may be an indicator of immature functional
organisation, and hence delayed or impaired neurodevelopment. In a sample of 100 subjects aged 12
to 30, Stevens et al. (2009) combined Granger causality estimates and graph theory to investigate how
causal influences between ICA-revealed RSNs change with age. It was found that both the number (in-
and out-degree) and strength of between-network influences decreased with age. The greater
changes occurred during adolescence, as opposed to young adulthood. It was posited that reduction
in between-network influences are paralleled with increased within-network FC, and that these
processes subserve more independent network dynamics for the purposes of increased processing

flexibility.

It is interesting that all six regions showing HIV-related differences in FC to the two seeds lie within or
on the border of the left-lateralised frontoparietal network observed in our cohort (Figure 9: L-PAR).
As a proviso, we cannot go so far as to suggest that these regions have exclusive membership to this
network, since networks overlap spatially®*. We have previously mentioned that the frontoparietal
network unexpectedly included sensorimotor regions in its spatial extent (Section 8.2.2). Abnormal
connectivity within this network may have implications for executive functions such as working
memory, attention and cognitive control (Seeley et al. 2007). Since the entire cohort (HIV+ and
uninfected children) were input to MELODIC for the estimation of RSN group-maps, we posited that
the atypical spatial profile of this group-map at age 9 years may be an HIV-related effect. While the
ICA pipeline revealed no significant FC differences within the RSN (Sections 7.3.1, 8.3.1) we wished to
explore if the null result was for lack of power. To obtain separate HIV+ and uninfected group maps
for the network, we performed two one-sample t-tests on subject-specific maps estimated by dual

regression, thus revealing for each group the spatial features surviving variance between individuals.

35 There is no one-to-one mapping of brain regions to RSNs. While probabilistic ICA is optimised for spatial
orthogonality of estimated RSNs, spatial overlap of networks is by no means prohibited (Beckmann et al.
2005).
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Visual inspection reveals some differences in the spatial profiles of the thresholded statistical maps of

the two groups (Figure 22). The evolution of this network through adolescence will be informative.

HIV+

Uninfected

Figure 22: Separate mean spatial maps for the HIV+ and uninfected groups, obtained by performing one-sample t-tests on
subject-specific maps estimated by dual regression, and controlling the family-wise error rate at 5% through correction for
multiple voxel comparisons.

The left-lateralisation of regions showing HIV-related differences in FC to the right-lateralised
temporoparietal network seed (right angular gyrus) is striking (Figure 15). Given that the connections
are interhemispheric, one may postulate abnormal (abnormally strong, perhaps) corpus callosum
structural connectivity. While corpus callosum disruption is frequently reported in adult HIV, no such
disruption has been observed in our cohort at ages 5 or 7 years, perhaps due to early ART initiation
(Jankiewicz et al. 2017; Ackermann et al. 2016). Conversely, abnormalities in the inferior longitudinal
fasciculus and inferior fronto-occipital fasciculus were observed at both ages 5 and 7 years. Damage
to the latter tract might correspond with HIV-related differences in the FC of the premotor area to the
extrastriate cuneus (visual network seed)®, although the directionality of the result (with greater FC
in the HIV+ group) is then unexpected. Overall, there is limited correspondence of our FC results with

structural connectivity disruptions previously observed in our cohort.

36 While the center of the seed is marginally in the right hemisphere (Table 8), it includes the cuneus
bilaterally.
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8.3.4 Functional connectivity with seeds revealing HIV-related differences at age 7 years
We hypothesised that when retesting at age 9 years seeds that revealed significant between-group

differences at age 7 years (Toich et al. 2016), a portion of previously-observed FC abnormalities would
persist, while some would resolve; we additionally expected some new connections to be implicated
at age 9 years (Hypothesis IV, Section 3). Differences in the FC profile of HIV- and/or ART-related
effects between the two ages were more considerable than expected. Only one connection was
implicated at both ages (discussed hereafter). If nothing else, this suggests that the effect of HIV and
ART on FC are parameterised by the stage of neurodevelopment. Cross-sectional studies with samples
of narrow age range are therefore essential to a better understanding of neurodevelopment in the
post-ART era, and should be complemented rather than substituted by longitudinal processing

pipelines.

The seed placed in the precuneus of the posterior DMN showed greater FC to the right occipital pole
and left temporal middle temporal gyrus in HIV+ compared to uninfected children at age 9 years (Table
11). However, only the connection with the occipital pole emerged in the analysis at age 7 years. The
connection showed decreased FC in HIV+ children at age 7 years, but increased FC at age 9. The
occipital regions involved in this connection at the two ages are, however, adjacent rather than
overlapping®, possibly suggesting compensatory recruitment at age 9 years of regions suffering loss
of integration at age 7 years or younger (Carpenter et al. 2000). We have discussed the hypothesis of

recruitment in some detail in Section 8.3.2.

