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Abstract A recent review of neuroimaging studies related to
perinatally acquired human immunodeficiency virus (HIV)
infection by Hoare and colleagues (Metabolic Brain Disease
29:221–229, 2014) included studies published between 1995
and 2012, with all but two studies being published in or before
2006. Although the review synthesized the extant research
available at the time, the findings may not be relevant to the
current population of children and adolescents who are HIV
positive due to more recent advances in antiretroviral medica-
tion and new medication guidelines. As such, the purpose of
this paper was to extend the findings of Hoare and colleagues
by reviewing the imaging literature that has been published
since 2012 and to compare the more recent studies to the
earlier ones. The results were that 11 articles met criteria for
inclusion in this review. The majority of studies were cross-
sectional and analyzed MRI data.. Samples included children
and adolescents of nearly all ages. Studies differed widely on
the inclusion and reporting of clinical variables. Imaging was
focused primarily on white matter, and white matter issues
such as lesions, poor tract integrity, and reduced volume were
found in samples of children and adolescents of various age
ranges. Two studies compared the cognitive functioning of
children with HIV to controls, and both found that children
with HIV perform more poorly than their non-infected peers
on various cognitive tasks. Based on the findings of this re-
view, recommendations for future imaging research are made.
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Introduction

Much progress has been made in recent decades regarding the
prevention of transmission of human immunodeficiency virus
(HIV) infection. Despite this, approximately 3.2 million chil-
dren and adolescents around the world are living with perina-
tally acquired HIV (World Health Organization 2015b). With
treatment, these children will be more likely to survive into
adulthood (Patel et al. 2008). Modern standard treatment typ-
ically consists of a combination of three medicines referred to
as highly active antiretroviral therapy (HAART; World Health
Organization 2015a). Research on the potential effects of
HAART to mitigate problems with neurocognitive develop-
ment and performance is mixed in general and is particularly
limited in children. However, current research suggests that
neurocognitive difficulties persist in the era of HAART med-
ications (Liner et al. 2010; Whitehead et al. 2013). It is, there-
fore, important for researchers and clinicians to understand the
nature of the neurocognitive difficulties children with HIV
may experience.

According to Ellis et al. (2009), HIV damages the central
nervous system in two ways. The virus infects certain cells of
the central nervous system and produces various proteins that
can damage neuronal cells and interfere with their functioning.
In turn, the immune response to the virus by the cells may be
impaired and inflammation can then persist (Wood et al.
2009). Consequently, there may be neurological sequelae of
HIV that result in the neurocognitive symptoms observed in
children with HIV. Another issue to consider is the potential
role of HAART medications in the neurocognitive develop-
ment of children, as research has also found that antiretroviral
medications may be toxic to brain cells (Robertson et al.
2012). As discussed by Liner et al. (2010), antiretrovirals
can lead to mitochondrial dysfunction, destabilization of neu-
ronal intracellular homeostasis, reduction of cell membrane
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potential, and dendritic beading and pruning. Thus, it may be
that not only the disease but also the treatment may contribute
to the progressive neurocognitive challenges seen in children
with HIV.

Understanding the neurological implications of HIV and
related variables is critical to the treatment of these vulnerable
children. The brain-behavior relationships and the etiology of
the difficulties observed in the homes, schools, and
playgrounds of children with HIV are not currently well
defined, particularly regarding the relative roles of the
disease and the treatment of the disease. Neuroimaging may
also be useful in this respect. Comparing neuroimaging
findings in adult samples to those in child samples may help
scholars and clinicians to better understand neurological
effects over time and development. Finally, Hoare et al.
(2014) argue that clinical criteria on the spectrum of HIV-
associated neurocognitive disorders (HANDs) that are pres-
ently available for adults with HIV are also necessary for
children and that neuroimaging research will need to play a
role in the development of these criteria.

There is a relatively small body of literature regard-
ing the neurological implications of HIV in children,
including a recent review of the literature by Hoare
et al. (2014) who systematically examined the results
of neuroimaging studies of HIV in children. The review
search resulted in a total of 11 articles that met the
authors’ criteria for inclusion. Their overall findings
were that the most frequent neurological abnormalities
included ventricular enlargement, atrophy of cortical and
subcortical regions, damage to the basal ganglia and
corpus callosum, and abnormalities in both white and
gray matter in the frontal lobe. Although this review
summarized the extant literature available at the time
and highlighted several specific neurological implica-
tions of HIV, there is an important limitation to the
review. All but two of the studies included in Hoare’s
review were published in or before 2006, the earliest of
which was published in 1995. Of the two studies pub-
lished after 2006, one was published in 2011 and one in
2012. It is unclear whether the findings of Hoare et al.
(2014) are relevant to the current population of HIV-
positive children and adolescents because of advances
in antiretroviral medication and new medication
guidelines.

