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Abstract

Over the past few years, neuroimaging studies have been performed in young adults with perinatally ac-
quired HIV (PHIV) to study the impact of HIV infection on the central nervous system (CNS), but no recent
reviews have been published. This review aims to identify brain areas where PHIV seems to have greater
impact taking into account demographic, behavioral, and clinical characteristics in PHIV infected patients.
For this purpose, PubMed and Medline searches were carried out which included studies from 2010 to April
2020. We performed a systematic review and included 26 articles using structural (brain morphometry and
diffusion tensor imaging) and functional magnetic resonance imaging methods involving 1182 PHIV-infect-
ed participants. Ample evidence has been provided of HIV effects on underlying brain structure. However,
information recorded in the studies is commonly incomplete and results sometimes contradictory. In ad-
dition to future improvements and dissemination of tools for the developing brain MRI processing and
analysis, the inclusion of data related to HIV infection itself (including clinical and immunovirological
characteristics as well as detailed information about antiretroviral treatment such as age at ART initiation)
may be of vital importance to the better understanding of the impact of the disease on CNS.
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complications such as encephalopathy associated with
HIV (HIVE) in patients perinatally infected (PHIV) were
very common in the pre-antiretroviral therapy (ART)
era. The incidence of such complications has been
infections among children, there are 1.8 million chil-  gignificantly reduced in children with the introduction
dren living with HIV, and approximately 160,000 chil-  of combined ART (cART); frequent subtle cognitive or
dren became infected in 2018'. Neurological behavioral deficits continue to be present?.

|ntroduction

Despite continuing progress in stopping new HIV
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Individuals who have been diagnosed with PHIV in-
fection may suffer lifelong difficulties, mostly due to
neuropsychiatric or cognitive disorders, including defi-
cits in executive functioning (EF), attention, and pro-
cessing speed (PS)%S.

The mechanisms are still unclear, although different
non-exclusive factors that could be implicated in per-
sistent central nervous system (CNS) damage have
been proposed: presence of HIV-1 RNA in the CNS
compartment, toxicities of the cART and/or persistent
low-level inflammation in the CNS’. This takes on spe-
cial importance in PHIV infected patients, since the
viral CNS invasion occurs within the 18t weeks of life®,

On the other hand, cART has completely modified the
course of HIV infection to a chronic disease in which life
expectancy is similar to the HIV negative population®.
The initiation of cART in infancy and early childhood
probably has a direct effect on the child’s maturing CNS.

For this reason, several studies have been performed
over the past few years to attempt to identify the impact
of HIV severity in the CNS on this population group. For
instance, neuroimaging studies have contributed to the
diagnosis of CNS disorders in PHIV patients, and ad-
vances have significantly helped to define the neurologi-
cal manifestations of HIV infection since the onset of the
AIDS pandemic. One of the most relevant tools is mag-
netic resonance imaging (MRI), a non-invasive neuroim-
aging technique that allows high-resolution anatomical
images of the brain in vivo (structural MRI) to be obtained
and the observation of brain activity (functional MRI). The
guantification of T1-weighted structural data provides
relevant measures of brain volume (grey matter, white
matter, and cerebrospinal fluid [CSF]; regional volume
estimation; and voxel-based morphometry [VBM]) and
cortical thickness, whereas Diffusion-Weighted Imaging
(DWI) provides measures of fractional anisotropy (FA)
and mean diffusivity (MD). The combination of these
varied structural measures allows for estimation of the
impact of the disorder on the integrity of brain tissue. In
addition, functional MRI (fMRI) characterizes brain activ-
ity based on the changes that occur in blood flow, vol-
ume, and oxygenation (Blood-Oxygen-Level Dependent
signal or BOLD signal)'®. This enables the observation
of the functional networks involved in various cognitive
tasks (task-based fMRI' as well as networks that remain
active at rest resting-state fMRI or rs-fMRI™). This func-
tional information is essential to understand the cognitive
impact of PHIV infection even in the absence of detect-
able structural alterations.

