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ABSTRACT

The neurological changes in children living with perinatal HIV (PHIV) on antiretroviral therapy (ART) can be
studied at a metabolic level through proton magnetic resonance spectroscopy. While previous studies in children
have largely focused on individual metabolite changes, investigating patterns within and across regions of in-
terest can aid in identifying metabolic markers of HIV infection.

In this study 76 children with PHIV from the Children with HIV Early AntiRetroviral (CHER) trial, 30 children
who were HIV-exposed-uninfected (HEU) and 30 children who were HIV-unexposed (HU), were scanned at the
age of 11.6 (sd = 0.3) years using a 3 T Skyra scanner. Metabolite concentrations were quantified within the
basal ganglia (BG), midfrontal gray matter (MFGM) and peritrigonal white matter (PWM), comparing levels
between HIV status groups using linear regression. Factor analysis and logistic regression were performed to
identify metabolic patterns characteristic of HIV infection within and across the regions of interest.

In the BG region we observed restored metabolic activity in children with PHIV and children who were HEU,
despite differences being previously observed at younger ages, suggesting that treatment may effectively reduce
the effects of HIV infection and exposure. Elevated MFGM choline levels in children with PHIV are indicative of
inflammation. Further, we observed reduced N-acetyl-aspartate (NAA) in the PWM of children with PHIV and
children who were HEU, indicating possible axonal damage. Lower levels of PWM creatine in children with PHIV
suggest that this may not be a valid reference metabolite in HIV studies. Finally, factor scores for a cross-regional
inflammatory factor and a PWM axonal factor, driven by PWM NAA and creatine levels, distinguished children
with PHIV from children without HIV (HEU and HU) at 11 years. Therefore, the effects of perinatal HIV infection
and exposure continue to be seen at 11 years despite early treatment.

1. Introduction

premature birth, issues of adherence and ART not providing complete
protection (Stringer et al., 2010; Warszawski et al., 2008).

Despite initiatives that have improved antiretroviral therapy (ART)
accessibility for pregnant women living with HIV (WLHIV), nine percent
of infants born to WLHIV in Southern and Eastern Africa in 2018 were
estimated to have contracted HIV (UNAIDS, 2019). Infants still acquire
perinatal and postnatal HIV infection due to various factors including

The Children with HIV Early AntiRetroviral (CHER) trial was
established to determine when to initiate treatment in infants living with
perinatal HIV (PHIV) in South Africa (Cotton et al., 2013; Violari et al.,
2008). This trial highlighted the value of early treatment in infants
under 12 weeks of age, reducing mortality rates and morbidity, as seen
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by improved short-term cognition and health status (Cotton et al., 2013;
Laughton et al., 2012; Violari et al., 2008). Based on the findings of
various clinical trials, guidelines for treating children with PHIV pri-
oritise immediate treatment in children below the age of 5 years
following a positive diagnosis (WHO, 2017, 2013).

ART is a life-long necessity for persons living with HIV, as viral
reservoirs enable the pathogens to persist within their host, leading to a
resurgence of infection if treatment is discontinued (Joos et al., 2008).
Despite early ART and viral suppression, children with PHIV from the
CHER trial continue to demonstrate subtle cognitive deficits (Laughton
et al., 2018), as well as brain functional and structural abnormalities
(Toich et al., 2018; Jankiewicz et al., 2017; Randall et al., 2017;
Ackermann et al., 2016). Moreover, in animal studies, detrimental
neurological effects have been demonstrated from antiretroviral drugs
themselves (Robertson et al., 2012).

The introduction of effective ART for pregnant WLHIV has, however,
led to a reduction in the vertical transmission of HIV to neonates
(UNAIDS, 2019; De Cock et al., 2000). Thus, there is a growing popu-
lation of children who were perinatally HIV-exposed-uninfected (HEU),
who may exhibit developmental delays (Van Rie et al., 2008), and/or
low visual IQ and attention scores (Kerr et al., 2014). HIV exposure has
also been associated with mental health disorders, such as behavioural
or mood issues and anxiety, possibly with higher frequency than in
children with HIV receiving interventions (Mellins et al., 2012; Malee
et al., 2011).

Single voxel proton magnetic resonance spectroscopy (*H-MRS) ex-
amines the underlying metabolic changes in select brain regions in a
non-invasive way (Wilkinson et al., 1997) and may be more sensitive for
detecting subtle changes in the brain in people with ART-induced viral
suppression, compared to assessing structural or functional differences
(Paul et al., 2008). The metabolites of interest in MRS studies include the
excitatory neurotransmitter glutamate (Glu), creatine (Cr), an essential
metabolite for energy generation, and N-acetyl-aspartate (NAA), an in-
dicator of neuronal integrity (for review see Soares and Law, 2009).
Choline (Cho), a cell membrane component, and myoinositol (Ins), a
marker of glial cells, can also be quantified. Total choline (glycer-
ophosphocholine + phosphocholine = tCho), total creatine (creatine +
phosphocreatine = tCr) and total NAA (NAA + N-acetyl-aspartyl-
glutamate = tNAA) can be measured.

We sought to examine differences in metabolic activity at 11 years in
three brain regions of interest — the basal ganglia (BG), midfrontal gray
matter (MFGM) and peritrigonal white matter (PWM) - in a subset of
children from the CHER trial and in children who were HEU and HIV-
unexposed (HU). The BG, a notable target of HIV, is involved in mem-
ory processes (for review see Graybiel, 1995), language interpretation
(Booth et al., 2007) and in signalling pathways of the frontal lobe that
control motor skill activity and behaviour (Bonelli and Cummings, 2007;
Alexander et al., 1986). The MFGM, representing the last brain lobe to
develop (Casey et al., 2008), has important roles in cognitive activity
(Diamond, 2002) and decision-making (Brass and Von Cramon, 2002).
Finally, PWM is a region of late myelination (Parazzini et al., 2002) in
which children with PHIV from the CHER trial were previously found to
display structural abnormalities (Ackermann et al., 2014).