Guidelines for treating childhood HIV have changed
substantially over the past several years. Adjustments of
the criteria for initiation of treatment and the changing of
regimens have occurred. For example, in 2006, the World
Health Organization (WHO)’s recommendations were to
treat all infants and children with HIV who were in the
WHO-specified pediatric stages 3 and 4 (see Table 1 for
WHO staging classification). Health professionals were
advised to use T cell-bearing cluster of differentiation 4

(CD4) receptor or total lymphocyte count (TLC) data to
inform treatment decisions for those in stages 1 and 2, but
to not treat those without CD4 data in stage 1 (World
Health Organization 2006). However, in 2008 and more
recent guidelines, the WHO has recommended that all
children with HIV under 1 year of age be provided with
antiretroviral treatment (ART). The recommendations for
children older than 1 year have also changed across the
recent iterations of the guidelines (World Health
Organization 2008, 2010, 2013). In general, the recom-
mendations for when to initiate ART have become more
inclusive, such that all children under the age of 5 should
receive ART regardless of clinical stage or CD4 data un-
der the 2013 guidelines (World Health Organization
2013). The presence of ART during infancy and early
childhood would likely influence the impact of the virus
on the child’s developing central nervous system and also
influence the central nervous system by way of effects
from immune responses and medication. This would sug-
gest that newer treatment regimens and administration
protocols may result in different neurological sequelae in
the brains of children with HIV.

As mentioned previously, only two studies examined in
the review of Hoare et al. (2014) were published after
2006. This suggests that the majority of studies reviewed
included samples who potentially have had very different
experiences with ART than the population of children
who are currently living with HIV. As such, the purposes
of the present study are (1) to extend the findings of
Hoare and colleagues’ review to include more recent stud-
ies and (2) to compare the findings of the recent studies to
those of the earlier studies.

Methods

The studies for this review were found by searching for
articles published between 2012 and April 2015. A search
was conducted using combinations of the following terms:
human immunodeficiency virus (HIV), HIV, acquired im-
munodeficiency virus (AIDS), AIDS, pediatric, children,
adolescents, neuroimaging, brain imaging, magnetic reso-
nance imaging (MRI), MRI, functional magnetic reso-
nance imaging (fMRI), fMRI, diffusion tensor imaging
(DTI), and DTI. Article sources included PsycINFO,
PsycARTICLES, and PubMed. Studies were included in
this review if they were in English, described original
research, utilized neuroimaging techniques, and included
a sample of at least five participants in which the majority
of participants were less than 18 years old. Children had
to have acquired HIV during the perinatal period. The
authors of the present study believe that it is important
to include the studies with samples involving a minority
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of children just above 18 years of age because this tran-
sitional period from teenage years to adulthood is clini-
cally relevant to those who work with pediatric popula-
tions, and because brain maturation occurs well into
young adulthood (Sowell et al. 2001) and there is much
heterogeneity in brain development among individuals
(Gogtay et al. 2004).

The first author evaluated the titles and abstracts of each
article to determine whether they met criteria for inclusion in
this review. Of the 108 articles that resulted from the search,

56 were not related to HIV or the individuals were not HIV
positive. Four duplicate articles were then removed from the
sample. The remaining 48 articles included 5 review articles, 3
articles not about humans, 16 articles with adult participants, 6
articles that did not include neuroimaging data, and 7 that
included fewer than five participants. Only 11 articles met
criteria for inclusion. The 11 studies included in this review
were analyzed in order to better understand the type of studies
conducted, the neuroimaging techniques used, the variables
assessed, the samples included, and the findings obtained.

