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Abstract

Purpose of Review Perinatally acquired HIV infection (PHIV) can confer neurodevelopmental risk. As children with PHIV
increasingly survive through adolescence and into adulthood, understanding its long-term central nervous system (CNS)
impacts is critical for maximizing adult outcomes and quality of life.

Recent Findings Recently published neurocognitive and neuroimaging findings show impacts on the CNS associated with
early HIV disease progression that endure into adolescence and young adulthood. Although developmental trajectories in
adolescence largely appear stable, further research on maturational processes is indicated.

Summary Although early antiretroviral therapy in infancy appears to be protective, it is not universally available and current
youth largely developed without its benefit. The neurocognitive effects of HIV and the multiple other risks to neurodevelop-
ment experienced by youth with PHIV call for further longitudinal research and a multifaceted approach to prevention and

intervention.
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Introduction

Despite our ability to prevent mother to child transmission of
HIV through administration of antiretroviral therapy (ART)
during pregnancy, birth, and breastfeeding, pediatric HIV
continues to be a global concern, with 150,000 new pediat-
ric infections worldwide in 2019 [1]. Furthermore, effective
ART has enabled those children with perinatally acquired
HIV (PHIV) who have access to treatment to survive through
childhood and adolescence. However, globally, ART access
for children under age 15 (53%) lags behind that for adults
[2] and HIV remains one of the leading causes of death for
adolescents [3, 4]. As growing numbers of youth with PHIV
enter adulthood, the long-term impact of living with HIV
throughout development on the health and daily life of these
young adults, and the potential benefits of ART for quality of
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life as well as survival, take on greater importance. The pur-
pose of this review is to highlight recent findings regarding
the effect of PHIV on a key area of concern, central nervous
system (CNS) functioning and structure, during adolescence
and young adulthood.

That HIV can have significant neurologic and neurocogni-
tive effects has been well known since the early years of the
epidemic, and prior to the introduction of ART, particularly
combination ART (cART) in 1995, perinatal acquisition
was associated with a high risk for poor brain development,
encephalopathy and other neurologic sequelae [5]. Since
then, the picture of CNS complications of PHIV has evolved
as therapies have been refined, availability has increased,
albeit at different rates in various regions of the world, and
guidelines regarding treatment initiation have changed. At
the same time, studies conducted largely in adults have
described ongoing impacts of HIV on the CNS despite
ART and clarified many aspects of neuropathogenesis;
these include early HIV entry into the CNS, ongoing effects
through immune activation and inflammation despite viral
suppression, maintenance of a viral reservoir in the CNS
compartment, and varying neurotoxicity of ART regimens
[6, 7]. In both youth and adults, critical issues include HIV’s
evolving and often subtle functional effects, disentangling
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them from other influences on CNS functioning, impact on
everyday functioning, and development of preventive and
rehabilitative therapies.

A number of recent reviews have summarized the litera-
ture on cognitive and neuroimaging findings among children
with PHIV [5, 8-15]. In general, these reviews acknowledge
that, despite decreases in severe neurological sequelae since
the advent of cART for children, cognitive impairments con-
tinue to be a concern, particularly in the developing world
where ART is less available, older antiretroviral medica-
tions with greater neurotoxicity are more commonly used,
and HIV encephalopathy continues to occur [16]. System-
atic reviews note that decreased functioning is apparent in
specific domains of cognitive functioning, such as execu-
tive functioning (particularly working memory), process-
ing speed, visual memory, and visuospatial ability [8, 11].
However, the degree to which impairments are attributed to
HIV versus other developmental, environmental, and socio-
economic risks varies. Young people with PHIV are dis-
proportionately subject to environmental and psychosocial
stressors and societal inequities that have potential impact
upon development. Recognition of the role of these other
risk factors and the inappropriateness of test standardization
for many contexts calls for carefully matched comparison
groups. These typically consist of children with perinatal
HIV exposure but uninfected (PHEU), and/or, in recognition
of possible effects of HIV exposure itself [17-19], unex-
posed children matched to those with PHIV on demographic
and socioeconomic characteristics hypothesized to play an
important role in neurodevelopmental outcomes.