Altered neurometabolic activity was noted in these children in the
selected regions at younger ages. Elevated NAA and tCho were detected
in the BG at 5 years in children with PHIV placed on treatment within
the first 12 weeks after birth, compared to children without HIV — the
majority of whom were HIV exposed (Mbugua et al., 2016). While
children with PHIV and children who were HEU showed similar meta-
bolic levels to controls in the BG at age 7 years, reduced NAA and Glu
were evident in both groups at 9 years, as well as children who were
HEU expressing lower tCr and tCho (Robertson et al., 2018).

As metabolic activity changes with age (Holmes et al., 2017), the
present study sought to cross-sectionally assess the long-term effects of
perinatal HIV infection in the presence of early ART, and the impact of
HIV exposure, on neurometabolic activity at 11 years. Adding to
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previous cross-sectional evaluations of children with PHIV from the
CHER trial, who were placed on the same ART regimen before the age of
2 years, this study sought to examine whether the combined effects of
HIV and ART would persist, specifically as the children enter pre-
adolescence, or if metabolic activity would be restored. Additionally,
we aimed to investigate interregional and intraregional metabolite re-
lationships (as in Yiannoutsos et al., 2004) to identify patterns of
metabolic activity that distinguish children with PHIV from children
without HIV (HEU and HU) at 11 years. Based on earlier findings
(Robertson et al., 2018), we hypothesised that children with PHIV would
have lower NAA and Glu.

2. Methods
2.1. Participants

Of 136 children in this study, 76 were children with PHIV who had
been enrolled in the CHER trial, in which asymptomatic infants age
6-12 weeks with CD4 percentages > 25%, were randomised to three
treatment groups (Violari et al., 2008). Two groups were placed on early
time-limited treatment (initiated before 12 weeks old) for 40 or 96
weeks, respectively, while treatment was delayed in the third group
until a clinical event occurred or CD4 percentage dropped below 20%, or
below 25% if younger than 12 months (Cotton et al., 2013; Violari et al.,
2008). The same criteria were used to reinitiate ART in the early
treatment groups. All children in our sub-sample initiated treatment by
19 months of age. Viral load was suppressed in 61% of children by the
age of 1 year and 74% by the age of 18 months (N = 72). At the time of
their 11-year scan, 97% were virally suppressed, having achieved viral
suppression at an earlier time point. The first-line ART regimen con-
sisted of lamivudine & zidovudine (ViiV) and lopinavir-ritonavir (Vio-
lari et al., 2008).

At the time of the 11-year scan, 58 children with PHIV were on an
unchanged regimen, while in eight children abacavir replaced zidovu-
dine. Five children were on lamivudine, abacavir and efavirenz, two
children were taking lamivudine, zidovudine and efavirenz and one
child was on emtricitabine/tenofovir alafenamide fumarate. Two chil-
dren were on different combinations of four different drugs — zidovudine
or abacavir with darunavir, ritonavir and raltegravir due to failing 2
previous regimens.

30 children who were HEU, born to WLHIV and 30 children who
were HU, initially enrolled in a pneumococcal vaccine trial (Madhi et al.,
2010) or enrolled later from similar communities, also participated in
the study.

Ethical approval for this study was provided by the Human Research
Ethics Committees of the Faculties of Health Science at both the Uni-
versities of Cape Town and Stellenbosch. Parents provided written
informed consent and children assent.

2.2. Neuroimaging

The children were scanned at a mean age of 11.6 (sd = 0.3) years at
the Cape Universities Body Imaging Centre (CUBIC) at the University of
Cape Town, using a 3 T Skyra scanner (Siemens, Erlangen, Germany).
Structural magnetic resonance imaging (MRI) scans were obtained using
a multi-echo magnetization prepared rapid gradient echo (MEMPRAGE)
sequence (van der Kouwe et al., 2008). Pulse sequence timings were as
previously described (Robertson et al., 2018), with an inversion time
(TD of 1100 ms, repetition time (TR) of 2530 ms, echo times (TE) of
1.69/3.54/5.39/7.24 ms, a resolution of 1.0x1.0x1.0 mm® and 176
slices. Single voxel 'H-MRS was acquired in three regions of interest
(1.5x1.5x1.5 cm®) in the brain: the BG, MFGM and PWM (Fig. 1). A point
resolved spectroscopy (PRESS) sequence was utilised (TR 2000 ms, TE
30 ms, 1300 Hz bandwidth), using chemical shift selective (CHESS)
water suppression with 64 averages. A single water reference scan was
obtained without water suppression.
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Fig. 1. Sagittal and axial views of the (a) basal ganglia, (b) midfrontal gray matter and (c) peritrigonal white matter regions (1.5x1.5x1.5 cm®) in which MR

spectroscopy data were acquired.

2.3. Processing of spectra

Structural MR images were processed using Statistical Parametric
Mapping (SPM12) (http://www.fil.ion.ucl.ac.uk/spm) to characterise
the gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF)
content of the regions of interest (Supplementary Table 1). Eddy current
and baseline signal corrections were performed in LCModel (version 6.3-
1), whereafter the water-scaling approach was used to obtain absolute
metabolite concentrations, as well as ratios to total creatine (tCr)
(Helms, 2008; Provencher, 2001; Ernst et al., 1993).