The first goal of this article is to review recent neu-
roimaging research findings in patients with PHIV.

Specifically, we aim to identify brain areas where PHIV
seems to have greater impact taking into account
demographic, behavioral, and clinical characteristics
in PHIV infected patients. Two MRI techniques have
been used in this study: structural (MRI volumetrics
and diffusion tensor imaging [DTI]) and functional
(fMRI). Other neuroimaging modalities such as mag-
netic resonance spectroscopy or positron emission
tomography have also been used to study this popula-
tion but have not been evaluated in this systematic
review. Single photon emission computed tomography
studies do not appear to have been carried out in the
PHIV population.

Method
Literature search

The databases searched were PubMed and Medline
revealing articles that describe studies from 2010 to
April 2020 that have used structural and fMRI mea-
sures to build our knowledge of PHIV-associated CNS
alterations. Please see Supplemental Material (S1) for
an in-depth description of the keywords searched in
each neuroimaging technique described.

Study selection criteria

Three qualified researchers systematically evaluated
the keywords, titles, and abstracts associated with
each individual article to determine those papers that
may have met the inclusion and exclusion criteria. If
there was confusion or ambiguity regarding an article,
it was reviewed independently by the other coauthors
and rejected or retained based on the consensus of
the research team. Please see figure 1 for an overview
of the study selection.

Results

The results of the current review are presented in
sections, with two sections accounting for structural
(DTI, volume, and cortical thickness) and functional
neuroimaging methods (fMRI). For all studies a descrip-
tive table with socio-demographic, cognitive and psy-
chiatric data (see Supplementary Material S2) and
medical features of the clinical sample (Table 1) were
devised. For each part, two tables (Table 2 for structural
neuroimaging and Table 3 for functional neuroimaging)
are presented to include information regarding the
methods used in each study and the major findings.
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Figure 1. Literature search flow chart.

Demographic and behavioral
characteristics of the studies selected
population

The selected types of neuroimaging studies done on
PHIV patients have included 1182 participants?®13-36,
They have been performed predominantly on sub-Saha-
ran African patients, with seven patients from the Asian
population and four Americans. All except four studies
have included an HIV negative control group, 50%
matched by age (n = 13), 38% by sex (n = 10), and
11% by ethnicity (n = 3). Only two studies matched by
years of education and one by socioeconomic status.
Fifty percent (n = 13) of the studies have described the
education level. Regarding the neuropsychological

Functional
Imaging
N=3

evaluation, seven papers did not consider cognitive sta-
tus, and three describe it using screening tools. Among
those that used neuropsychological instruments, the
main focus with regard to cognitive domains were 1Q,
PS and EF, with a significant presence of working mem-
ory measures included in this last domain.

Only one of the studies included a psychiatric evalu-
ation of the participants, although 27% (n = 7) of the
studies referenced psychiatric disorders as exclusion
criteria (please see S2).

Clinical measures

The PHIV clinical characteristics that have been re-
corded and associated with the neuroimaging
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Longitudinal studies showed that the GM volume reduction
of HIV+ children after 1 year occurs in the advanced
functional area of the right prefrontal, parietal lobe and the

motor area, cortical thinning of brain regions were
volume of the bilateral cerebellum was positively correlated

Cross-sectional studies showed that the GM volume of
HIV-infected children was widely reduced in the bilateral
frontal, temporal, and insular regions, and cerebellum.
with the WCST, while the CT of the right dorsolateral
prefrontal cortex was negatively correlated with WCST

sensorimotor cortex and the limbic system. The GM

Major findings

analysis/threshold
t-test, ANOVA
p < 0.05, corrected

Statistical

Measures
VBM (volume
change and
GMV) and CT

software

Analysis
SPM

5000/2.88 ms, Tl
NA, flip angle = 4°, number of

NA, slice thickness = 1

mm, acquisition matrix = 256 x 256, voxel size

Scanner strength, MRI sequence and
1 x 1 mm?