Across the pediatric HIV literature, a key predictor of
altered neurodevelopment has been history of HIV disease
severity, generally with stronger associations than current
immune functioning or viral activity. Significantly lower func-
tioning is often reported among children with PHIV and a
history of CDC Class C, or AIDS, diagnosis [20], particularly
when it includes diagnosis of encephalopathy [5, 21, 22]. A
related finding is the neurodevelopmental benefit of earlier
initiation of cART through preventing significant HIV activity
and disease during crucial periods of development [23, 24].
Studies such as the Children with HIV Early Antiretroviral
Therapy study in South Africa have suggested that long-term
neurodevelopmental impacts of HIV, resistant to later disease
control, begin in the first few months of life [25]. These, as
well as other findings, have contributed to current guidelines
that call for initiation of ART during infancy or immediately
upon diagnosis of HIV during childhood [26].

Given this, it is clear that research on children more
recently born with PHIV cannot easily be extrapolated to
those who are currently adolescents or, particularly, young
adults who progressed through neurodevelopment in an
earlier era of HIV treatment. Although there is wide vari-
ability across countries, current adolescents with PHIV in
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lower-income settings such as sub-Saharan Africa initiated
ART at a median of almost 8 years of age [27] and have
impacts of HIV on multiple systems, including the CNS [28,
29]. Similarly, it is reasonable to assume that the effects of
HIV present throughout postnatal, and in some cases, pre-
natal, brain development would differ from those of HIV
acquired during adolescence or adulthood. Thus, our under-
standing of adolescents and young adults currently living
with PHIV requires targeted studies.

This research remains relevant despite significant changes
in treatment strategies for two reasons. First, youth with
PHIV have the prospect of long lives, accompanied by the
opportunities and responsibilities faced by any young adult.
By addressing the unique experience and effects of PHIV for
youth, scientists and clinicians can prepare and assist them in
their transition to adulthood and maximize their long-term
health and quality of life. Neurocognitive functioning has
been linked with a variety of daily functioning, educational/
occupational, and behavioral outcomes (including risk behav-
iors that increase the likelihood of negative health outcomes)
among children with PHIV [30-35]. However, its influence
during the critical and risky period of transition to independ-
ent adulthood and responsibility for their own healthcare
among those with PHIV is not yet well understood [36].

Second, despite guidelines for initiating ART during
infancy for those with PHIV, there continue to be significant
numbers of children who do not receive early ART, with
only about half of children with PHIV in sub-Saharan Africa
having access to ART in 2019 [37]. A far lower percentage
initiate treatment by age one [12]. Thus, many children con-
tinue to be exposed to the risk of long-term CNS complica-
tions. Unfortunately, the world does not yet have in sight
an end to our need to understand and assist this population.

The goal of this article is to highlight selected recent
(since 2015) articles on CNS functioning and integrity
among adolescents and young adults with PHIV, primarily
studies focused on youth age 10 and up to reflect current
definitions of adolescence [38]. Relevant articles use neuro-
cognitive measures or neuroimaging paradigms to evaluate
the state of the CNS; papers addressing mechanisms and bio-
markers of neuropathogenesis are outside the scope of this
review. My hope is to leave the reader with an understanding
of the current state of the literature and a recognition of its
clinical relevance.

Neurocognitive Functioning in Youth
with PHIV

Adolescents

Several longitudinal cohort studies of children and youth
with PHIV, ongoing on several continents, have in recent
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years published findings regarding neurocognitive function-
ing in participants as they reach and proceed through ado-
lescence. Among the larger cohort studies now following
adolescents are the PREDICT study of the impact of early
versus deferred ART initiation conducted in Thailand and
Cambodia [24, 39, 40] and the Pediatric HIV/AIDS Cohort
Study (PHACS) of long-term effects of PHIV infection and
perinatal HIV and ART exposure in the USA (https://phacs
study.org/About-Us) [41].