Spectral quality was assessed in terms of the signal-to-noise ratio
(SNR) and the full width at half maximum (FWHM). Scans not meeting
the criteria of SNR > 7.0 and FWHM < 0.07 ppm were excluded from
further analyses (as in Robertson et al., 2018). Outliers, defined as
values >1.5 times the interquartile range above or below the upper and
lower quartiles respectively (Horn et al., 2001), were excluded if they
altered the results.

2.4. Statistical analysis

Linear regression analysis was carried out in R (R Core Team, 2018)
to compare absolute concentrations of metabolites, as well as ratios to
tCr, in children with PHIV and children who were HEU to children who
were HU. For each metabolite, HIV status groups were compared within
a single linear regression model. Sex, GM or WM content and age at scan
were controlled for as confounders (see S.2.1 of appendix). Although
Bonferroni correction for the 33 tests performed would require an un-
adjusted p < 0.0015 (0.05/33) for significance, we focus on results at a
5% level of significance with unadjusted p < 0.05 as a way of high-
lighting the stronger effects. These results are viewed in an explanatory
manner and do not attempt to confirm a hypothesis. Hence emphasis is
not placed on statistical significance. Findings with p-values between
0.05 and 0.1, albeit beyond the conventional threshold of significance,
are additionally reported and discussed.

A further comparison between children with PHIV and children
without HIV (HEU and HU) was made using factor analysis. Factor
analysis including five metabolites, tCho, tCr, tNAA, Ins and Glu, across
the three regions of interest resulted in region-specific metabolite
groupings (data not shown). Three metabolites, tCho, tNAA and tCr in
each of the three regions, were selected for further factor analysis to
investigate the interaction of these metabolites across regions, due to
their more robust measurements (low % standard deviation) and their
association with HIV infection.

Metabolites were mean-centered and scaled. The maximum likeli-
hood method was used for factor extraction followed by orthogonal
(varimax) rotation (Kaiser, 1958). To determine the number of factors to
retain, we required the low dimensional approximation to account for at
least 70% of the total variability in the data. Factor scores were calcu-
lated for each of the factors using a weighted scoring approach. In this
approach, the relative weightings for all metabolites contributing to a
given factor, determined using factor loadings, are summed and then
divided by the sum of the weights, to give the factor score (as in Yian-
noutsos et al., 2004). Names were assigned to each factor based on the
main contributing metabolites, their roles and physiological indications.

Factor scores were included in logistic regression models comparing
children with PHIV versus HEU and HU combined, adjusting for sex, age
at scan, GM and WM content, retaining only factor scores that were
associated with the outcome in the final model (see S.2.2 of appendix). A
receiver operating characteristic (ROC) curve was generated to deter-
mine the predictive capability of this model.

3. Results
3.1. Summary of participant demographics
Table 1 gives a summary of the demographics for the children at 11

years. One-way analysis of variance (ANOVA) with post-hoc pairwise
group comparisons, showed that children who were HEU were, on
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Table 1

Sample demographics.
N =136 PHIV HEU HU X2 or F (p)
n 76 30 30
Sex (Male) 36 (47%) 20 (67%) 15 (50%) 3.3(0.19)
Age at scan (years) 11.6 (0.3) 11.5(0.2) 11.7 (0.2) 5.9 (0.004)
Weight at scan (kg) 35.2(8.2) 38.1(11.8) 41.1 (11.1) 4.1 (0.02)
Height at scan (cm) 140.0 (9.0) 142.6 (10.2) 145.5 (8.9) 3.7 (0.03)

Values are mean (standard deviation); PHIV: children with perinatal HIV; HEU:
HIV-exposed-uninfected; HU: HIV-unexposed.

average, about 1 month and 2 months younger than children with PHIV
and children who were HU, respectively (p = 0.004 and 0.002). At the
time of scanning, children with PHIV weighed less and were shorter than
children who were HU (p = 0.006 and p = 0.008). Statistical analysis of
the proportion of males in each group did not yield a meaningful dif-
ference between the groups.

Quality checks led to three children being excluded from analyses of
BG spectra (1 PHIV, 1 HEU and 1 HU), while four children were
excluded from analysis of MFGM (3 PHIV and 1 HU) and seven were
excluded for the PWM spectra (3 PHIV, 1 HEU and 3 HU). These children
were all excluded from both factor analysis and logistic regression
analysis.

A summary of the clinical measures at enrollment and around the
time of scan is provided in Table 2. The average age at which children
began ART was 14.7 weeks. All the children with PHIV began treatment
before 76 weeks of age, with treatment being interrupted as per the
CHER trial protocol in 38 children — 23 around age 40 weeks and 15

Table 2
Clinical measures for children with PHIV.

ART initiation and interruption N=76

14.7 (sd = 13.4)
range 5.9-75.7

Age at starting ART (weeks)

Children with interrupted treatment 38 (50%)

Age at interruption (weeks)

Around 40 weeks (N = 23) 49.6 (sd = 2.7)
range 45-56

Around 96 weeks (N = 15) 105.4 (sd = 3.2)
range 95-115
80.4 (sd = 103.0)

range 5.7-398.0

Duration of interruption (weeks)

At enrollment to CHER trial

CD4 count (cells/mm®) 1819 (sd = 894)

CD4% 32.9 (sd = 10.5)
CD4/CD8 * 1.3 (sd = 0.7)
Baseline viral load **

High 41 (57%)

Low 31 (43%)
Suppressed 0

At scan

CD4 count (cells/mm?) *** 900 (sd = 360)
CD4% *** 37.8 (sd = 6.8)
Viral load at scan ****

High 0

Low 2 (3%)
Suppressed 69 (97%)

CDC classification

A 8 (11%)

B 14 (18%)
Severe B 14 (18%)

C 40 (53%)

Viral load categories: high (>750,000 copies/mL), low (between 400 and
750,000 copies/mL), suppressed (<400 copies/mL).

