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Preface

This Current Topics in Behavioral Neurosciences volume presents the latest inter-
national research and scientific discoveries in the neurocognitive aspects and com-
plications of HIV.

By bringing together this scope and breadth of evidence base, we hope to further
inform our understanding of the neurocognitive complications of HIV infection; advance
clinical practice and patient care in HIV to reduce the social and health consequences of
HIV; and to enhance the overall wellbeing of all people living with HIV.

What’s Unique About This Volume

It represents the most comprehensive update of NeuroHIV research within the last
15 years. It was envisioned to review the leading, cutting-edge research in
HIV-associated neurocognitive impairments and consequences with implications
for putative neuropathogenesis. This volume was also designed to show the related
implications of this work for future research directions.

The book has four parts and a total of 18 chapters from leading NeuroHIV
scientists and clinicians from across the world. Together, their expertise covers
neurology; neuroscience; clinical HIV science and HIV treatments; immunology
and virology; infectious diseases; neuroimaging; public health; research and clinical
neuro/psychology; cross-cultural neuropsychology; psychiatry; cardiovascular
health; and geriatrics.

Unique to this volume the authors were asked to include a dedicated part at the
end of their chapters about the clinical implications and potential translational
aspects of their work, in addition to future research directions. In this final part,
the authors were encouraged to consider how the latest scientific evidence covered in
their chapter may have clinical practice relevance (for both patients and care
delivery). They were also asked to reflect on how this evidence may contribute to

vii
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and improve HIV-associated neurocognitive disorders (HAND) criteria, nosology,
and treatment implications.

We hope you find the work collected in here as enlightening as we did and that it
enriches your research and clinical practice.

The First Part

The first part covers research on the neuropathogenesis and biomarkers of
HIV-related neurocognitive complications.

Thomas A. Angelovich, Melissa J. Churchill, Edwina J. Wright, and
Bruce J. Brew

Thomas A. Angelovich and colleagues give an overview of the research into new
potential axes of HIV neuropathogenesis with relevance to biomarkers and treat-
ment. This chapter focuses on the neuropathogenesis of HAND in the context of
viral suppression and considers the role of neuroinflammation as central. It considers
it as driven by a combination of chronic intermittent low-level replication of whole
virus or viral components, latent HIV infection, and peripheral inflammation, pos-
sibly from a disturbed-gut microbiome or chronic cellular dysfunction in the central
nervous system.

Daniela Gomez, Christopher Power, and Esther Fujiwara

Daniela Gomez and colleagues focus on neurocognitive impairment and associated
genetic aspects of HIV infection. This chapter reviews primary host genomic changes
(immune-related genes, genes implicated in cognitive changes in primary neurode-
generative diseases), epigenetic mechanisms, and genetic interactions with ART
implicated in HIV progression or HAND/neurocognitive complications of HIV.

Nicole Fernandes and Lynn Pulliam

Nicole Fernandes and Lynn Pulliam explicate the inflammatory mechanisms and
cascades contributing to neurocognitive impairment. This chapter discusses the role
of HIV, viral proteins, and virally infected cells on the development of
neuroinflammation, as well as the effect of viral proteins on the cells of the central
nervous system. The authors comprehensively examine how biological and behav-
ioral factors result in an inflammatory context that triggers the development of
neurocognitive impairment in HIV, including the contributions of antiretrovirals
and drugs of abuse (methamphetamine, cannabis, and opioids), circulating bio-
markers, NF-L, sCD163, sCD14, exosomes, and the microbiome.

Talia M. Nir, Elizabeth Haddad, Paul M. Thompson, and Neda Jahanshad

This first part finishes with a chapter on the neuroimaging advances in the diagnosis
and differentiation of HIV, comorbidities, and aging, by Neda Jahanshad and
colleagues. This chapter summarizes over two decades of NeuroHIV research
evaluating brain volumetric differences and their correlations in adults living
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with HIV. The authors highlight brain mapping technologies that go beyond under-
standing morphometric patterns and delve into brain circuitry, including functional
brain mapping and brain microstructure quantification. They discuss the role of
neuroimaging in determining aging processes and the effects of interacting
comorbidities on brain structure and functions. In doing so, they also highlight
how infection may contribute to the risk for late-onset dementias. Finally, the authors
describe how new neuroimaging and analytic (artificial intelligence) technologies
and large-scale international collaborations may help disentangle the effect of
genetic and environmental risk factors on brain aging and disease and could
ultimately contribute to better clinical outcomes for people living with HIV.