The RESILIENCE substudy of PREDICT examined
long-term cognitive and behavioral functioning of 231 youth
with PHIV age 10-24 and age- and sex-matched youth with
(HEU; n=125) and without (HUU; n=138) PHIV exposure
[42e]. Assessments at baseline and three annual follow-up
visits focused on executive functioning, memory, processing
speed, and internalizing and externalizing behavioral prob-
lems. To address lack of locally standardized tests, impair-
ment was defined according to the HUU mean. Youth with
PHIV, compared to HUU, had higher risk of impairment in
executive functioning and visual memory, lower mean scores
on processing speed and working memory, and reported
more internalizing and externalizing behavioral problems.
Additional analyses with a subset of RESILIENCE partici-
pants [43] found higher caregiver-rated inattention, but not
hyperactivity, among youth with PHIV. These findings are
particularly noteworthy because of the low rate of past dis-
ease progression and Class C diagnoses among the PRE-
DICT cohort, and their good viral control; nevertheless,
most youth with PHIV had initiated cART after age 2 sug-
gesting that is too late to avoid long-term impacts. However,
the reported findings support some optimism as the highest
rates of impairment observed were less than 20% for the
group with PHIV, and mean standardized scores based on
published data were in the low average to average range for
most test scores.

The Memory and Executive Functioning substudy of
PHACS assessed youth age 9—18 with PHIV and no Class
C diagnosis (PHIV-NonC; n=105), PHIV and Class C
diagnosis (PHIV-C; n=39), and PHEU (n=79). A series
of publications [44—47] reported that, after adjustment
for sociodemographic variables, adolescents with PHIV-
NonC and PHEU were comparable on most measures.
Those with PHIV-C performed significantly worse on
visual recognition memory, some aspects of prospective
memory, and inhibitory functioning. Effects on other areas
of executive functioning were not observed, and previous
analyses of the broader PHACS cohort suggested EF prob-
lems among youth with PHIV in the USA may be related
to other risk factors [48]. There were few associations
with current immunological or viral parameters, although
a relationship between CD4 and verbal learning raised
concerns about ongoing impact on this critical area of
functioning. Comparison to publisher age standardization

data was consistent with previous studies in showing mean
performance in the average range overall but shifted down-
wards, and with a relatively higher proportion of scores in
the impaired range across groups but particularly among
those with PHIV-C. Associations with sociodemographic
and education-related covariates support significant con-
tributions of socioeconomic factors to neurodevelopment
among youth with or exposed to HIV perinatally. Interest-
ingly, associations with age at greatest disease severity
did not always support greater impact with earlier disease
progression. This may reflect differences in the periods of
greatest vulnerability for later-maturing cognitive domains
such as executive functions.

Most recently published analyses of adolescent neuro-
cognitive functioning have been cross-sectional, but increas-
ingly, change is being examined. A two-year follow-up of
youth enrolled in the PHACS memory and executive func-
tioning study described above showed stable functioning
over time for all three groups [44]. It should be noted that
those with PHIV largely maintained good immune health
over the follow-up period, which may have been protective.
The NOVICE study, conducted in the Netherlands [49],
enrolled children with PHIV and community controls ages
8-18, conducting cognitive assessments at baseline and at
follow-up an average of 4.6 years later when participants’
mean ages were 18 (PHIV; n=21) and 17 (HIV-; n=23).
Although both groups were majority Black, those with PHIV
were more likely to be born in sub-Saharan Africa and to be
adopted or in foster care. Youth with PHIV had lower per-
formance than those without on most measures, both groups
performing lower than standardization samples. However,
although change was similar on most measures, the perfor-
mance of youth with PHIV on executive functioning tasks
dropped over time despite good overall viral control, while
that of the HIV- group remained stable. The authors inter-
preted the increasing difference in executive functioning over
time according to the “growing into deficit” hypothesis, i.e.
impact on executive functioning will become more apparent
as youth enter a stage of rapid maturation of that domain.
Thus, although stability in most cognitive domains in these
studies is reassuring, the suggestion of a decline in executive
functioning relative to age expectations among those with
PHIV requires additional study, particularly in light of this
domain’s importance to maintenance of health, acquisition
of skills for transition to adulthood, and decision-making
in behavioral risk contexts. In addition, their functioning
remains depressed compared to societal age expectations,
emphasizing the importance of preventive and rehabilitative
interventions. A recent study including younger children,
limited to PHIV, that used group-based trajectory analysis
identified three distinct trajectories; risks for poor outcomes
included older age at ART initiation and poverty [50].