At age 9 years, the paracentral lobule seed of the somatosensory network showed increased FC with
the bilateral intraparietal sulcus and the left frontal pole (Table 11). Functional integration (within-
network FC) of the intraparietal sulcus into the frontoparietal network in young adults appears to have
a unique influence on executive performance. Stronger correlations of these regions with the lower-

order somatosensory network in HIV+ children may indicate lack of independence between sensory

37 Cluster center at age 7 years, in MNI coordinates, left-posterior-inferior convention: 17, —88, —13; at age 9
years: 21,—100, —7.
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and working memory modules (systems for information processing), with possible consequences of
reduced response flexibility to stimuli (Stevens et al. 2009). Indeed, Doucet and colleagues (2011)
show that these two ‘modules’ are normally anticorrelated in healthy adults, with communication
mediated by a salience/control module that is positively correlated with both3. At age 7 years, the
same somatosensory seed investigated here showed lower FC with the dorsal anterior cingulate, an
anchor of the salience RSN (Seeley et al. 2007), in HIV+ compared to uninfected children. It is thus
possible that having suffered impaired communication with the mediating salience/control module,
the sensory module has increased direct communication with the working memory module, at the

possible expense of loss of independence.

We have already alluded to the literature’s observations that between-network influences tend to
decrease towards adulthood (Stevens et al. 2009), and that the spatial extent of RSNs tend to become
more reduced (Littow 2010). The fact that all the regions showing increased FC to the posterior DMN
and somatosensory network seeds in HIV+ children lie on the boundary of, or outside of, the spatial
extent of the seed networks (Figure 18) may indicate immature functional organisation. However, it
should be noted that here the boundaries of the networks were defined based on their appearance
at age 9 years, while seeds associated with these networks were taken from network peaks at age 7
years. While the seed for the somatosensory network is well seated within the extent of the
somatosensory network observed at age 9 years, the seed for the posterior DMN lies on the periphery
of the associated network at age 9 years (Figure 16). Thus, the above speculations are tentative for

the posterior DMN seed’s results.

8.4 ICA-revealed associations of within-network connectivity with immune measures
We hypothesised that poor immune health in infancy, but not current immune health, would predict

lowered ICA-revealed within-network FC in early-maturing RSNs (Hypothesis V, Section 3). Indeed, we

38 For additional discussion on observations revealed by the hierarchical clustering of RSNs performed by
Doucet and colleagues (2011), see Section 5.7.2.
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found a positive association of CD4% at enrolment (age 6—8 weeks) with intra-network connectivity in

the cerebellar network — specifically in the crura of the left lobule 7 (Table 12).

With this association observed among HIV+ children, we then wished to explore if weaker, rather than
stronger, FC in this region is abnormal. This we did by comparing the distribution of within-network
FC (in the immune-correlated regions) of the HIV+ group with that of the uninfected groups. The
median Z-scores for all groups (HIV+, uninfected®, HEU, HU) are similar (Figure 20 boxplots). This is
expected, as ICA revealed no significant effect of continued HIV-infection or perinatal exposure in
these regions. Positioning of the interquartile range of FC for the HU subgroup or aggregate
uninfected group in or above the 50-75% quartile in the HIV+ group, would give an intuitive indication
that lower FC in the implicated regions is abnormal. For the cluster showing a relation with CD4% in
infancy (Figure 20A), the positioning gives reasonable evidence that this is so. That is, HIV+ subjects
with greater FC scores, which in turn are predicted by higher CD4%, better conform to the distribution
of connectivity scores among uninfected subjects. The evidence is only marginal for the cluster

modelling the effect of current CD4% (Figure 20B).

Cerebellar FC is under dynamic development in infancy, with intra-cerebellum resting state
correlations present as early as 27 weeks postmenstrual age (Smyser et al. 2010). Against our
hypothesis, we did not observe susceptibility of other early-maturing RSNs, such as visual and
somatosensory networks (Fransson et al. 2007), to effects of immune health. As a possible explanation
for this, the process of neural migration uncharacteristically continues beyond birth in the cerebellum,
making it especially susceptible to perinatal and postnatal brain insults (Ciesielski & Knight 1994). Our
primary conclusion is that early immune health can have long term consequences on FC, even if only

in cerebellar development.