Table 1 Clinical stages of HIV infection for children (World Health Organization 2007)

WHO clinical stage

1 -Asymptomatic
-Persistent generalized lymphadenopathy

2 -Unexplained persistent hepatomegaly and splenomegaly
-Papular itchy skin eruptions
-Extensive skin warts
-Extensive molluscum contagiosum
-Recurrent oral ulcerations
-Unexplained persistent parotid gland enlargement
-Linear gingival erythema
-Herpes zoster
-Recurrent or chronic respiratory tract infections (sinusitis, otorrhea, tonsillitis, otitis media)
-Fungal nail infections

3 -Moderate unexplained malnutrition not responding to standard therapy
-Unexplained persistent diarrhea for longer than 14 days
-Unexplained persistent fever above 37.5 °C (intermittent or constant for more than 1 month)
-Persistent oral candidiasis (outside the first 6–8 weeks of life)
-Oral hairy leukoplakia
-Acute necrotizing ulcerative gingivitis or periodontitis
-TB lymphadenopathy
-Pulmonary tuberculosis
-Severe recurrent presumed bacterial pneumonia (2 or more episodes in a 6-month period)
-Symptomatic lymphoid interstitial pneumonitis (LIP)
-Chronic HIV-associated lung disease, including bronchiectasis
-Unexplained anemia (<8 g/dl), neutropenia (<500/mm3), or thrombocytopenia (<50,000/mm3)

4a -Unexplained severe wasting, stunting, or severe malnutrition not responding to treatment
-Pneumocystis carinii (jirovecii) pneumonia
-Recurrent severe presumed bacterial infections (e.g., empyema, pyomyositis, bone or joint infections,

meningitis, sepsis, but excluding pneumonia)
-Toxoplasmosis of the brain
-Cryptosporidiosis with diarrhea >1 month
-Isosporiasis with diarrhea >1 month
-Cryptococcosis, extrapulmonary
-Cytomegalovirus of an organ other than the liver, spleen, or lymph node
-Chronic herpes simplex infection (orolabial or cutaneous for >1 month)
-Progressive multifocal leukoencephalopathy
-Any disseminated endemic mycosis
-Candidiasis of the esophagus, trachea, and bronchus
-Atypical mycobacteriosis, disseminated or lungs
-Extrapulmonary tuberculosis excluding TB lymphadenopathy
-Lymphoma (cerebral or B cell non-Hodgkin)
-Kaposi’s sarcoma
-HIVencephalopathy
-HIV-associated cardiomyopathy or HIV-associated nephropathy

a Some additional specific conditions can also be included in regional classifications (such as reactivation of American trypanosomiasis (meningoen-
cephalitis and/or myocarditis) in theWHORegion of the Americas, disseminated penicilliosis in Asia, and HIV-associated rectovaginal fistula in Africa)
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Results

Design

Please see Table 2 for a summary of each study. The studies in
this review were primarily cross-sectional in design. One arti-
cle (van Arnhem et al. 2013) included a longitudinal substudy
in the paper for which a portion of the original sample was
randomly selected for follow-up. Two studies (Izbudak et al.
2013; Mariam and Assefa 2012) also included longitudinal
data for the children in their studies when it was available.
Three studies were reportedly retrospective in design
(Izbudak et al. 2013; Mariam and Assefa 2012; van Arnhem
et al. 2013) and utilized data collected over a period of time
between 8 (Mariam and Assefa 2012) and 18 years (van
Arnhem et al. 2013). Two studies (Andronikou et al. 2014,
2015) were reportedly retrospective within a current prospec-
tive study. Only two studies (Ackermann et al. 2014; Donald
et al. 2015) clearly indicated that their data were from a pro-
spective study. Four studies (Andronikou et al. 2015; Hoare
et al. 2012; Nagarajan et al. 2012; Sarma et al. 2014) com-
pared children with perinatally acquired HIV to non-infected
peers.

Aim

In general, the aims of the studies were to examine neurolog-
ical indications of disease. Four studies (Ackermann et al.
2014; Andronikou et al. 2014; Hoare et al. 2012; Nagarajan
et al. 2012) also aimed to examine brain-behavior relations by
assessing cognitive functioning by way of standardized cog-
nitive or developmental assessment.

Technique

Several neuroimaging modalities were used in the studies
reviewed. Four of the articles included in the present study
(Ackermann et al. 2014; Andronikou et al. 2014, 2015;
Sarma et al. 2014) utilized only MRI techniques. Four studies
(Donald et al. 2015; Izbudak et al. 2013; Mariam and Assefa
2012; van Arnhem et al. 2013) used a combination of com-
puted tomography (CT), MRI, magnetic resonance angiogram
(MRA), ultrasound, and cerebral angiogram. Two studies
(Hoare et al. 2012, 2015) used DTI, and one used magnetic
resonance spectroscopy (MRS; Nagarajan et al. 2012).