@ Springer


https://phacsstudy.org/About-Us
https://phacsstudy.org/About-Us

124

Current HIV/AIDS Reports (2022) 19:121-132

Young Adults

As more youth with PHIV have survived into adulthood, an
increasing number of publications have presented findings
regarding their neurocognitive functioning, largely in North
America and Europe where effective ART first became
widely available but in some cases including a large propor-
tion of immigrants. The Adolescents and Adults Living with
Perinatal HIV (AALPHI) study in England [51] enrolled
296 youth with PHIV (age 13-21), with and without history
of Class C diagnosis, and 97 uninfected youth (age 13-23)
related to or friends with a participant with PHIV between
2013 and 2015; thus, participants were born largely during
the late 1990s. The majority of participants were Black, with
a large proportion of immigrants and bilingual youth particu-
larly among those with PHIV. Those with PHIV and class C
diagnosis had lower performance than those with no Class
C diagnosis and uninfected youth in executive functioning,
speed of information processing, memory, and fine motor
skills, while both groups with PHIV had lower scores in the
learning domain than those without HIV. Also, consistent
with other reports, all groups showed impaired functioning
compared to standardization data, with the limitation, com-
mon to studies of PHIV, that publishers’ normative samples
were poorly matched to the study population across demo-
graphic and socioeconomic variables. However, the authors
note that impairment was generally mild, youth with PHIV
and no history of severe disease were comparable to unin-
fected youth in almost all areas, and associations of lower
performance with socioeconomic deprivation and depression
suggest alternative, potentially modifiable, influences.
Robbins and colleagues [52¢] enrolled 206 children with
PHIV and 134 with PHEU in New York at ages 9 to 16 dur-
ing the period 2003 to 2008. Tests of executive functioning,
working memory, and processing speed were administered
over four time points when the participants were ages 15-29
years. The performance of both groups was lower than stand-
ardization samples but generally comparable, particularly
in the absence of AIDS-defining illness among those with
PHIV. Longitudinal analyses showed improvement in most
test scores over time with few differences between groups;
however, a notable exception was improvement in processing
speed among YPHEU that was not apparent among YPHIV.
The authors note that the failure of the group with PHIV to
improve in processing speed over time may represent a vul-
nerability of this group that signals risk for future cognitive
problems. As research seeks predictors of negative long-term
outcomes to aid prevention and intervention efforts, findings
such as this provide important directions for future studies.
Other recently published studies of young adults are lim-
ited by small sample sizes or the lack of a matched com-
parison group. Willen and colleagues used MRI and a brief
assessment of cognitive functioning focused on executive
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functioning to compare 29 young adults with PHIV, ages
18-24, to 13 healthy community controls in the USA [53].
They found worse functioning among the PHIV group across
most tests but no consistent associations with HIV disease
variables. Garcia-Navarro and colleagues evaluated intel-
lectual functioning among 97 children through young adults
with PHIV in Spain, 40% of whom were in the age range
17-23 years [54]. They found few differences between find-
ings for older and younger participants; across both groups,
standardized scores for crystallized intelligence were lower
than for fluid intelligence. Although CDC classification, age
at HIV diagnosis and cART initiation, and immunological
parameters were associated with intellectual functioning,
sociodemographic variables such as primary language and
caregiver education played a significant role.