acquisition parameters
3T

Axial MPRAGE: TR/TE
700 ms, FOV

slices = 176, gap

Study
Yu eet al,,
2019%

Table 2. Summary information of structural neuroimaging data in each study included (Continued)

Martin-Bejarano, et al.: MRI studies in perinatally HIV-infection

parameters are quite variable, finding predominantly
registration of number of patients on cART (23/26),
actual CD4 count (21/26), and percentage of patients
with undetectable viral load (18/26). Only ten of the 26
studies (38%) have recorded the number of patients
with PHIV encephalopathy, and five of those cited this
as an exclusion criterion. Five studies (24%) have tak-
en into account the clinical CDC classification of the
participants. Moreover, with relation to early initiation
of cART, only five studies included this information, and
just three of the 26 studies have recorded age at di-
agnosis (please see Table 1).

Structural neuroimaging
Description of the methods

Structural imaging analysis can currently differentiate
neuronal tissue into grey matter, white matter, and CSF
measurements in single subjects and across large
populations. These brain morphometry methods de-
pend on an excellent contrast between different tissues
to define grey matter density, grey matter volume, and
the inner and outer surface of the cortex. The develop-
ment of different automatic processing approaches to
brain morphometry analysis includes VBM, deforma-
tion-based morphometry (DBM), and surface-based
morphometry (SBM).

VBM is a fully automated technique that aims to
estimate local differences in tissue composition, after
minimizing gross anatomical differences between indi-
viduals®. The entire brain or specific regions of interest
both in healthy subjects and patient groups can be
analyzed using VBM38:3,

While VBM focuses on the residual image variability
after subject image transformation, DBM analyses how
much the voxel volumes change during subject image
registration to the reference template. Using SBM sep-
arate features of grey matter anatomy such as surface
area, cortical thickness, curvature and volume can be
analyzed. SBM differs from VBM and DBM approaches
which ultimately analyze image properties at the level
of voxels. Surface based cortical thickness measures
have the advantage that they allow for subvoxel preci-
sion with thickness values being assigned to individual
vertices rather than voxels.

DTl is a non-invasive MRI method. The diffusion
properties of water in the brain“® can be used to esti-
mate the integrity of WM tracts using different vari-
ables. FA represents an index of the coherence of the
diffusion, the degree of myelination of the fibers and

posed uninfected; HIV+: HIV-infected; BVT: brain volume Total; CT: cortical thickness; GM: gray matter; WM: white matter; WMH: white matter hyperintensity; WB: whole brain; CDC: Centers for Disease Control; MD: mean

L: left; R: right; S: superior; i: inferior; a: anterior; p: posterior; FA: fractional anisotropy; RD: radial diffusivity; ART: antiretroviral therapy; HC: healthy controls; CC: corpus callosum; GMDS: Griffiths Mental Development Scores; HAART: highly active ART; CD4:

CD4 lymphocyte; HIV-: H
diffusivity; SLF: superior longitudinal fasciculus; HEU: HIV exposed uninfected; HU: HIV unexposed uninfected; IFOF: inferior fronto-occipital fasciculus; CST: corticospinal tract; CR: corona radiata; ATR: anterior thalamic radiation; WMI: Working Memory Index;

PSI: Processing Speed Index; CPI: Cognitive Proficiency Index; GP: globus pallidus; VL: viral load; LH: left hemisphere; NA: nucleus accumbens; IC Interior capsule; FLAIR: fluid-attenuated inversion recovery; ACC: anterior cingulate cortex; GMV: GM volume;
MMSE: Mini-Mental State Examination; SWI: susceptibility-weighted imaging; IFO: inferior fronto-occipital; ILF: left inferior longitudinal fasciculus; HC: healthy control; FWE: Family Wise Error; TFCE: threshold-free cluster enhancement; WCST: Wisconsin Card

Sorting Test; GLM: general linear model, MRI: magnetic resonance imaging; AD, axial diffusivity; NA: not available; CST: corticospinal tract; VBM: voxel-based morphometry; TGM: total GM; TWM: total WM; CGM: cortical GM; EF: executive functioning.
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the degree of axonal damage*'. This index is the most
commonly reported of DTl measures, however, other
indices also offer relevant information regarding WM
integrity, such as MD, radial diffusivity (RD), and axial
diffusivity (AD). MD is an overall measure of displace-
ment of the water molecules and provides information
regarding the magnitude of diffusion. A decrease in FA
combined with an increase in MD has been suggested
to be an indicator of an alteration of WM*2. AD and RD
are indicators of the integrity of the axon and the in-
tegrity of the myelin, respectively.