Age

The studies included samples of children of various ages.
Three studies (Ackermann et al. 2014; Andronikou et al.
2014, 2015) included young children generally around the
age of 2, but the range comprised children as young as several
months old up to 4 years. Three studies (Donald et al. 2015;

Mariam and Assefa 2012; van Arnhem et al. 2013) had a
median of sample ages of around 5 years but included very
young children in middle to late childhood. Two studies
(Hoare et al. 2012, 2015) were completed with samples with
mean ages of around 9 to 10 years. In one of these studies
(Hoare et al. 2015), the age range of participants was 6 to
15 years, and in another (Hoare et al. 2012), the range was
only 8 to 12 years. Three studies (Izbudak et al. 2013;
Nagarajan et al. 2012; Sarma et al. 2014) included samples
with mean ages in the mid to late teens, but the range spanned
from childhood into adulthood. Sample sizes ranged from a
total of 8 participants (Izbudak et al. 2013) to 87 participants
(in this study, only 49 had imaging data; Donald et al. 2015).

Antiretroviral Therapy

A primary interest of the present study was to examine the
presence of and information provided about ART in the
reviewed studies. In the current and following sections, ART
refers generically to antiretroviral treatment or is used when
authors did not specify monotherapy versus combination ther-
apy whereas HAART refers specifically to combination anti-
retroviral treatment. Ten studies (Ackermann et al. 2014;
Andronikou et al. 2014, 2015; Donald et al. 2015; Hoare
et al. 2015; Izbudak et al. 2013; Mariam and Assefa 2012;
Nagarajan et al. 2012; Sarma et al. 2014; van Arnhem et al.
2013) included participants with ART experience. Of these,
only three studies (Ackermann et al. 2014; Hoare et al. 2015;
van Arnhem et al. 2013) provided the ART medications most
often provided to the children. Eight of the ten studies
(Ackermann et al. 2014; Andronikou et al. 2014, 2015;
Hoare et al. 2015; Izbudak et al. 2013; Nagarajan et al.
2012; Sarma et al. 2014; van Arnhem et al. 2013) specifically
mentioned having samples in which at least some children
were receiving HAART. Ackermann et al. (2014) included
children who had been participating in another study in which
they were assigned to differing ART arms, such that some
children were not on ART and some were on ART for differ-
ing lengths of time. In the study byDonald et al. (2015), all but
one child was on ARTat the time of assessment. Additionally,
participants of Izbudak et al. (2013) were not all on HAARTat
the time of initial imaging. Mariam and Assefa (2012) report-
ed that all participants had been prescribed HAART at one
time, and the majority of participants were still on HAART.
One study (Hoare et al. 2012) included only children who
were HAART naive. None of the studies reported data regard-
ing ART adherence.

Other Clinical Variables

In addition to ART, the studies also varied on the inclusion of
other clinical variables in statistical analyses and the reporting
of descriptive sample data. The CD4 and viral load data were
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the most commonly reported clinical data and were reported
by all but one study (Andronikou et al. 2015). Notably, the
exact type of data regarding CD4 and viral load differed
among studies. For example, some studies reported nadir
CD4 and some included CD4 data at various time points
(e.g., at baseline or closest to scan date). The reporting of
different clinical parameters across studies makes it difficult
to ascertain which parameters are most predictive of neuro-
logical damage.

There was an extensive range of other data reported. Ex-
amples of other medically related variables included in the
studies reviewed are age at first ART, maternal substance
use, height, weight, encephalopathy status, protein levels,
and CDC classification. Examples of other clinically relevant
but non-medical variables included home environments, care-
giving status, and developmental milestones met. Although
there was a range of other clinical data reported, few studies
reported a comprehensive set of demographic, health-related,
and other variables. For example, only three studies (Donald
et al. 2015; Hoare et al. 2015; Mariam and Assefa 2012)
reported nutrition- or growth-related data, and four reported
socioeconomic information (Andronikou et al. 2014, 2015;
Donald et al. 2015; Hoare et al. 2012).

Imaging Results

Not all children in the included studies had observable neuro-
radiological problems. In the study by Donald et al. (2015),
29 % of children had normal scans. Half of the participants in
the study by Ackermann et al. (2014) did not have white
matter signal abnormalities. Furthermore, ventricular enlarge-
ment and/or sulcal widening was found in 29 % and white
matter lesions were found in 38 % of participants in the study
by van Arnhem et al. (2013), suggesting that there were many
children who did not demonstrate these neurological
problems.