Coutifaris and colleagues took an interesting approach
to examining the influence of age at HIV infection on neu-
robehavioral functioning [55]. In this study conducted in
New York, they compared 13 each of young adults ages
20-30 with PHIV, age-matched young adults with behavio-
rally acquired HIV (BHIV), and older adults with duration
of HIV infection and reading ability comparable to those
with PHIV (mean age 56.6). All but one of those with PHIV
had a history of AIDS diagnosis, along with 10 of the older
adults, and the two groups were also similar in having been
diagnosed with HIV before availability of cART. Their find-
ings showed higher rates of cognitive impairment and psy-
chiatric dysfunction (both 85%) among those with PHIV
compared to both other groups. Those with PHIV performed
significantly worse than the other groups in global cogni-
tion, speed of information processing, working memory, and
verbal fluency. Adverse environmental factors were common
among the PHIV group, and both young adult groups had
about a third with positive urine toxicology for cannabis.
The deficits among the group with PHIV could relate both
to unique characteristics and vulnerability of the CNS dur-
ing early development and to the participants’ histories of
systemic HIV disease, together resulting in impairments that
are refractory to later cART and immune reconstitution [56].
The impact of early systemic illness, as noted by the authors,
can also extend beyond its biological impact on the brain to
include lost developmental, social, and educational oppor-
tunities and contribution to the overall burden of adversity.

Selected Recent Neuroimaging Studies
Among Adolescents and Young Adults
with PHIV

Several recent systematic reviews have summarized neu-
roimaging studies of children and adolescents with PHIV
across both higher- and lower resource settings [9, 13, 14,
57]. Broad conclusions have been elusive due to differences
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in methodology, treatment status and history, timing of data
collection relative to treatment guidelines, and range of other
data collected such as cognitive functioning, medical his-
tory, and family and environmental variables. These reviews
note both structural and functional findings with particular
consistency regarding cortical thickness, white matter abnor-
malities and microstructural differences among children
with PHIV. Since 2015, a number of neuroimaging studies
focused specifically on adolescents and young adults with
PHIV have described findings across a range of settings.
The majority of recent studies address brain structural
findings by comparing youth with PHIV to age-matched
youth without HIV infection [58—62] or to large normative
databases [63, 64, 65¢]. These studies have noted differ-
ences in white matter integrity [61, 66] and cortical and
subcortical gray and white matter volume that are associ-
ated with performance on cognitive measures [58—60, 64]
and markers of systemic inflammation [66], and differences
in white matter microstructure using DTI [61]. Lewis and
colleagues [64] compared a cohort of 40 US youth with
PHIV (mean age 16.7) with 334 age-matched youth from
the large NIH-funded Pediatric Imaging, Neurocognition,
and Genetics (PING) study, showing lower total and regional
gray matter volume that had significant associations with
cognitive functioning and past and recent viral load. This
was one of the only studies to examine substance use, an
important confounding influence for adolescents, among
the group with PHIV, demonstrating associations of smaller
gray matter volumes with alcohol and marijuana use. This
group has also reported associations of deformation of sub-
cortical structures with markers of past disease severity
and cognitive functioning among PHIV, suggesting this as
a potential clinical marker [63]. In a Chinese cohort of 25
adolescents with PHIV and 33 uninfected but living with an
HIV-infected parent (mean age 15 years), Li and colleagues
[59] used voxel-based morphometry to show region-specific
decreases in both gray and white matter volume and white
matter density among those with PHIV. In addition, they
presented associations of anterior cingulate cortex volume
with cognitive performance and current CD4 cell counts,
and associations of age of cART initiation with gray matter
volume. Hypothesizing that structural brain networks would
be affected by the presence of HIV during brain development
and maturation, these investigators compared gray matter
covariance networks and their organization between the two
groups [58]. Structural network analyses showed increased
centrality in frontal regions and decreased in temporal
regions in adolescents with PHIV compared to uninfected
adolescents, as well as shifted distribution of network hubs.
Several recent papers have focused on structural meas-
ures such as cortical thickness, surface area, and gyrification
[62, 65¢, 66] that have increasingly been used in studies of
HIV among children [67], as well as adults [68—72], and