Structural neuroimaging in the PHIV
population

A summary of structural neuroimaging studies per-
formed in the PHIV+ population are presented in
table 2. Initially, 1.5 T field MRI was used to acquire
high resolution T1-weighted images, but 3T has been
more commonly used in recent studies. SPM,
Freesurfer, and FSL are the most widely used analysis
software.

Twelve studies used brain morphometry methods
(most of them through VBM approach), nine used DTI
and two used both methods. With regard to brain mor-
phometry studies comparing PHIV to healthy controls,
most of them show reduced GM volumes, cortical sur-
face area and decreased gyrification in the PHIV group
except three?’28:30 which found larger volumes in the
same brain areas. One study did not find differences
among groups'. There is no consensus as to which
brain areas seem to be more affected although basal
ganglia were often impacted.

In terms of DTl studies, the four most popular in-
dexes were explored in all of them with one exception
which only reported FA and MD. Findings seem to
agree on FA reduction in the PHIV group and increase
in MD within white matter integrity, but no consensus
was found regarding the location of these changes
depending on the study. For instance, a significant FA
reduction was found by some authors in inferior fronto-
occipital fasciculus, inferior longitudinal fasciculus??,
whereas this reduction was found by others in superior
longitudinal fasciculus (SLF)?*, corticospinal tract'®, or
corpus callosum (CC)'?* relative to HIV-negative
controls.

The alterations in brain structure within the PHIV+
population was related to a poor immunovirological
status, in most of the cases defined by high viral load,
delayed ART initiation, and lower CD4 count but results
are quite variable across the different studies. In

general, early ART appears to partially preserve corti-
cal thickness and volumes of certain brain struc-
tures®2628  although some abnormalities in white matter
are also present in well controlled patients when com-
pared with HIV negative controls™. Some authors
found associations between actual CD4 count and re-
gional brain volumes®>3 or brain connectivity'® but
most of them did not. Nevertheless, only one study?®
included complete data about PHIV disease and treat-
ment as recorded in table 1. In this last case, a poorer
clinical, immunologic and virologic state were nega-
tively associated with volumetric, WMH, and diffusivity
markers.

Several findings suggest that altered cortical and
subcortical structures and regional brain connectivity
in pediatric HIV patients may contribute to deficits in
their cognitive functions®. For example, smaller vol-
umes were associated with worse cognitive perfor-
mance® 923353 with no consensus in the brain
structures that experience these changes. However,
Paul et al., 2018%, found that cognitive performances
did not correspond to brain volume changes in PHIV-
infected children. Where DTI is concerned, some au-
thors posit that similar performance in neurocognitive
domains suggests that neurocognitive tests may not
be as sensitive as DTI in detecting brain alterations
caused by PHIV infection®. It is worth noting that some
studies have shown some FA changes are sensitive to
cognitive performance. Hoare et al.'” found a correla-
tion between poor performance on a test of EF and a
test of attention with CC FA, and a test of EF with
lowered FA in the SLF. Similarly, Uban et al.*? found
associations of higher peak viral load with lower work-
ing memory performance were partly mediated by re-
ductions in right IFO FA levels. For MD, a negative
association with cognition has been described® 8. Only
one study reported a decrease in AD related to poorer
fronto-striatal cognition (PS, EF, and attention)?.