* CD8 data at enrollment obtained after 12 weeks for 10 children and missing
for 3 children.

VL at enrollment missing for 4 children.

CD4 data for 8 children were excluded as they were > 6 months from scan.
* VL data at scan for 5 children were > 6 months from scan and thus
excluded.
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around age 96 weeks.

The GM, WM and CSF fraction of the BG and PWM were similar
between HIV status groups, while the MFGM composition differed be-
tween these groups (Supplementary Table 1). Specifically, children with
PHIV had a lower proportion of WM in comparison to children who were
HEU (p = 0.014).

Analyses comparing CD4 counts and CD4 percentages at enrollment
and at scan, and CD4/CDS ratios at enrollment, between children with
PHIV in whom treatment had been interrupted and those on continuous
treatment, yielded no differences.

3.2. Linear regression analysis

No clear differences in BG metabolite levels were observed between
the three HIV status groups (Tables 3 & 4). However, children with PHIV
demonstrated higher tCho/tCr compared to controls that fell short of
conventional levels of significance (Table 4), despite showing no evi-
dence of higher absolute tCho levels (Table 3). Children who were HEU
demonstrated lower Ins in the BG that fell short of conventional levels of
significance compared to children who were HU (Table 3).

In the MFGM the absolute concentration of tCho was higher in
children with PHIV than children who were HU (Table 3; Fig. 2a).
Similarly, when looking at the ratio of metabolites to tCr, increases in
tCho/tCr were observed in the MFGM (Table 4). Children with PHIV
additionally tended to have higher levels of absolute Ins in the MFGM
that fell just short of conventional levels of significance (Table 3).
Children who were HEU demonstrated lower absolute levels of NAA and
Glu in the MFGM and tended to have lower Ins, albeit outside conven-
tional significance levels, compared to controls (Table 3; Fig. 2 b & c).

In the PWM, by contrast, children with PHIV showed a reduction in
the absolute concentrations of tCr and tNAA (Table 3 Fig. 3 a & b) and,
although being above the threshold of significance, tended to have lower

Table 3

Unstandardized coefficients (B), standard errors (SE) and p-values (p) from
linear regression analyses comparing absolute metabolite concentrations in the
basal ganglia, midfrontal gray matter and peritrigonal white matter of (left)
children with perinatal HIV (PHIV) and (right) children who were HIV-exposed-
uninfected (HEU), to children who were HIV-unexposed (HU). Age at scanning,
sex and gray or white matter content have been adjusted for.

PHIV HEU

B SE p B SE p
Basal Ganglia (N = 133: 75 PHIV, 29 HEU, 29 HU)
Total NAA -0.123 0.159 0.439 —0.262 0.194 0.181
NAA -0.232 0.147 0.118 —0.241 0.182 0.187
Glu 0.139 0.207 0.502 0.157 0.251 0.534
Total Cho 0.051 0.033 0.131 —0.057 0.041 0.167
Ins 0.049 0.137 0.718 —0.303 0.170 0.076
Total Cr —0.070 0.119 0.558 -0.118 0.145 0.419
Midfrontal gray matter (N = 132: 73 PHIV, 30 HEU, 29 HU)
Total NAA 0.062 0.153 0.684 —0.307° 0.190 0.108
NAA —0.073" 0.135 0.590 —0.347 0.165 0.038
Glu —0.274" 0.214 0.204 —0.529" 0.266 0.048
Total Cho 0.127 0.037 <0.001 —0.022° 0.046 0.635
Ins 0.253 0.132 0.057 —0.288" 0.163 0.079
Total Cr 0.098 0.113 0.387 —0.168" 0.139 0.227
Peritrigonal white matter (N = 129: 73 PHIV, 29 HEU, 27 HU)
Total NAA —0.370 0.173 0.034 —0.491 0.213 0.023
NAA —-0.312 0.166 0.063 —0.414 0.203 0.044
Glu -0.297¢ 0.183 0.107 —0.249¢ 0.222 0.263
Total Cho 0.005 0.036 0.900 —0.052 0.044 0.244
Ins —0.247 0.130 0.061 —0.240 0.159 0.132
Total Cr —0.166 0.074 0.027 —-0.118 0.091 0.199

# One HEU child was excluded from all midfrontal gray matter analyses due to
having influential results across all metabolites, as shown in Fig. 2.

b One PHIV and one HU outlier excluded from midfrontal gray matter NAA
analysis.

¢ 1 PHIV and 1 HU outlier excluded for peritrigonal white matter Glu analysis;
Bold denotes p < 0.05, unadjusted for multiple comparisons.
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Table 4

A summary of unstandardized coefficients (B), standard error (SE) and p values
(p) for linear regression analyses assessing the ratios of absolute metabolite
concentrations to total creatine (tCr) in the basal ganglia, midfrontal gray matter
and peritrigonal white matter in, respectively, (left) children with perinatal HIV
(PHIV) and (right) children who were HIV-exposed-uninfected (HEU) compared
to children who were HIV-unexposed. Age at scan, sex, and gray or white matter
content have been adjusted for.