White matter was examined in 9 out of 11 studies. White
matter involvement ranging from white matter signal abnor-
malities and lesions (Ackermann et al. 2014; Donald et al.
2015; Izbudak et al. 2013; van Arnhem et al. 2013) to reduced
white matter (Donald et al. 2015; Sarma et al. 2014) to de-
creased white matter integrity (Hoare et al. 2012) was fre-
quently observed. Ackerman and colleagues found that
73 % of children with white matter signal abnormalities/
lesions had a combination of lesions ranging from pinpoint
lesions to confluent lesions. Lesions in subcortical and deep
white matter were most commonly in the frontal (91 %) and
parietal (77 %) areas. These children had generally received
ART from an early age but were suspected to have neurolog-
ical disease. White matter lesions were also observed in 18 %
of the children with encephalopathy who were being pre-
scribed ARTat the time of participation in the study byDonald
et al. (2015). Lesions were found in 38 % of children in theT
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study by van Arnhem et al. (2013). These children varied in
terms of their experience with CDC classification and ART. In
the latter two studies, it is not clear where the lesions tended to
be observed. Internal capsule infarctions were observed in half
of the participants, and a periventricular white matter signal
abnormality was observed in one participant in the study by
Izbudak et al. (2013). All of these participants experienced an
acute stroke, and they generally had high viral loads at the first
assessment. Finally, a hemorrhagic infarction in the external
capsule and signal abnormality in the subcortical right parietal
lobe was reported in one child who had aphasia, hemiparesis,
and focal motor seizures in the study by Mariam and Assefa
(2012).

Less white matter volume was observed by Sarma et al.
(2014) in adolescents and young adults who were prescribed
HAARTat the time than in those without HIV. Areas in which
volume was reduced included the bilateral posterior corpus
callosum, bilateral external capsule, bilateral ventral
temporal white matter, middle cerebral peduncles, and basal
pons. Approximately one quarter of the children in the study
by Donald et al. (2015) were prescribed ART, had
encephalopathy, and experienced white matter volume loss.

Hoare et al. (2012) assessed the white matter integrity of
the corpus callosum, internal capsule, and superior longitudi-
nal fasciculus of children who were HAART naive and
asymptomatic via DTI. They found that children with HIV
had lower fractional anisotropy (FA) and increased radial dif-
fusivity (RD) in the corpus callosum than children without
HIV. Increased RD and mean diffusivity (MD) was found in
the superior longitudinal fasciculus. No significant differences
were found related to the internal capsule.

The corpus callosumwas specifically examined in multiple
studies (Andronikou et al. 2014, 2015; Donald et al. 2015;
Hoare et al. 2012, 2015; Sarma et al. 2014). No difference in
corpus callosum thickness was found in a study comparing
children with HIV to non-infected children (Andronikou et al.
2015), but little is known about the demographic and clinical
status of this sample. In contrast, thinning of the corpus
callosum was observed in 18 % of participants in one study
of young children who were nearly all on ART, of which
approximately half had been prescribed ARTwhile in infancy
(Donald et al. 2015). As reported previously, Hoare et al.
(2012) also found decreased integrity and Sarma et al.
(2014) found less volume in the corpus callosum in children
with HIV compared to children without HIV.

The relations among white matter issues and clinical vari-
ables were mixed in the reviewed studies. White matter in-
volvement was found to be related to some clinical variables
including CD4 levels (Andronikou et al. 2014; Hoare et al.
2015), viral load (Hoare et al. 2015; van Arnhem et al. 2013),
and second-line HAART (Hoare et al. 2015). However, van
Arnhem et al. (2013) found CD4 <15 % to be close but not
statistically significantly related to white matter lesions and

Ackermann et al. (2014) found no difference in CD4 or viral
load levels between those with white matter signal abnormal-
ities and those without, although CD4 was reportedly close to
significance. Additionally, CD4 and viral load were not relat-
ed to imaging findings in the study conducted by Donald et al.
(2015). Duration of HAART was not related to corpus
callosum thickness (Andronikou et al. 2014) or white matter
lesions (van Arnhem et al. 2013). Notably, Hoare et al. (2015)
found that nutrition may play a significant role in the white
matter functioning of children with HIV. Hemoglobin, total
protein, and albumin levels were collected and analyzed as
measures of nutritional status. They were associated with
low FA and high MD values as well as low AD and high
RD values, which may suggest problems with white matter
integrity.

Most of the reviewed studies examined white matter, but
some (Andronikou et al. 2014; Donald et al. 2015; Izbudak
et al. 2013; Mariam and Assefa 2012; Nagarajan et al. 2012;
Sarma et al. 2014; van Arnhem et al. 2013) also examined
other neurological findings. The neurological data examined
by these studies varied widely, such that limited conclusions
could be drawn. Two consistent findings were basal ganglia
calcification and cortical atrophy (Donald et al. 2015; Izbudak
et al. 2013; Mariam and Assefa 2012).