In overall terms, these studies suggest structural al-
terations in the PHIV receiving cART. Most studies
have been performed cross sectionally, in small sam-
ples and differ in terms of neurcimaging methods.
International protocols are needed to assess the im-
pact of PHIV-infection on the brain.

fMRI
Description of the method

fMRI is a neuroimaging method that measures brain
activity by detecting changes associated with cerebral
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blood flow. The neural activity of the brain is indirectly
determined by the BOLD response, which is influenced
by different factors including cerebral blood flow,
blood volume, and the ratio of deoxyhemoglobin to
oxyhemoglobin®4.

Two main designs use the BOLD signal to deter-
mine the energy used by brain cells: task-related
fMRI and resting-state fMRI. Task-related fMRI mea-
sures brain activity while someone performs a task
while in the scanner. Cerebral blood flow varies de-
pending on the energy required by neurons during
a task, and hence the BOLD hemodynamic response,
which indirectly represents a measure of neuronal
activity*.

On the other hand, resting-state fMRI reveals the
functional connectivity (FC) between distributed neural
networks by identifying regions at which the BOLD
signal shows temporal coherence. This design offers
information about the activity of the brain while the
mind is “at rest” and not engaged in tasks.

Several methods to process resting-state fMRI data
have been proposed. These can be placed into two
groups: model-dependent and model-free methods.

Model-dependent methods (“seed method”) are a
way of examining the FC of a particular brain region.
It is a method that allows for the correlation of the
resting-state time-series of the represented brain re-
gion against the time-series of all other regions, result-
ing in a FC map (fcMap) defining the FC of the
predefined brain region“-48. This region of interest is
typically called seed.

In contrast to seed-based methods, model-free
methods search general patterns of (unique) connec-
tivity across brain structures. Several model-free meth-
ods have been suggested and efficiently applied to
resting-state time-series, including principal compo-
nent analysis (PCA)*°, independent component analy-
sis (ICA)%0%2 and hierarchical®®®, Laplacian®, and
normalized cut clustering®®. ICA-based methods are
the most frequently used and search for a variety of
underlying sources that can explain the resting-state
patterns, looking for the presence of spatial sources of
resting-state signals that are maximally independent
from each other. ICA methods can be applied to whole-
brain voxel-wise data and as the temporal signals of
the independent resting-state components can be eas-
ily chosen for further examination of possible group
differences between healthy controls and patients. A
potential disadvantage of ICA methods might be that
the independent components are usually considered
more challenging to understand than seed-dependent

fcMaps. This could be because they contain a more
complex representation of the data, which could con-
fuse the translation of between-group results to clinical
relevance®’.

fMRI in the PHIV population

Table 3 summarizes the only three studies that have
used resting-state fMRI in PHIV+. 3 T field MRI was
used in all studies. SPM and FSL were the software
used for analysis.

Evidence of PHIV-related developmental delay has
been provided through resting-state FC16:3134  show-
ing that young adults with more advanced PHIV dis-
ease severity had a “less mature” default mode
network. The same regions seem to be at particular
risk of alteration in the PHIV population, specifically
the medial prefrontal cortex (mPFC), posterior cingu-
late cortex (PCC), R lateral parietal and occipital cor-
tices, R middle frontal gyrus, L superior frontal gyrus,
as well as inferior frontal gyri, although in different
hemispheres'®3'.

Wang et al.3 evaluate regional homogeneity (ReHo)
finding differences in several brain areas when com-
pared to a control group. Toich et al.3', however, found
no group differences when using ICA but did find FC
differences in whole brain connectivity to seeds lo-
cated at resting-state networks connectivity peaks re-
vealed several loci, predominantly in the PCC,
paracentral lobule, cuneus, and anterior cingulate).

In terms of immunovirological variables, FC was re-
lated to viral load and nadir CD4'® and actual CD4%'.
Wang et al.3* found no correlation between ReHo and
nadir CD4.

In respect of neuropsychological testing only one
study'® evaluated different cognitive domains. Patterns
of connectivity with the PCC and mPFC that varied as
a function of peak HIV RNA were found to predict PS
ability.