PHIV HEU

B SE p B SE p
Basal Ganglia
Total NAA/tCr —0.004 0.019 0.843 —0.020 0.024 0.392
NAA/tCr —-0.018 0.018 0.336 —-0.019 0.022 0.392
Glu/tCr 0.033 0.026 0.213 0.040 0.032 0.213
Total Cho/tCr 0.007% 0.004 0.064 —0.006 0.005 0.225
Ins/tCr 0.009 0.017 0.585 —0.036 0.021 0.098
Midfrontal gray matter
Total NAA/tCr —0.003 0.019 0.860 —0.014 0.023 0.546
NAA/tCr —0.005 0.019 0.804 —-0.015 0.023 0.526
Glu/tCr —0.032 0.032 0.316 —0.020 0.039 0.615
Total Cho/tCr 0.015 0.005 0.002 0.002 0.006 0.757
Ins/tCr 0.026 0.015 0.094 —0.018 0.019 0.328
Peritrigonal white matter
Total NAA/tCr —0.012 0.034 0.733 —0.062 0.042 0.139
NAA/tCr —-0.011 0.031 0.727 —0.051 0.038 0.183
Glu/tCr —0.032 0.042 0.451 —0.031 0.051 0.545
Total Cho/tCr 0.012 0.008 0.110 —0.002 0.010 0.809
Ins/tCr —0.018 0.028 0.526 -0.027 0.034 0.418

@ 1 PHIV outlier removed from analysis of tCho/tCr in the Basal Ganglia. Bold
denotes p < 0.05, unadjusted for multiple comparisons.
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levels of NAA and Ins compared to children who were HU (Table 3).
Children who were HEU also had lower levels of tNAA and NAA than
children who were HU (Table 3 Fig. 3 b & c). Analysis of the ratios of the
various metabolites to tCr, in this case, yielded no notable differences
between the HIV status groups (Table 4).

In a comparison between children with PHIV in whom treatment had
been interrupted and those on continuous treatment, we found no dif-
ferences for tCho in the MFGM or tCr and tNAA in the PWM. However,
when comparing these groups to children who were HU, tCr in the PWM
was lower only in children with PHIV who had uninterrupted treatment
(p = 0.021).

Elevated tCho in the MFGM of children with PHIV compared to
unexposed controls, was the only result that remained at the new
threshold of significance (p < 0.0015) after correction for multiple
comparisons, while the finding of a higher ratio of tCho/tCr in the same
region fell just short of this adjusted level of significance.

3.3. Factor analysis and logistic regression analysis

Factor analysis with varimax rotation, resulting in factors being
perpendicular to each other, involved the three metabolites of interest
across three regions. This generated five factors which accounted for
71.0% variation in the data (Table 5). These factors include a factor
driven by tCho in each of the regions (Multi-regional inflammatory
factor), two factors in which tNAA and tCr are grouped within the PWM
and MFGM (the PWM axonal and MFGM neuronal factors, respectively),
and finally two factors separately driven by tCr in the BG (BG energy
factor) and tNAA in the BG (BG neuronal factor).

When introducing weighted scores from factor analysis with varimax

rotation into logistic regression models, the multi-regional
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Fig. 2. Dot and box plots (median and IQR) showing the absolute concentrations of (a) total choline (b) NAA and (c) glutamate in the midfrontal gray matter at 11
years, according to HIV status group (73 PHIV, 30 HEU, 29 HU). Outliers excluded from analyses are indicated with an X.
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Fig. 3. Box and dot plots (median and IQR) showing the absolute concentrations of (a) total creatine (b) total NAA and (c) NAA in the peritrigonal white matter
(PWM) according to HIV status at the age of 11 years (73 PHIV, 29 HEU, 27 HU).
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Table 5
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Factor loadings assigned according to correlations between total choline (tCho), total N-acetyl-aspartate (tNAA) and total creatine (tCr) within the basal ganglia (BG),
midfrontal gray matter (MFGM) and peritrigonal white matter (PWM), when using varimax rotation.

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5
tCho BG 0.778 0.146 <0.1 0.476 0.372
tNAA BG <0.1 0.145 <0.1 0.229 0.636
tCr BG <0.1 0.119 <0.1 0.954 0.255
tCho MFGM 0.680 <0.1 0.332 <0.1 —0.113
tNAA MFGM 0.181 0.160 0.707 -0.139 0.224
tCr MEGM 0.301 0.176 0.919 0.153 <0.1
tCho PWM 0.394 —0.124 0.170 <0.1 <0.1
tNAA PWM <0.1 0.583 0.124 <0.1 0.367
tCr PWM <0.1 0.975 0.177 0.110 <0.1

Multi-regional inflammatory factor PWM axonal factor

MFGM neuronal factor BG energy factor BG neuronal factor

The highest loading for each metabolite is shown in bold and factors were named based on metabolites which contributed the greatest loading.

inflammatory and PWM axonal factors could distinguish between chil-
dren with PHIV and children without HIV at the age of 11 years
(Table 6). While 4.9 times the odds of HIV infection were associated with
a unit increase in the inflammatory factor, there was a 63.0% decrease in
the relative odds of HIV infection for a unit increase in the PWM axonal
factor (Table 6), when adjusting for other potential confounding
variables.

A receiver operating characteristic (ROC) curve, defining model
sensitivity and specificity, is shown for the logistic regression model
assessing the relationship between HIV status and the inflammatory and
PWM axonal factor scores (Fig. 4). The capability of the model to predict
the outcome (HIV status) was assessed using the area under the curve
(AUCQ) percentage. The final logistic regression model with factor scores
based on varimax rotation, had an AUC of 75.8%, indicating moderate
predictive ability.

4. Discussion

In an ongoing neurodevelopmental study, small metabolic changes
are observed in specific brain regions of 11-year-old children with HIV
after perinatal infection, despite early treatment. The impacts of expo-
sure to HIV and ART are still seen in seronegative children born to
WLHIV. Further, we identify patterns of metabolic activity that may
differentiate children with PHIV from children without HIV at 11 years.