are sensitive to developmental processes. The few studies
focusing on adolescents and young adults show regionally
specific decreases in cortical thickness, including temporal,
orbitofrontal, and occipital lobes in combination with lower
gray matter volume in subcortical structures among Spanish
young adults [62], decreased cortical thickness in right tem-
poral lobe and fusiform gyrus among Zambian adolescents
with PHIV [73], and increased thickness in left occipital
and right olfactory areas and decreased cortical thickness
in temporal and orbitofrontal regions among Chinese youth
[60]. Lewis and colleagues described decreased cortical
thickness, surface area, and gyrification in frontal, parietal,
and temporal regions among the US adolescents with PHIV
compared to an age-matched PING cohort; the distribution
of differences varied across the three metrics, which reflect
different developmental processes [65¢].

As of yet, few longitudinal neuroimaging studies have
examined maturational changes during adolescence in the
context of PHIV. Yu and colleagues followed 16 Chinese
youth with PHIV and 25 without, age 11-17, for one year
with repeat measurement of gray matter volume and cortical
thickness along with cognitive testing [60]. Although both
groups showed developmental cortical thinning and reduc-
tions in gray matter volume after one year, their topogra-
phy differed, leading the authors to suggest delayed cortical
maturation with PHIV. In contrast and in a younger cohort,
the PREDICT study performed shape analysis of subcor-
tical structures over two time points one year apart in an
early adolescent cohort of Thai youth (mean age 11 at base-
line) with PHIV, PHEU, or uninfected and unexposed [74].
Although there were group differences in the pallidum at
baseline, these attenuated over one year and group effects
were considered minor by the authors; however, within the
group with PHIV intriguing associations of CD4 count
with pallidum shape and volume were observed. Similarly,
findings from the Dutch NOVICE cohort suggest compara-
ble maturational processes during later adolescence [75].
Longitudinal structural MRI and diffusion tensor imaging
(DTI) were performed over 4.6 years for 20 youth with
and 23 without HIV (mean age 18 and 17, respectively, at
the follow-up visit). Those with PHIV showed lower total
white matter volume, lower fractional anisotropy, higher
mean diffusivity and radial diffusivity. These differences
were maintained over time, with both groups showing typi-
cal and comparable increases in white matter volume and
decreases in gray matter volume. Thus, these longitudinal
studies generally agree with neurocognitive studies showing
typical developmental processes during adolescence, albeit
with prior static differences preserved. However, intriguing
cross-sectional examinations of age, or maturation, effects
include Lewis and colleagues’ findings showing the typical
inverse relationship of gray matter volume with age, thought
to reflect maturational pruning, in the PING, but not the
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PHIV, group [65¢]. This suggests atypical maturational pro-
cesses during adolescence, at least among their cohort of
youth who did not receive ART in infancy. Interestingly, in a
slightly younger cohort of South African children age 9-12,
Hoare et al. [76¢] found that measures of cortical thickness,
as well as surface area, volume, and neuronal microstructure,
correlated more highly with epigenetic age than chronologi-
cal age, suggesting epigenetic age acceleration in PHIV. This
is significant in light of other evidence associating extrinsic
epigenetic age acceleration with lower cognitive functioning
in this cohort [77] and in a cohort of young African Ameri-
can adults with PHIV [78].