At age 7 years, infant immune health in the same cohort was found to predict within-network FC in

right-lateralised regions of the basal ganglia network, somatosensory network (medial and lateral

3% That is, HEU and HU combined.
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parietal lobe), and salience network (inferior frontal gyrus, insula) (Toich et al. 2017). At that age,
poorer immune health was associated with greater FC, which was attributed to delayed synaptic
pruning. In an MR spectroscopy study of a basal ganglia voxel in the same cohort at age 5 years,
Mbugua et al. (2016) found lower CD4*:CD8* at enrolment (age 6—8 weeks) to be associated with lower
metabolite levels indicative of neuronal integrity, despite early ART and viral load suppression. This
observation lends support to the connectivity correlate in the basal ganglia network observed at age
7 years. The abovementioned immune-correlated RSNs at age 7 years were revealed by ICA at age 9
years as well (Section 8.2), but they did not reveal significant results in the correlation analysis with
immune measures in this study. This discrepancy may indicate that functional consequences of poor
early immunity have resolved in these regions by age 9 years. At age 7 years, ICA generated no

separate cerebellar RSN, excluding the possibility of finding an association there.

Against our hypothesis, a marker of current immune heathy (CD4%) also had a positive association
with within-network FC at age 9 years. The association was again in the crura (lobule 7) of the left
cerebellar hemisphere. In addition to protracted postnatal neural migration, the cerebellum also
exhibits protracted morphometric development through childhood, reaching its peak total volume
later than the cerebrum — at approximately 11.8 years in girls, and 15.5 years in boys (Tiemeier et al.
2010). Thus, the FC maturation of this structure may still be susceptible to physiological factors at age
9 years such as poor immune health. At age 7 years, no relationships of current immune health with
FCin ICA-generated RSNs were identified, though the cerebellar network was not observed at this age

(Figure 8).

Other studies investigating associations of current immune health with FC in HIV+ subjects have been
conducted, to the authors knowledge, only among adult cohorts. They therefore provide limited
insight into the developmental propositions discussed in the previous paragraphs. For completeness,
we add that Thomas et al. (2013) found no association of current immune health (CD4* count) or HIV

RNA viral load with FC among HIV+ adults.
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Traditionally, the cerebellum has been identified with fine motor control (Clark et al. 2010b). However,
burgeoning evidence suggests that the cerebellum, and particularly the lateral cerebellar hemispheres
(in which we observe our immune correlates), may also modulate higher cognitive functions
(Schmahmann 1991). From the clinicopathological evidence, impairment in executive functions,
spatial processing, and language processing have been observed in patients with posterior lobule and
vermis lesions of the cerebellum (Schmahmann & Sherman 1998). The neuroimaging literature
identifies language, executive, and emotional processing functions with crus | (lobule 7) of the
cerebellum (Stoodley & Schmahmann 2009), the same anatomical region overlapping with our
immune-correlated clusters (Figure 20). In our HIV+ cohort, deficits in visual perception (together with
the learning and planning executive functions) have been observed (Laughton et al. 2017; Merkle
2015). Our results may indicate that part of these neuropsychological deficits are linked to disruption

of cerebrocerebellar loops mediated by lowered immune health in critical developmental periods.

8.5 Other exploratory analyses

Effect of treatment timing (ICA pipeline)

That we found no effect on timing of ART initiation on FC at age 9 years, may indicate that timing
effects resolve in later development if treatment is initiated before a certain critical age. In our sample,
all but one HIV+ child initiated treatment before 40 weeks. While neurodevelopment outcomes were
poorer at age 11 months for those children in our cohort in the deferred treatment arm (Laughton et
al. 2012), neurodevelopmental differences between early and deferred arms appeared to resolve by

age 5 years (Laughton et al. 2017).

HIV-exposed uninfected (HEU) vs HIV-unexposed uninfected (HU) (ICA pipeline)

We previously posited that lower within-network connectivity in childhood might explain the lack of
observed HIV-related differences in ICA-revealed within-network connectivity (Section 8.3.1). It is then

perhaps not surprising that the only effect of perinatal HIV-/ART- exposure was observed in the

110



primary visual cortex of the medial visual network (Table 13), a region and network undergoing early
functional maturation (Fransson et al. 2007). Given early maturation, it is also consistent that this
region demonstrates reduced FC in the presence of perinatal insults to the neuronal environment.
Conversely, despite early maturation, we would not expect to simultaneous observe an effect of
continuous HIV-infection and cumulative ART exposure, as half of our control group is perinatally
exposed (Table 4). Thus, lack of between-group differences in this region for the ICA analysis

investigating the effect of infection status (Sections 7.3.1, 8.3.1) is not surprising.