Cognitive Assessment Results

Children with HIV of various ages were found to have diffi-
culties with cognitive functioning compared to controls on
various assessments (Hoare et al. 2012; Nagarajan et al.
2012). Hoare et al. (2015) examined children’s general intel-
ligence, hand-eye coordination and motor speed, processing
speed, attention and concentration, working memory,
cognitive flexibility, visuospatial processing and visual
memory, semantic fluency, and inhibition. Children with
HIV performed significantly more poorly than children
without HIV on tests of general intelligence, visuospatial
processing, visual memory, and semantic fluency. It was also
reported that trends toward lower performance were observed
in relation to motor functioning, processing speed, executive
functioning, and cognitive flexibility. Only the correlations
between FA values in the corpus callosum and superior
longitudinal fasciculus and cognitive flexibility and semantic
fluency were significant. Nagarajan et al. (2012) assessed
three cognitive areas, including attention and processing
speed, psychomotor functioning, and executive functioning
and problem-solving skills. Children with HIV performed
more poorly than children without HIV on tasks of at-
tention and processing speed. None of the metabolite
ratios correlated with cognitive test scores in children
with HIV; however, a correlation was observed between
NAA/tCr and attention and processing speed scores for
children without HIV.
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Developmental/neurocognitive issues were also noted in
studies that did not compare children with HIV to children
in a control group. No statistically significant difference was
observed in general, locomotor, or language developmental
scores between children with HIV with white matter signal
abnormalities and those with HIV without signal abnormali-
ties (Ackermann et al. 2014). The number of white matter
lesions also did not correlate with developmental scores
(Ackermann et al. 2014). Additionally, Andronikou et al.
(2014) found that the thickness of the area of the corpus
callosum associated with motor functioning was significantly
correlated with general developmental scores, but no other
relations among general, locomotor, or language scores and
thicknesses of sections of the corpus callosum were observed.

Discussion

One aim of the present review was to better understand the
recent literature on imaging in pediatric HIV because of ad-
vancements in medications and changes to medication guide-
lines and recommendations. Only studies published during or
after 2012 were eligible for inclusion in this review in order to
extend the findings of a previous review (Hoare et al. 2014)
that primarily reviewed studies that had been conducted prior
to 2006. The findings of the present study indicate that, al-
though several publications have been made during this brief
time period, retrospective studies are being published using
data collected over large time periods, including time periods
before the updates to medications and ART guidelines.

HIV Treatment Effects

It is possible that the presence of ART during infancy and
early childhood, which is part of the recent changes to HIV
treatment guidelines, would influence the effect of the virus on
the child’s rapidly developing central nervous system as well
as the child’s immune response to the virus. Additionally, the
newer medication guidelines would lengthen the exposure to
potentially neurotoxic medications. Altogether, these factors
may result in neurological effects that are different from those
of children who were exposed to different medications and
who were treated for less time in accordance with earlier
ART guidelines.

A related issue is that many studies did not clearly indicate
when their data were collected. Compounding that problem is
the finding that many studies also did not provide much infor-
mation about the ART that the children in their samples were
receiving. This lack of information makes it difficult to ascer-
tain whether the findings of the studies are, in fact, relevant for
today’s population of children with HIV. More prospective
studies may be needed that give necessary attention to the
ART being prescribed to the children. In addition to needing

more current prospective studies with adequate descriptions of
ART, the research could also benefit from collecting and de-
scribing data related to medication adherence. Medication ad-
herence can be assessed in multiple ways, and the most ap-
propriate method for assessing adherence in a study may be
dependent on a variety of factors (see Chesney 2006). Al-
though Hoare et al. (2014) mentioned that guidelines changed
in 2008, they did not thoroughly address this issue in their
review, likely because the majority of studies reviewed were
published prior to the 2008 updates to WHO guidelines.

Another finding of the present review is that there are few
recent studies that have examined neurological differences
between children with HIV and children without HIV. Only
4 of the 11 studies included control groups. Future research
could benefit from additional studies including control groups
of non-infected children, including HIV-exposed children and
non-exposed/non-infected children. Comparing the neurolog-
ical findings of children with HIV to children without HIV but
from similar backgrounds may help scholars better disentan-
gle the neurological outcomes of HIV infection from those
related to less than optimal socioeconomic, health, and educa-
tional experiences. Hoare and colleagues also noted that most
studies they reviewed did not include control groups, so this
appears to be a persistent finding in this body of literature.