4.1. Restored metabolic activity in the BG of children with PHIV and
children who were HEU

Absolute metabolite concentrations, and ratios to creatine, in the BG
are similar between children with PHIV and children who were HU, and
between children who were HEU and children who were HU. This in-
dicates that harmful effects of perinatal HIV infection and early ART, or
exposure, are no longer observed in this region at the age of 11 years, as
previously noted at 7 years (Robertson et al., 2018). Early treatment in
children with PHIV may prevent long-term damage in this region.

Table 6

Logistic regression model investigating the association between HIV status and
factor scores for the weighted multi-regional inflammatory factor and peri-
trigonal white matter (PWM) axonal factor, based on varimax rotation, adjusted
for confounding variables.

N =123 (71 PHIV, 52 HIV-) Odds ratio 95% CI p-value
Inflammatory factor 4.877 2.296-11.732 <0.001
PWM axonal factor 0.370 0.145-0.854 0.026
Age at scan 2.213 0.442-12.064 0.341
BG gray matter content 1.033 0.974-1.097 0.277
MFGM gray matter content 0.968 0.867-1.078 0.559
PWM white matter content 0.970 0.916-1.022 0.277
Sex (male) 0.614 0.266-1.397 0.247

PHIV indicates perinatal HIV; HIV- includes children who were HEU and HU;
Bold denotes p < 0.05.
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Fig. 4. Receiver operating characteristic (ROC) curve for logistic regression
model including weighted factor scores based on varimax rotation. The area
under the curve (AUC) is 75.8%.

At 9 years lower levels of NAA and Glu were observed for children
with PHIV and children who were HEU, while children who were HEU
further expressed lower Cr and Cho levels (Robertson et al., 2018).
Although we had hypothesised that the levels of BG NAA and Glu would
continue to be lower in children with PHIV and children who were HEU,
this was not observed at 11 years.

4.2. Elevated tCho in the MFGM of children with PHIV

In the MFGM voxel we detect slightly elevated tCho levels in children
with PHIV, similar to that observed in the frontal cortex and occipital
gray matter of adults with HIV, which is usually associated with an in-
flammatory response, excessive cell proliferation or an influx of cells
(Valcour et al., 2012; Harezlak et al., 2011). Neuroinflammation, during
HIV infection, is driven by the release of host cytokines and chemokines
by infected macrophages, and in the presence of viral proteins, such as
Tat (Valcour et al., 2012; Toborek et al., 2003; Persidsky et al., 2000;
McManus et al., 2000). This finding of elevated tCho is supported by
elevations in the tCho/tCr ratio in the MFGM.

However, it is believed that elevated Cho alone is insufficient to
conclude that inflammation is occurring and an elevation in Ins should
also be present (Harezlak et al., 2011). Our finding of elevated absolute
Ins in the MFGM that fell just short of conventional levels of significance,
provides additional support to our suggestion that there is inflammation
in this region.

Elevated tCho/tCr in the frontal gray matter has been observed in
previous MRS studies by our group, of a subset of children with PHIV
from the CHER trial. At 7 years, children with PHIV had elevated tCho
levels in the MFGM, but by the age of 9 years this was no longer seen
relative to children who were HU or HEU (unpublished data). As such,
we had expected that by 11 years the levels of choline in the MFGM
would be unchanged in children with PHIV in comparison to the
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controls.

The unexpected observation of elevated Cho might indicate that at
11 years children with PHIV return to a similar inflammatory state to
that observed at 7 years. However, it should be noted that at 7 years
there were 27 controls who were HU in the sample, while at 9 years
there were only 18 controls who were HU (unpublished data). Thus,
although more children with PHIV contributed data at 9 years, there
may have been less statistical power to detect differences in Cho because
of the smaller control group. Elevated Cho in the MFGM of children with
PHIV may in fact be consistent across the ages at which the children
have been scanned, despite the appearance of temporarily restored Cho
levels at 9 years.

4.3. Neuronal damage in the MFGM of children who were HEU

In this study at 11 years, small reductions in Glu and NAA levels are
detected in children who were HEU. As NAA is considered a marker of
neuronal integrity, a reduction in gray matter NAA supports the possi-
bility that there may be neuronal damage (Robertson et al., 2018;
Harezlak et al., 2011; Lopez-Villegas et al., 1997). Reductions in Glu
have previously been suggested to indicate that there may be ART-
driven mitochondrial toxicity that impacts the synthesis of Glu in the
tricarboxylic acid cycle, or that the uptake of extracellular Glu from the
synaptic cleft is not being effectively carried out by the astrocytes (Ernst
etal., 2010). It is surprising that we do not see a similar result in children
with PHIV, if treatment is in fact having this effect. However, this may be
due to greater adherence to ART during pregnancy among the mothers
of children who were HEU, and therefore their children being exposed to
higher doses of ART in utero.

In an early study of how HIV causes neuronal damage, exposure to
the viral envelope protein gp120 was shown to reduce the ability of
astrocytes to take up extracellular glutamate (Vesce et al., 1997). In the
presence of too much extracellular Glu, excessive neuronal stimulation
via N-methyl-D-aspartate receptors can occur, leading to neuronal
damage or loss (Ernst et al., 2010; Jiang et al., 2001; Kaul et al., 2001).
This may explain how HIV exposure, without infection, could impact
Glu uptake in children who were HEU.