8.6 Vulnerability to HIV of functional connectivity in visual regions
It appears that disruption to within-network and between-network FC of visual cortex is a persisting

or late-arising effect of perinatal and/or cumulative HIV/ART exposure. In addition to the ICA-revealed
effect of exposure in the medial visual network (Section 8.5: ‘HEU vs HU’), five of the 17 seed-based
connections revealing HIV-related differences involved a seed or target cluster in the occipital lobe
(Table 7, Table 9, Table 11), of which at least three were between-network connections. A further two
connections involve a seed or cluster in the (right) angular gyrus (Table 7, Table 9), a region which
integrates and perceives multimodal information, including visual; one involves a seed in the (left)
superior parietal lobule (Table 7), which forms part of the dorsal (“where”) visual stream; and one
involves a cluster in the posterior portion of the intraparietal sulcus (Table 11), which receives input
from both the dorsal and ventral visual streams (Clark et al. 2010c). As previously discussed (Section
8.3.2), visual perception deficits in perinatally HIV+ children have been described in the literature (Birn
et al. 2006; Tardieu et al. 1995; Boivin et al. 1995; Diamond 1987) and in our own cohort (Laughton et

al. 2017).

Our results come alongside an adult study suggesting predilection of HIV-effects for visual networks
in early HIV infection (Wang et al. 2011), and a recent abstract finding that the lateral occipital network
is one of three RSNs having spatial profiles significantly different from controls in perinatally infected

HIV+ young adults (Sarma et al. 2017).
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9 Limitations

The methods we employed to investigate our primary research questions impose limitations on the
strength of the conclusions that we can draw from our results. Foremost, while we employed two-
sided testing and controlled for multiple comparisons at the voxel level, we did not control for multiple
testing across seeds (in SCA) or RSNs (in ICA). The largely exploratory approach adopted was in line
with the project objectives (Section 0), and is perhaps suitable to a dissertation, but does require that

apparently significant results be verified in follow-up studies.

Secondly, our discussion was based on results obtained at a cluster-forming threshold of p < 0.005.
For completeness, we also included results at the more conservative threshold of p < 0.001, which
were more limited in number, but not all null. Recently, there has been much controversy surrounding
the severity of cluster-forming threshold that is required to produce (when combined with cluster-
extent thresholds) an empirical FPR near to the nominal 5% FPR (Eklund et al. 2016). Nevertheless, a
threshold of p < 0.005 shows adequate error rate control when using the mixed ACF* modelling

recently implemented in AFNI (Cox et al. 2017), as we have done here.

Thirdly, since 75% of HIV+ children in our sample initiated treatment by 23 weeks of age, and all within
18 months of birth, we are not able to separate the effects of HIV-infection from the potential effects
of ART such as neurotoxicity (Robertson et al. 2012) or abnormal metabolism (Vigano et al. 2010).
Furthermore, the fact that half of the infected subjects had a non-zero period of treatment
interruption (median of 41 weeks) may have had an impact on some of our results. However, we have
reason to believe that this impact is limited. For the analyses investigating the effect of immune health
at enrolment (before allocation to treatment arm), or perinatal exposure to HIV/ART, we of course
expect no effect. In analysing the effect of timing of treatment initiation, we employed models

(Section 6.5.1) that should largely eliminate confounding effects of treatment interruption. What

40 Autocorrelation function.
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remains are the analyses investigating the effect of current immune health, and those comparing the

HIV-infected/ART and HIV-uninfected groups.

With the former analysis, the only confounding effect could be that which is not mediated by current
immune health (or virologic status, since all but one had a supressed viral load): that is, either
persisting effects of historical viremia/immunosuppression, or variance in ART-mediated
neurotoxicity. However, a parallel study among the same cohort found that effects of treatment
interruption on neurodevelopmental outcomes had largely resolved by age 5 years (Laughton et al.
2017). With the latter analysis (HIV-infected vs HIV-uninfected), the principal problem of treatment
interruption is that it frustrates attempts to differentiate the effects of HIV-infection and ART-
mediated neurotoxicity. But with regards the group difference, we expect little confounding, since the
weight of the literature indicates that HIV-infection has a larger effect on brain development than
ART-mediated neurotoxicity, and so the portion of the treatment interruption effect that is not

mediated by HIV processes (namely, treatment toxicity) should be comparatively small.