Neuroimaging and Neurocognitive Findings

White matter appears to be a greater focus of the current body
of literature on imaging in pediatric HIV than it was in the
studies reviewed by Hoare et al. (2014). The findings of the
present review indicate that various white matter problems
have been observed in children of nearly all age ranges, many
of whom were being prescribed HAART. The white matter
finding in the present group of studies generally concurs with
that of previous literature, as the review of Hoare et al. (2014)
also indicated that white matter issues were one of the most
commonly reported findings of research published prior to
2012. However, it is difficult to ascertain whether there are
differences in white matter findings between the current and
previous bodies of literature because of the limited number of
studies examining it prior to 2012 and because of the lack of
specificity in the summary of findings by Hoare et al. (2014).

Similar to the findings reported by Hoare et al. (2014),
findings are still mixed about cognitive problems as well as
the relation of cognitive functioning to neurological distur-
bances observed in pediatric populations with HIV. One study
in the present review found that overall cognitive development
as well as visuospatial processing, visual memory, and seman-
tic fluency were lower in children with HIV than in children
without HIV (Hoare et al. 2012). This study did not find sig-
nificant difficulties with motor functioning, processing speed,
executive functioning, and cognitive flexibility despite the fact
that these are some of the more commonly found cognitive
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difficulties associated with HIV (Wood et al. 2009). Yet, an-
other study included in this review (Nagarajan et al. 2012)
found significantly weaker scores in attention/processing
speed in children with HIV and children without HIV. The
lack of consensus in the small body of literature suggests that
it would be beneficial for future studies to routinely include
neuropsychological assessment as part of neuroimaging
studies to help identify brain-behavior relations associ-
ated with HIV.

Incorporating comprehensive neuropsychological assess-
ment batteries into neuroimaging studies is a good practice
and seems to be becoming more common. However, the
results of the present review indicated that studies using
cognitive assessment tended to assess only certain skills or
domains of cognitive functioning, such as executive
functioning and motor skills. Sherr et al. (2014) suggested in
their updated review that studies examining the cognitive and
developmental sequelae of HIV have become more compre-
hensive over time, including more measures and a greater
coverage of domains. However, this does not appear to be
the case for recent combinat ion neuro imaging-
neuropsychological studies attempting to establish brain-
behavior relations. It is therefore recommended that future
neuroimaging-neuropsychological studies should include
neuropsychological assessment in a way that best answers
the research question. That is, studies examining whole-
brain issues such as global atrophy may be best served by
providing participants with a comprehensive neuropsycholog-
ical battery assessing each neuropsychological domain. In
contrast, studies examining a specific brain structure may find
it beneficial to more deeply and thoroughly assess the range of
functions related to that structure. Finally, serial neuroimaging
and neuropsychological assessments may be helpful for
understanding how the neurological progression of the
disease, or lack thereof, affects functioning over time and
developmental periods.

Ecological Approach

Future research is needed to better understand the neurological
consequences of HIV as well as the links between the neuro-
logical sequelae and the behavioral functioning of children
with HIV, including the influence of treatment. Importantly,
children living with HIV in the present day may have access to
more effective medication earlier in life, as a result of changes
to ART guidelines and advancements in pharmacology. These
experiences may make these children different from children
with HIV from several years ago. There is a need for prospec-
tive studies involving children with HIV as well as typically
developing controls or children exposed to HIV. Perhaps the
most important finding of this review, however, may be the
need for an ecological approach to be used in future imaging
research in this area.

Ecological systems theory of Bronfenbrenner (1979) de-
scribes that there are four levels of environments that are in-
volved in the development of a person: the microsystem,
mesosystem, exosystem, and macrosystem. The microsystem
is the immediate environment around the person, including
the home, neighborhood, school, religious, and other settings,
and the individuals within those places. The mesosystem in-
cludes the interactions between microsystem settings. For ex-
ample, children who experience trauma in the home may be
oppositional in the classroom. The exosystem refers to set-
tings that the person is not actively involved in, but that influ-
ences the development of the person. Examples of exosystem
settings include community resources and mass media. Final-
ly, the macrosystem is the cultural context in which the person
develops and includes the belief systems, norms, and policies
that affect the individual.