A reduction in MFGM Glu has previously been observed at 7 and 9
years in children with PHIV from this cohort, compared to controls who
were HU, yet this was not seen for children who were HEU (unpublished
data). In the BG region at 9 years, however, lower NAA and Glu con-
centrations were found for children who were HEU (Robertson et al.,
2018).

Thus, at 11 years in children who were HEU, it is possible that
glutamate-driven neuronal damage had occurred in the MFGM. It
should, however, be noted that the ratios of Glu and NAA to tCr did not
differ between children who were HEU and HU, suggesting that the
difference between these groups is small and any damage would likely
be minor. As the HEU group was smaller than the PHIV group, we had
less statistical power to detect differences when comparing them to
children who were HU.

4.4. Reduction in tNAA and tCr in the PWM

In the peritrigonal white matter, reductions in tNAA and tCr con-
centrations were detected in children with PHIV. Additionally, lower
concentrations of tNAA occurred in children who were HEU in com-
parison to children who were HU.

In a previous study of children and adolescents with HIV, the ratio of
NAA/Cr in parietal white matter was lower in individuals with HIV and
encephalopathy than in those without encephalopathy, but not
compared to controls (Pavlakis et al., 1995). The authors suggested that
reduced WM NAA is an indication of axonal injury (Pavlakis et al.,
1995). Although our results do not lead us to the same conclusions as
Pavlakis et al. (1995), they suggest that axonal damage in the PWM may
also be occurring at 11 years in both children with PHIV and children
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who were HEU.

White matter damage has previously been reported in this cohort:
diffusion tensor imaging studies at the ages of 5 and 7 years found
greater radial diffusivity and lower fractional anisotropy (FA) in specific
brain regions of children with PHIV, which was proposed to indicate
depletion of, or damage to, the myelin sheath (Jankiewicz et al., 2017;
Ackermann et al., 2016). At 5 years, the right corticospinal tract con-
tained the areas where this was most noticeable (Ackermann et al.,
2016), while at 7 years lower FA was reported in the left inferior fronto-
occipital and left inferior longitudinal fasciculi (Jankiewicz et al., 2017).
These papers support our observations of anomalies in white matter due
to HIV infection.

As Cr provides an internal reference in many MRS studies, reductions
in Cr levels are rarely reported. PCr is catabolized to release Cr and
phosphate for ATP generation (Gualano et al., 2010), while cyclical
activity occurs with the addition of phosphate to Cr in the mitochondria
(Steen et al., 2010). Thus, reductions in tCr in the white matter in HIV
infection, might indicate a reduction in energy production or energy
requirements.

When looking at the impact of treatment interruption in children
with PHIV, we found that the reduction in tCr was driven specifically by
children for whom treatment had not been interrupted. It is possible that
the observation of lower tCr in children with PHIV is related to treat-
ment, rather than HIV infection. ART drugs, particularly nucleoside
reverse transcriptase inhibitors, have toxic effects in mitochondria,
causing an increased number of mutations in mitochondrial DNA and,
therefore impacting respiratory chain activity (Ouyang et al., 2018;
Payne et al., 2011; Gingelmaier et al., 2009). This may lead to a lower
demand for Cr and PCr in children with PHIV.

Metabolite ratios to tCr in the PWM at 11 years were similar between
children with PHIV and children who were HU, and between children
who were HEU and HU. In WM brain regions, various studies have
previously found elevated Cho/Cr in children with PHIV (Van Dalen
et al., 2016; Prado et al., 2011), while a study by Keller et al. (2004)
found lower Cho levels in the frontal white matter for children with
PHIV. This study, however, found that both tCho/tCr and absolute tCho
levels in the PWM were similar between the groups and thus our results
neither support the findings of Van Dalen et al. (2016) and Prado et al.
(2011), nor those of Keller et al. (2004).

The absence of differences in ratios of the various metabolites to tCr
in the PWM at 11 years may be because of the differing absolute levels of
tCr between children with PHIV and children who were HU - given that
the absolute concentration of tNAA differs between these children.
Consequently, although Cr is commonly used as a reference metabolite
in 'H-MRS studies, it may not be a valid reference for studying the effects
of HIV within this region of the brain.

The focus of this discussion is on results that have not been adjusted
for multiple comparisons. Observed p-values are given and hence
readers can see the relative strength of associations. However, if one
wishes to use the 5% level of significance as a binary decision maker for
significant versus non-significant results, it should be noted that we see
more significant findings than could reasonably be considered to occur
only by chance, indicating that there are still small metabolic differences
at 11 years resulting from perinatal HIV infection or exposure, despite
children and mothers receiving ART.

4.5. Altered cross-regional metabolic pattern in children with PHIV

The linear regression approach used above, does not consider
interregional covariations of a particular metabolite or the intraregional
relationships between different metabolites. However, there is reason to
expect that response patterns of multiple metabolites would be related,
due to complex underlying networks of metabolic pathways (Rae, 2014;
Grachev and Apkarian, 2002) - which may not be directly observed.

Factor analysis reduces many correlated variables into a smaller
number of latent variables or factors, enabling interesting patterns of
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metabolic activity to be identified. Adapting the approach of Yian-
noutsos et al. (2004) to assess differences in metabolic patterns in
children with PHIV vs children without HIV, we identified five factors.
Surprisingly, only the multi-regional inflammatory factor grouped a
single metabolite, tCho, across all regions. However, NAA and Cr were
grouped within the MFGM as well as within the PWM, reflecting an
association between these metabolites within both of these regions.