Overall, there is preliminary evidence to suggest al-
terations in FC at rest'®3"3* finding the method suffi-
ciently sensitive to detect functional alterations in the
PHIV population. Further studies are needed with larg-
er sample sizes, better defined control groups, and
longitudinal designs.

Conclusions and future directions
All the reviews of neuroimaging research have pro-

vided ample evidence that PHIV also has effects on
underlying brain structure. Research into the
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mechanisms that cause long-term brain disorders is a
promising strategy to prevent them. However, there are
still limitations, not least of which neuroimaging re-
search is cost- and labor-intensive, and typical studies
of only 20-40 patients may be underpowered. The situ-
ation is exacerbated in PHIV studies, where recruit-
ment is often more challenging with large variability in
multiple variables that often are not recruited. Some of
the parameters that would be determinant in neuroim-
aging studies are missing, such as socioeconomic and
health conditions, quality of life, medial characteristics
including cART and age at treatment onset, and age
at PHIV diagnosis, CDC classification including en-
cephalopathy, other medical comorbidities, including
psychiatric disorders or drug use. Furthermore, impor-
tant factors such as nutrition are not well controlled in
African population studies.

High-quality research can be supported by the fund-
ing of larger studies, involving collaboration across
multiple research groups. However, in spite of the lack
of substantial grant funding, researchers can find in-
novative ways to maximize research resources and
boost power through collaboration®®.

Another limitation is that neuroimaging in general,
and PHIV brain imaging in particular, contains incom-
plete, inconsistent, and sometimes contradictory re-
sults. This lack of consistency and the differences in
techniques account for the variations in research
findings®. The neuroimaging community has re-
sponded to these challenges by synchronizing pro-
tocols and data sharing data. Although limited in
number, large scale (> 1000 subjects) MRI datasets
of healthy infants are available to the scientific com-
munity these have not been used in any of the studies
reviewed, despite most of the recruited patients be-
ing of brain development age. Future PHIV studies
ought to employ matching hardware and scan se-
quences, allowing for comparisons to normative data.
While new PHIV imaging studies may want to focus
on more specific hypotheses or on more refined im-
aging technologies, the PHIV community would ben-
efit considerably by also adopting an open-data
approach and harmonizing data collection methods
and analytical approaches with these larger neuroim-
aging efforts.

Although remarkable progress has been made,
conducting more accurate research has implications
studies require more resources, take longer to run /
than longitudinal studies, and often yield more con-
servative results. Solutions including pre-registration
of study protocols®; transparent reporting of methods

and results to limit false interpretations of chance
findings®"#2 together with designing studies with suf-
ficient statistical power®® could have a beneficial im-
pact. On the other hand, transparency can be
facilitated by public registration of study protocols
and analysis plans before data are collected. This
creates an audit trail and clearly delineates confirma-
tory tests of a priori hypotheses and post hoc explora-
tions of data. Statistics should also be openly reported
so that others can use the data for power calculations
or meta-analysis. Brain volumes means and standard
deviations, as well as effect sizes and confidence
intervals, should be routinely reported in addition to
test statistics and p values. Some of the studies re-
viewed here did not report actual p values rather than
p </> 0.05 which guards against the temptation for
rounding errors® and did not specify whether results
are expressed at an uncorrected or corrected p value
threshold.

In summary, this review still found consistent sta-
tistical evidence of reduce grey matter volumes, and
cortical surface area, decreased gyrification, reduc-
tion on FA, and increase in MD in the PHIV-infected
group. Furthermore, preliminary data suggest rest-
ing-state fMRI is sensitive to detect functional altera-
tions in this population. We believe that future
improvements and dissemination of tools for the de-
veloping brain MRI processing and analysis will al-
low us to better chart and understand the dynamic
brain developmental trajectories in infants with PHIV-
infection, thus informing early diagnosis and
intervention.

The inclusion in these studies of data related to PHIV
infection itself including clinical and immunovirological
characteristics as well as detailed information about
antiretroviral treatment such as age at ART initiation
may be of vital importance to better understand the
impact of the disease on CNS.
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