Researchers have found that a range of family-, resource-,
and health-related variables may be influencing the
neurocognitive development of children. This explains why
several other reviews (Abubakar et al. 2008; Hoare et al. 2014;
Sherr et al. 2014) have made recommendations to take such
variables into consideration in future research on children with
HIV.We suggest, however, that it is not enough to assess some
of these variables at random, as has been done in the previous
body of imaging literature. Lack of a consistent research pro-
tocol is likely contributing to the mixed results obtained in
previous research and the difficulty with interpreting the eti-
ology of the neurological issues observed in children with
HIV (Hoare et al. 2014). It may also make it difficult to com-
pare studies completed in industrialized countries to those
completed in developing countries and vice versa. We recom-
mend using an ecological approach to conceptualize the chal-
lenges facing children and families with HIV and to use this
framework for selecting variables for inclusion in research
related to children with HIV. Doing so could provide a con-
sistent framework for future research that takes into account
the broad interactions of variables contributing to develop-
mental outcomes for children with HIV. It also would allow
for sufficient information to be collected and disseminated so
that accurate population-based comparisons can be made be-
tween studies conducted in industrialized and developed
countries.

An example of the ecological approach applied to children
with HIV follows. Children with HIV experience many indi-
vidual factors related to HIV that need to be taken into ac-
count. These may include viral load, immune system status,
and clinical stage, among others. Individual factors more dis-
tally or unrelated to HIV that influence neurocognitive devel-
opment that may need to be assessed may include exposure to
substances and secondary infections in utero, prematurity and
birth weight, and early experiences of trauma because these
are all variables known to influence brain development (Birk
Irner 2012; Hack et al. 2000; Teicher et al. 2003). It is not
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sufficient to assess just these variables, however, because
these children exist in multiple microsystems that also influ-
ence their development. Microsystem factors may include ed-
ucational experiences and caregiving issues (e.g., orphan-
hood, quality of caregiving). Research indicates that these
are important issues for children affected by HIV (Foster
and Williamson 2000). The interaction of variables within
the domains of the microsystem, representing the
mesosystem, may also need to be taken into account. Care-
givers of children with HIV may experience difficulties with
maintaining employment and accessing adequate health care
and nutrition (Williams et al. 2011). These represent
exosystem factors that would likely affect the development
of a child with HIV, which highlight the need for the inclusion
of variables related to socioeconomic status of the family and
nutritional and health status of the child. Finally, countries and
international organizations create policies related specifically
to the management of HIV (e.g., guidelines for ART). Such
macrosystem issues would be related to the development of
children with HIV and therefore highlight the need to assess
children’s ART regimens, ART duration, and ARTadherence.
Another important macrosystem issue affecting populations
with HIV may be the stigma toward HIV embedded within a
culture, which affects mental health status and medication
adherence (Byakika-Tusiime et al. 2009) and, therefore, may
need to be assessed in relation to its effect on children’s de-
velopment. In sum, an ecological approach may be useful for
thinking about factors affecting the neurocognitive develop-
ment of children with HIV. If used to conceptualize the
neurocognitive development of children with HIV, it could
result in consistent and comprehensive selection of variables
to be assessed in future imaging studies.

Because the studies published to date have not fully report-
ed on important ecological data, it is difficult to fully under-
stand the nature of the neurological implications of HIV. If
future studies were able to do so, we may better capture the
manipulable variables important to optimizing treatment and
outcomes for this vulnerable population. Adjustments could
be applied not only within children medically (e.g., HAART
treatment, nutrition) but also within families, communities,
and cultures, which bear an influence on the neural develop-
ment of children. We suggest that by adopting an ecological
model, our ability to recognize symptoms, predict outcomes,
and treat would be strengthened.

Conclusion

A small number of articles were available for review in the
present study. It remains difficult to determine the etiology of
neurological issues associated with pediatric HIV because of
the inconsistent and limited inclusion of important descriptive
variables in imaging studies. The findings suggest that

children with HIV at nearly all age ranges and on HAART
for prolonged periods of time may have white matter volume
loss (Donald et al. 2015; Sarma et al. 2014), poor white matter
integrity (Hoare et al. 2012), and white matter lesions
(Ackermann et al. 2014; Donald et al. 2015; Izbudak et al.
2013; van Arnhem et al. 2013). Other neurological problems
such as basal ganglia calcification and cortical atrophy appear
to be consistent in the research on pediatric HIV (Donald et al.
2015; Hoare et al. 2014; Izbudak et al. 2013; Mariam and
Assefa 2012). Future research that addresses the issues of
the existing studies is needed to better understand the chal-
lenges experienced by children with HIV, which will hopeful-
ly ultimately lead to better interventions. It is recommended
that an ecological approach be used to conceptualize the
neurocognitive development of children with HIV in future
imaging studies.
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