Fourthly, our control sample was limited in size (12 HEU and 12 HU children), to some extent reducing
statistical power for investigating HIV-related effects, but most especially reducing power for
investigating the effect of perinatal exposure (to HIV/ART) among uninfected children. However, these
two investigations are not independent. Where both perinatal exposure and cumulative exposure to
HIV/ART impact the same functional connections with the same directionality, the ability to detect
significant effects of HIV-infection with reference to a partially-exposed uninfected group, is reduced
(as we have briefly suggested in Section 8.5). Where the directionality is opposite, effects of HIV-
infection may be exaggerated. A larger control group, facilitating appropriately powered comparisons
between unexposed uninfected (HU) and exposed uninfected (HEU) children, or equivalently,
comparisons between HIV+ and uninfected children stratified on exposure in the control group, are

needed to more carefully interpret our results.
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Fifthly, while HIV+ and uninfected children were initially (in infancy) recruited from the same isiXhosa
community, current socioeconomic variables and other environmental and biological factors were not
considered in the present analysis (these measures were largely unavailable). The neuropsychological
literature indicates that consideration of such factors, while complex, would be invaluable. For
example, it has been suggested that poor behavioural outcomes may be partially misattributed to HIV-
infection, since stressors such as exposure to poverty or trauma, familial mental illness, and ongoing
parental drug use can together be more predictive than infection status (Mellins et al. 2003). Further,
neurodevelopmental delays associated with HIV-infection and exposure appear to be exacerbated in

resource-poor settings (Le Doare et al. 2012).

Sixthly, our group RSN templates were acquired by inputting the whole sample’s data (both HIV+ and
uninfected children) into group ICA (MELODIC), rather than inputting just that of the uninfected
subsample. Inputting the whole sample’s data produced a markedly more robust ICA decomposition,
with fewer noise-indicative spatial features and more components corresponding to standard RSNs.
However, had we adopted the latter approach, we may have had more power to detect HIV-related
intra-network FC differences in the subject-specific maps subsequently acquired by dual regression

(at the cost of a smaller set of non-artefactual components within which to perform analyses).

Finally, our analysis was restricted to measures of a single imaging modality, though results were
cross-referenced with other modalities employed in the literature. The striking convergence of
structural and functional connectivity (Damoiseaux & Greicius 2009) suggests that pipelines
simultaneously leveraging rs-fMRI and DTl measures may detect HIV-related abnormalities with

greater sensitivity and specificity. Our group is currently exploring such methods.
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10 Conclusion

Despite early ART and early virologic suppression, vertically infected HIV+ children demonstrate
instances of abnormal FC at age 9 years compared to age-matched controls. We found no HIV-related
differences in functional integration into ICA-generated RSNs, perhaps as a result of within-network
FC not being sufficiently robust at this age. However, in a seed-based correlation analysis, seeds placed
in the structural core (Hagmann et al. 2008), in regions implicated in HIV-related between-group
differences at age 7 years (Toich et al. 2017), and in regions associated with neuropsychological
domains (planning, visual perception) impaired in our cohort, had connections demonstrating greater
FCin HIV+ compared to uninfected children. These were all likely between-network connections. This
may indicate neurodevelopmental delay, since the strength of between-network influences decreases
towards adulthood, while within-network integration increases. That none of the connections found
to have reduced FC in HIV+ compared to uninfected children at age 7 years were again implicated at
age 9 years, suggests that observed neurobiological abnormalities point to delayed maturation of

RSNs rather than permanent disruption.

In addition, we found that poorer immune health, both current and in infancy, was associated with
lowered functional integration of lobule 7 into the cerebellum network at age 9 years. In agreement
with a large body of literature in the post-ART era, this signifies that immunocompromise in early
stages of childhood can have longstanding effects despite later effective management of immune
health and viral load. Earlier treatment was not associated with FC outcomes at age 9 years, though
this result may be confounded by a limited range of treatment timing (all subjects initiated ART before

18 months) and a subset of subjects having their treatment interrupted (for varying periods).

We observed a predilection of the effects of perinatal and/or cumulative HIV/ART exposure for regions
associated with visual function. Visual perception and visual recognition memory have been found to
be susceptible to HIV in children, and the vulnerability of visual RSNs in recently-infected adults and

perinatally infected young adults has been recently described.

115



The neurobiological alterations described here may contribute to cognitive problems in HIV+ youth
and require further investigation. Particularly, directly investigating correlations of FC with
neuropsychological measures in HIV+ children could shed light on the cognitive significance of
particular HIV-related FC abnormalities. While the cross-sectional analysis conducted here at age 9
years (and previously at age 7 years) allows us to investigate age-parameterised effects of HIV and or
ART, a multimodal longitudinal analysis will be informative for examining hypotheses of

neurodevelopmental delay.
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Appendix A: Parameters passed to afni_proc.py
The afni_proc.py command forms part of the AFNI toolbox (Cox 1996). The shell variables

SsubjectName, SrestSet, SanatSet and Satlas are respectively set for each subject’s patient
identification, the path of the resting state EPI data, the path of the anatomical volume, and the path

of the Haskins Pediatric Brain nonlinear template version 1.0 (Molfese et al. 2015).