Few studies published since 2015 have examined func-
tional connectivity and brain networks among adolescents
to young adults with PHIV. In the only recent study to use
resting state functional MRI (rs-fMRI) with young adults
with PHIV, Sarma [79] showed higher regional homogene-
ity, a marker of local functional organization, and amplitude
of low frequency fluctuations (ALFF) in white matter in the
medial orbital gyrus among a small US sample of 11 youth
with PHIV age 18-30 compared to uninfected youth. Almost
half of the participants with PHIV had past definitive or
probable diagnoses of HIV encephalopathy. Both measures
were associated with viral load and with performance on
several cognitive measures; the authors did not report asso-
ciations with past disease severity, which may have been
precluded by the small sample size. These authors interpret
their findings as reflecting ongoing neuroinflammation and
possibly glial cycling. Another small study conducted in
China [80] similarly examined (ReHo) regional homogeneity
among 13 treated adolescents age 12—15 with PHIV and 22
uninfected youth. Those with PHIV showed both areas with
higher ReHo in central somatic motor-sensory cortex and
lower ReHo in corticostriatal pathways previously seen as
vulnerable to HIV. No associations of ReHo with a cognitive
screening measure or nadir CD44 T cell counts were seen.
Finally, Heany and colleagues showed less activation dur-
ing a working memory task among children age 9—-12 with
PHIV than controls, and noted a correspondence between
areas with less activation and those with decreased cortical
thickness [81].

Conclusions and Current Directions

Several decades of both human and animal research have
shown that the developing CNS is vulnerable to HIV and
that its effects are distinctive and potentially clinically pro-
found. In recent years, sufficient numbers of young people
with PHIV have reached adolescence and young adulthood
for a literature regarding neurocognitive and neuroimag-
ing complications during this period of life to develop. The
youth participating in this research largely represent those
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survivors who passed through infancy and early childhood
prior to current guidelines recommending cART initiation
upon diagnosis of HIV, preferably in early infancy. Many of
those now in young adulthood experienced monotherapy,
resistance to some medications, and second line therapies
during development. Thus, the findings of these studies do
not represent the ideal scenario for CNS development of
children with PHIV; however, sadly, this ideal scenario often
does not occur even today for many children, with significant
impairment and encephalopathy remaining issues in lower
resource settings [16]. This gives these studies an unfortu-
nate ongoing clinical and public health relevance.

In general, the results of recent studies involving adoles-
cents and young adults with PHIV are consistent with previ-
ous observations of an enduring impact on CNS structure
and functioning among those with past significant disease
progression. This impact is apparent, particularly in specific
cognitive domains and brain systems, even following periods
of good viral control and extending into adulthood. There
is greater variability across studies regarding youth with-
out Class C diagnoses, with some showing differences from
PHEU or unexposed youth and others finding that they are
comparable once potential sociodemographic influences are
taken into account. As longitudinal analyses of maturation
across adolescence and into young adulthood have appeared,
they have generally shown similar trajectories of develop-
ment among youth with and without PHIV [44]. However,
observed differences in executive function and processing
speed change, differing age associations that could relate to
developmental cortical pruning, and emerging findings of
possible age acceleration illustrate the importance of con-
tinued longitudinal studies of CN'S maturation among youth
with PHIV and raise concerns about very long-term risks to
brain health in later adulthood [49, 52e, 77, 78, 82].

As shown in previous studies of children and younger
adolescents, this literature suggests optimism in that the
majority of youth with PHIV do not have severe impair-
ments [9] and display considerable resilience [83]. How-
ever, they remain at risk by virtue not only of their HIV
infection but also numerous other environmental or psy-
chosocial stressors that can negatively impact neurode-
velopment, such as poverty, food insecurity, trauma, loss
of caregivers, caregiver physical and mental illness, bar-
riers to medical care, and stigma and isolation, emphasiz-
ing the need to address and measure social and structural
determinants of health in research on PHIV [10, 21, 84].
Furthermore, lower neurocognitive functioning has been
associated with poorer daily and academic functioning
[30-32]. Of concern for older youth, those areas of relative
difficulty that are observed, such as executive functioning,
processing speed and learning, may present particular risk
during the crucial adolescent period where youth experi-
ence transition to adult independence and responsibility,
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age-typical tendencies towards substance use and sexual
risk behaviors, and acquisition of critical healthcare self-
management skills [36, 85]. In addition, youth with PHIV
have high rates of mental health problems and substance
use disorders [34, 85-87] which often emerge during ado-
lescence and may impact cognition directly [88] or indi-
rectly through medication adherence [89]. Substance use
is a high priority area of research due to its interactions
with HIV in affecting CNS functioning and neuropatho-
genesis through dopamine systems and inflammation, as
well as discussion of therapeutic versus harmful effects of
cannabis [90-100]. Studies specifically focused on youth
are needed due to their different profile of substance use
and the potential for greater impact due to exposure during
brain development, which continues into young adulthood.