The introduction of weighted factor scores into a logistic regression
model showed that the inflammatory factor, driven by tCho in the three
regions of interest, and the PWM axonal factor, driven by PWM tCr and
tNAA, distinguished between children with and without PHIV at 11
years. We obtained similar results when introducing the weighted scores
based on an oblique promax rotation (for method see Finch, 2006; Abdi,
2003), and when using a simple scoring approach (as in Yiannoutsos
et al., 2004) (results not shown).

Children with PHIV had higher inflammatory factor scores, than
children without HIV, because of higher combined concentrations of
tCho in the three regions of interest. This result reinforces our findings
from linear regression analysis but may also implicate elevated WM Cho
in HIV. This tCho elevation may indicate a simultaneous inflammatory
response across the brain, in both gray and white matter. A previous
study of peripheral cytokine and chemokine responses at 7 years,
revealed elevations in proinflammatory cytokines such as IL-1 and IL-6
in a cohort of these children from the CHER trial (Naidoo et al., 2018).
Thus, our results at 11 years suggest that, in addition to driving a pe-
ripheral inflammatory response, HIV may also drive inflammation in the
brain.

Related work in adults, using spectroscopic imaging, similarly found
a Cho factor reflecting elevated Cho across deep GM and WM regions
that distinguished between patients with HIV and controls (Mohamed
et al., 2010). However, this factor did not differentiate between in-
dividuals with HIV with and without dementia (Mohamed et al., 2010).
Other work by Yiannoutsos et al. (2004) that focused on differences in
metabolic patterns between adults with HIV, also found that an in-
flammatory factor, driven by Cho/Cr and Ins/Cr ratios in centrum
semiovale and parietal cortex voxels, did not distinguish between in-
dividuals with and without dementia. However, a factor representing
elevated NAA/Cr and Cho/Cr in the BG, as well as a factor dependent on
NAA/Cr reductions in centrum semiovale and parietal cortex, were
strongly associated with dementia in adults with HIV (Yiannoutsos et al.,
2004).

At 11 years, lower PWM axonal factor scores, resulting from lower
coupled PWM tNAA and tCr concentrations, were found in children with
PHIV compared to children without HIV. Again, this reinforces our
findings from the linear regression analysis while providing evidence of
a possible association between NAA and Cr in WM. Although we only
identified one multi-regional factor, Van Dalen et al. (2016) showed
strong associations between the levels of several individual metabolites
across GM and WM in children with PHIV, as well as relationships be-
tween metabolites within GM and WM (Van Dalen et al., 2016).

Since many studies considered ratios to Cr, including the factor
analysis study by Yiannoutsos et al. (2004) and the study by Van Dalen
et al. (2016), a within-region association of NAA and Cr has not previ-
ously been identified in individuals with HIV. In previous spectroscopy
studies of healthy adults, several strong intraregional metabolite asso-
ciations have been found, while few strong interregional correlations
have been presented (Waddell et al.,, 2011; Grachev and Apkarian,
2002). Although these papers suggest that the best means of grouping
metabolite activity is by region, we have found some informative pat-
terns by also looking across the regions of interest.

The predictive ability of our logistic regression model, incorporating
factor scores, appears to be moderate given an AUC percentage above
75%. Whilst an MRS approach would not necessarily be a good stand-
alone diagnostic tool for HIV as metabolic changes can be the
outcome of numerous different pathologies, utilising factor analysis and
logistic regression could support the identification of biomarkers of HIV
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infection in the brain. It would, nevertheless, be interesting to investi-
gate the potential in this approach for tracking the prognosis of in-
dividuals with HIV, in particular the neurological impacts with
increasing disease severity.

4.6. Limitations and future work

Of the MRS studies focusing on children with PHIV, the majority are
from economically developed countries (Van Dalen et al., 2016;
Nagarajan et al., 2012; Gabis et al., 2006; Keller et al., 2004; Pavlakis
et al., 1995). Our study, however, provides findings specific to South
African children, from a resource-limited setting and with a high burden
of HIV.

Although this study provides insight into the metabolic changes
occurring in perinatally infected children, a limitation is that we are
unable to differentiate between the effects of HIV and ART. Further, we
have carried out cross-sectional analysis of the impacts of HIV infection
and exposure on metabolic activity in children at 11 years. However, it
would be beneficial to carry out longitudinal analysis as this would
enable the progression of disease over time, to be studied.

In future we aim to assess the host immune response to HIV in the
children from this cohort and how this relates to differences in metabolic
activity. We could examine associations with treatment timing and
treatment interruption in more depth, and whether inflammation could
be the result of viral escape. Additional study could seek to tie in parallel
structural and functional studies at 11 years with these spectroscopic
findings. This may provide a more holistic picture of the continued ef-
fects of perinatal HIV infection and early ART - providing more insight
into what these metabolic changes mean in terms of alterations to sig-
nalling pathways, structural changes and cognitive impacts.

4.7. Conclusion

Based on the findings of this cross-sectional study, the neuro-
metabolic impacts of perinatal HIV infection at 11 years include a slight
elevation in tCho in the MFGM region, and a small reduction in tNAA
and tCr in the PWM. Differing tCr levels, between children with PHIV
and children who were HU, suggest that it may be advisable not to solely
rely on metabolite ratios to creatine but to also look at the absolute
concentrations of metabolites.

Our results indicate possible inflammation in gray matter and axonal
damage in white matter, despite children with PHIV beginning early
treatment and most of them (97%) being virally suppressed. An increase
in the multi-regional inflammatory factor scores would indicate that
inflammation may be a global phenomenon of HIV infection in the brain.
However, whether these results can be extrapolated to gray and white
matter across the entire brain, or whether these results are specific solely
to the regions we assessed, cannot be determined from this study alone.
Finally, the implications of these metabolic alterations at a cognitive
level, will need to be investigated further.
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