afni proc.py

-subj id SsubjectName

-dsets S$restSet

-copy anat SanatSet

—anat has skull no

-scr_overwrite

-blocks despike tshift align tlrc volreg blur mask scale regress
-tcat remove first trs 4

-tshift interp -Fourier

-volreg align to MIN OUTLIER

-align opts aea -AddEdge -save epi ns -giant move -epi strip
3dAutomask

-tlrc base $Satlas

-tlrc NL warp

-volreg align to MIN OUTLIER

-volreg align e2a

-volreg tlrc warp

-regress anaticor

-regress bandpass 0.01 0.2
-regress_apply mot types demean deriv
-regress_run clustsim no
-regress_est blur epits
-regress_est blur errts

= P A L A e

P
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Appendix B: Details of preprocessing blocks and supporting theory

This section discusses the blocks involved in the preprocessing pipeline (Figure 4 of Section 6.3.1), and
motivates design decisions with supporting theory. We describe, in order, the operations performed
in native (subject-specific) space, the transformation from native to standard space, and the

operations performed in standard (template) space.

Preprocessing in native space

The first four EPI volumes were removed to allow for a steady state magnetisation assumption for all
subsequent volumes (Gotts et al. 2012). With a flip angle of 90 degrees, the longitudinal net
magnetisation is nullified with each RF pulse, such that a longitudinal steady state is reached after just
one pulse. Discarding a few extra volumes additionally takes into account the effect of a having a
repetition time (TR) that is short relative to the transverse relaxation time, especially the larger
relaxation time of CSF (Condon et al. 1987). Without sufficient time for the transverse magnetisation
to decay completely before the application of the next RF pulse, echoes of this residual magnetisation
are added to the new transverse magnetisation (Buxton 2009); but after a few pulses, the effect

becomes constant.

Intensity spikes (large transients) in each voxel’s time course were suppressed. Suppression was
proportional to the extent to which the spike violated smoothness constraints (Jo et al. 2013). The
AFNI research team has qualitatively demonstrated the benefit of despiking for rigid-body motion
correction (Jo et al. 2013). This benefit was also observed in our sample. Slice timing alignment was
used to align the two-dimensional slices of each EPI volume to the same temporal origin by
interpolation, allowing subsequent processing to treat whole volumes as having been acquired

instantaneously.
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Moving from native to standard space

For multi-subject analysis to be performed, it is not only required that a voxel’s time course refers
always to the same point in that subject’s brain (that is, that motion be corrected), but that it refers
to the same point in a common reference frame provided by a standard brain template, such as that
proposed by Talairach and Tournoux (1988). To this end, each subject’s EPI volumes underwent three
transformations (which are further unpacked in the following paragraphs): within-run volume
coregistration; alignment to the T1l-weighted volume; and spatial normalisation to the Haskins
Pediatric Brain template (Molfese et al. 2015). Though computed consecutively, these transforms
were combined into a single operation to avoid multiple resampling costs. The T1 volumes were skull-
stripped such that only brain matter was considered in the calculation of transforms; the outputs of
this process were visually inspected, and subject-specific tuning of skull-stripping parameters was
applied where necessary. Non-brain matter was likewise masked in the EPI data for the purposes of
calculating transforms (using a simpler histogram-based segmentation), but the masking was not

carried forward to later analyses.

Volume coregistration within each EPI run, which aligns volumes to a base volume in the series, was
employed to correct for rigid-body motion (Cox & Jesmanowicz 1999). The volume with the minimum
fraction of outlier voxel values was selected as the base, since it would likely be the least distorted by
(rigid-body and intra-TR) motion. As the template in atlas-space is not a linear transformation of any
of the subjects, a nonlinear full warping registration is needed to move the EPI volumes into this
domain, an operation which requires much anatomical information to be present in the data
(Jenkinson 2009). The EPI data, while being sensitive to BOLD sighal changes, contains minimal
anatomical information. A two-stage process is therefore adopted. Firstly, each EPI volume is aligned
to that subject’s skull-stripped T1 volume, imputing the anatomical information of the latter to the
former. Secondly, the T1 volume is registered to the brain template and the same transformation is

applied to the EPI series. For the EPI-to-T1 alighment, an affine transformation with a local Pearson
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correlation cost function — evaluated over the minimum outlier EPI volume — performed best by
visual inspection. Either a low dimensional affine transform or a high dimensional non-linear warping
transform can be employed for the T1-to-template registration. Non-linear warping better matches
local anatomical structures between subjects (Crinion et al. 2007), but is also more easily confounded
by mismatch between the native brain and the template. For our sample, non-linear warping

produced the most accurate and reliable registration to the template.