The prevention and treatment of CNS sequelae among
youth require a multifaceted approach. The most impor-
tant strategy currently known for prevention of PHIV
impacts on the CNS is early and effective antiretroviral
therapy. Thus, the goal of ensuring the best youth out-
comes requires global efforts to provide early ART for
those children who are born with HIV. Because of the
sensitivity of the developing CNS, studies on optimization
of ART to balance effectiveness with neurotoxicity and
address issues such as penetrance of medications through
the blood-brain barrier are critical [9, 10, 12], as is devel-
opment of pharmacological treatments targeted towards
neuropathogenesis and underlying immune and inflam-
matory mechanisms [101]. The ultimate therapeutic goal,
eradicating HIV from the body, requires eliminating the
HIV reservoir present in the CNS [102]; cure strategies
involving viral activation are complicated in infants and
children by the increased vulnerability of their CNS to
viral activity. Careful assessment of effects on CNS func-
tioning should be an integral part of cure studies.

A second class of prevention strategies is through
addressing the multiple other neurodevelopmental risks
faced by children and adolescents with PHIV outlined
above. These include structural change to reduce poverty,
trauma and adversity, food insecurity, air pollution, systemic
inequality and racism, educational and health inequity, and
other risks to which children with PHIV are disproportion-
ately exposed [103—-105]. Comprehensive care to address
mental health and substance use is important and behavioral
interventions have been developed for this population [83,
106-108]. This is particularly critical given the aforemen-
tioned concerns about developmental effects of substance
use during adolescence and complex interactions with can-
nabis, popular among adolescents [91, 96, 109]. Scalable
preventive interventions to boost child outcomes through
such strategies as caregiver training are being developed
and implemented [10, 103]. Where deficits are present, spe-
cialized academic and cognitive remediation programs may

help youth optimize their long-term healthcare management,
occupational attainment, and quality of life [10, 110-113].

Both research and clinical care regarding long-term CNS
problems among those with PHIV rely on measures sensitive
to neurocognitive impacts of HIV and treatment that may
be subtle. Cognitive and neuroimaging measures should be
able to distinguish influences of other developmental risks
as well as HIV, reflect maturational processes specific to
adolescence and young adulthood, and be appropriate to
use longitudinally, minimizing or controlling for repeated
measurement effects. Most studies in both the pediatric and
adult HIV literatures have used standardized measures of
developmental and neuropsychological functioning, some-
times examining their contextual validity or developing
local normative data and more commonly by using matched
comparison groups [114]. Increasingly, alternative assess-
ment methods are being recommended and/or developed
for this population, including locally validated screening
measures [9, 115]; computerized, and in some cases port-
able tablet-based, assessments [78, 116, 117]; exploration of
diagnostic classification and criteria [118, 119]; and the use
of dynamic assessment or instruments aligned with underly-
ing brain and behavioral processes [10, 120]. Methods that
have been developed or tested in the low- to middle-income
contexts where pediatric HIV infection is concentrated are
particularly critical. At the same time, promising advances
in neuroimaging of HIV offer additional tools for research
with this population [90].

Ultimately, prevention of the CNS complications of PHIV
is best achieved through prevention of PHIV itself. As the
world works towards achieving that goal, strategies to maxi-
mize adult outcomes for children now being born with PHIV,
and those youth living with its effects, will require the com-
mitment of significant resources towards research, preven-
tion, and intervention [4].
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