In all subjects, some protrusion of the occipital and frontal poles was observed in the spatially-
normalised EPI relative to the template, as illustrated in Figure B-1. This was not an artefact of
registration — internal structures were well registered — but rather of slight geometric distortion
along this axis in the original EPI. Such distortion is frequently observed in EPI pulse sequences because
of By field inhomogeneities, which in turn arise from differences in magnetic susceptibility between
different tissues at air/tissue interfaces (Buxton 2009; Smith et al. 2004). Because a complete B, field

map was not acquired as part of the imaging sequence, this minor artefact was not corrected.

(b)

Figure B-1: (a) Correspondence of a sample of landmarks (anterior pole of corpus callosum; in-slice ventricular boundaries)
between the registered EPI and the template. (b) Outline of the registered EPI (extracted from a brain mask) superimposed
on the template. While internal structures are well aligned — as seen in (a) — registration cannot (indeed, should not)
accommodate exaggerated elongations along the anterior-posterior axis caused by Bo inhomogeneity.

Preprocessing in standard space

To improve signal to noise ratio, the registered EPI data was spatially smoothed with a Gaussian kernel
of full width at half maximum (FWHM) 6 mm. The resultant volume was output as an intermediate
‘partially-preprocessed’ EPI dataset, employed purely for the estimation of group ICA components. To

obtain a ‘fully-preprocessed’ dataset suitable for input to statistical analyses, nuisance regression and
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temporal filtering were additionally performed in standard space to isolate, as far as possible, the

neuronal signal of interest.

Mean, linear and quadratic trends were removed, to account for slow baseline signal fluctuations such
as scanner drift (Jo et al. 2013). Motion realignment parameters previously estimated during volume
coregistration were regressed out along with their first derivatives, ameliorating the complex
secondary motion effects produced by spin-history disturbances (Pruim et al. 2015). A combination of
tissue-based regression and temporal bandpass filtering was used to suppress physiological noise
(resulting from respiration and heart cycle) and hardware-related artefacts, as well as to further
suppress motion bias (Jo et al. 2010). While tissue-based regression generally aims to isolate
confounds by extracting regionally non-specific covariance, projecting regressors out of very large
regions will not effectively handle (in fact, will spread) locally fluctuating transient hardware artefacts
(Jo et al. 2010). A local white matter regressor was therefore employed which at each voxel in the
white matter mask is averaged over a 15 mm radius, as opposed to a regressor averaged over the
entire mask (Jo et al. 2010). Regressors were not projected out of grey matter or CSF, as the signal in

t41

these regions may be correlated with the grey matter signal of interest*. Doing so may warp individual

connectivity matrices and invalidate group contrasts (Gotts et al. 2013; Saad et al. 2012).

Temporal bandpass filtering was performed outside the interval of 0.01 Hz to 0.2 Hz. The more
common lowpass limit of 0.1 Hz (Lee et al. 2013) has been relaxed to 0.2 Hz, in light of recent warnings
against violating sample independence to levels where statistics computed on the signals are
meaningless (Davey et al. 2013). It is worth noting that some studies, including the Human
Connectome Project (Smith et al. 2013), choose to omit low pass filtering entirely (Shirer et al. 2015)

— in such cases, signal content is still capped by the excitation pulse repetition time (TR), according

to Nyquist criteria (the highest frequency contained being ﬁ).

41 This is strictly on true for non-ventricular CSF.
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Every ‘partially-preprocessed’ and ‘fully-preprocessed’ 4-dimensional rs-fMRI dataset was grand-
mean intensity normalised using a single multiplicative factor, as is common (Sato et al. 2015; Smith

et al. 2014, Starck et al. 2013), to meet assumptions of subsequent statistical analyses.
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Appendix C: Cluster-size thresholds employed in independent

component analysis

Table C-1: Cluster-size thresholds calculated using AFNI’s (Cox 1996) 3dClustSim module for each resting state network. This
threshold is the minimum aggregate volume required for a cluster of voxels, each voxel revealing a ‘significant’ effect, to meet
the chosen cluster-level false discovery rate of 5%. This volume is determined by a Monte Carlo simulation that is
parameterised by the inherent spatial smoothness of fMRI noise in the spatial domain of each network, since we aim to
exclude clusters that could have been formed by random noise alone. The spatial smoothness and cluster-size values were
calculated using AFNI’s new ‘mixed autocorrelation function” methodology (Cox et al. 2017), which takes into consideration

the deviation of the distribution of fMRI noise from the Gaussian distribution.

Cluster-size threshold (mm?d) for a

Cluster-size threshold (mm?3) for a

RSN name, cluster-forming threshold of cluster-forming threshold of
abbreviated RSN name, full p <0.005 p <0.001
latVN Lateral visual network 459 189
medVN Medial visual network 567 243
aDMN Anterior default mode network 432 189
pDMN Posterior default mode network 486 216
SAL Salience network 432 189
CER Cerebellar network 351 162
SSN Somatosensory network 405 189
DAN Dorsal attention network 486 216
L-PAR rI;eeti:,t\;(lje:tkere1|ised frontoparietal 513 216
TPN Temporoparietal network 459 189
aPFC Anterior prefrontal cortex 378 189
BGN Basal ganglia network 297 135

RSN, resting state network.
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Appendix D: Nuisance features observed in group components

revealed by group independent component analysis

Figure D-1: Spatial characteristics typical of artefactual ICs (Kelly et al. 2010) that were observed in our group independent
component analysis (ICA) decomposition. Components presenting these characteristics were excluded from later voxelwise
analyses. (a) Significant contribution from a blood vessel network (BVN); specifically, from the horizontal M1-segment of the
middle cerebral artery. (b) Clusters are largely peripheral or lie outside of the brain. (c) Coactivation in the sagittal sinus. (d)
Coactivation in CSF. (e) Structured ring-like pattern on periphery. (f) Improbably expansive coactivation, with little regard for
GM boundaries. (g) Large central WM clusters. ICs are here shown thresholded using alternative hypothesis testing at
p>0.95.
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Appendix E: Associations of functional connectivity with immune
measures, before controlling for age voxelwise

Table E-1: Size and peak coordinates of regions showing significant association of immune health with functional integration
into the cerebellar network (obtained using ICA). Clusters are grouped first by the modelled immune effect, and secondly by
the cluster-forming threshold. Also given are correlations of the immune measure with the average functional connectivity
(FC) over the cluster (all are positive), as well as group means of the cluster-averaged functional connectivity. Cluster labels
(A — C) correspond with those in Figure E-1.

Cluster peak
coordinates

_ (MNLLPD Correlation® of immune
Cluster measure with FC
ICA-generated X y z volume averaged over the cluster
network Cluster anatomical location? (mm?) region (r) Cluster label

CD4% in infancy (at age 6-8 weeks) associated with within-network FC at age 9 years

Cluster-forming threshold: p < 0.005

L cerebellar hemisphere:

Cerebellar crusl and crus2 (lobule 7) inthe mid  -36 -63 -44 2295 0.548

(CER) : A
and lateral regions

Cerebellar L cerebellar hemisphere:

(CER) midzone of lobule 8 26 66 -85 675 0.335 B

Cluster-forming threshold: p < 0.001

L cerebellar hemisphere:
crusl and crus2 (lobule 7) inthe mid  -36 -63 -44 486 0.509 A*
and lateral regions

Cerebellar
(CER)

CD4% at scan (at age 9 years) associated with within-network RSFC at age 9 years

Cluster-forming threshold: p < 0.005

L cerebellar hemisphere:
crusl and crus2 (lobule 7) inthe mid -39 -63 -44 864 0.628
and lateral regions

Cerebellar
(CER)

ICA, independent component analysis; MNI, Montreal Neurological Institute 152 atlas; LP1, left-posterior-inferior; FC, [resting
state] functional connectivity.

HU, HIV-unexposed uninfected; HEU, HIV-exposed uninfected; HIV-, HIV-uninfected; HIV+, HIV-infected.

@Based on cluster overlap in Haskins pediatric atlas.

bValues are Pearson correlation coefficients.
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CD4 percentage in infancy (age 6-8 weeks)

Cluster-forming threshold: p < 0.005
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*Cluster persists (at the same center coordinates) when using the stricter cluster-forming threshold (p < 0.001).

Figure E-1: (Left) The cerebellar resting state network (hot colours) revealed clusters (blue) of significant
association of within-network connectivity, as measured at age 9 years, with CD4%, as measured at both
enrolment (age 6-8 weeks) and at age 9 years. Cluster-forming thresholds of p < 0.001 and p < 0.005 were combined
with cluster-size thresholds to yield a corrected cluster significance of p <0.05 (two-sided) in all cases. The
network's group map is thresholded at Z > 3. The saturation levels for the network’s heatmap are the 2nd and 98th
percentiles of non-zero Z-score values. (Right) Plots of the average connectivity Z-scores in the cluster region
against the associated immune health measure. Alongside are distributions of connectivity Z-scores, averaged over
the cluster region, for the various groups. The alphabetic cluster labels in the left margin (A — C) reference the
cluster details in Table E-1. Coordinates under the cluster labels are those of the peak association, in MNI standard
space, using left-posterior-inferior (LPI) convention.
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