The Second Part

The second major part opens with questions of incidence, prevalence, and contexts
in the research on neurocognitive impairments in low- and high-income countries. It
critically includes research on children with HIV and on women with HIV, as well as
issues relevant to cross-cultural neuropsychology in HIV research and clinical
practice. The part also covers innovative research methods for deep phenotyping
(e.g., machine learning) and statistics for the assessment of individual
neurocognitive trajectories.

Sarah Benki-Nugent and Michael J. Boivin

The first chapter of this part by Sarah Benki-Nugent and Michael J. Boivin covers
the latest regarding the neurocognitive complications in pediatric HIV infections.
The authors review the biological mechanisms and complex interaction with envi-
ronmental factors, associated with cognitive impairment of learning difficulties in
HIV-infected children receiving antiretroviral treatment.

The authors also discuss the role of multipronged approaches that encompass
both  pharmacological and psychosocial approaches, for optimizing
neurodevelopmental outcomes in children living with HIV infection. They present
evidence for the use of innovative neuropsychological testing methods and
neuroinflammatory biomarkers, in addition to brain development neuroprotective
factors (BDNFs), to evaluate the brain/behavior integrity of children in response to
new treatment options.

Leah H. Rubin and Pauline M. Maki
The next chapter by Leah H. Rubin and Pauline M. Maki in this part is dedicated to
neurocognitive complications of HIV infection in women, with insights from the
Women'’s Interagency HIV Study (WIHS), the largest study of the natural and treated
history of women living with HIV. The authors provide evidence that women living
with HIV are more cognitively vulnerable than men living with HIV and that there
are key differences in the pattern of cognitive impairment, which also need more
attention.

They discuss the factors that contribute to these differences, including biological
factors (e.g., inflammation, hormonal, genetic) as well as common comorbidities
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(mental health; substance use; vascular and metabolic risk factors; coinfections and
liver function; non-antiretroviral medications; and genetic markers). The authors
emphasize the importance of considering “sex” as a biological factor in studies of
cognitive dysfunction and suggest avenues for future research.

Monica G. Rivera Mindt, Desiree A. Byrd, Emily P. Morris, Kayla Tureson,
Vanessa Guzman, Angela C. Summers, Cara Crook, Micah J. Savin, and Maral
Aghvinian

The following chapter by Monica G. Rivera Mindt and colleagues in the part gives
an in-depth review of cultural neuropsychology considerations in the diagnosis of
HAND. The authors review the evidence of how HIV can be viewed through a lens
of health disparities, specifically those that can affect culturally and linguistically
diverse (CALD) and underrepresented minority populations to a greater degree than
non-Hispanic white populations. They delineate how CALD populations can expe-
rience worse HIV-related neurological and health outcomes, which can be exacer-
bated by inadequate neurocognitive measures, poor normative samples, and the
complex interplay of sociocultural factors that may affect test interpretation.

The authors provide a careful explication of how the most well-studied CALD
groups in NeuroHIV research are of African American/Black and Latinx adults in
the USA (including when it comes to the provision of appropriate normative
neuropsychological data about their HIV-negative counterparts). The authors also
discuss and emphasize that there is a lack of research in CALD populations outside
of the USA, despite their disproportionate HIV burden (e.g., First Peoples of
Australia and Indigenous and First Nations People of Canada; migrant populations
in Europe; and large multi-cultural populations in South America, Caribbean coun-
tries, parts of Asia and Africa). They examine and describe a range of sociocultural
and health factors, including global and regional (e.g., rural versus urban) consider-
ations, migration, and gender. The authors conclude by providing guidelines, with
international relevance, on how to incorporate sociocultural consideration into the
assessment and interpretation of neurocognitive data and HAND diagnosis when
working with HIV-positive CALD populations.

Robert Paul, Paola Garcia-Egan, Jacob Bolzenius, Rebecca Preston-Campbell,
and Julie Mannarino

Robert Paul and colleagues illustrate that while HIV-infected individuals residing in
high-income countries are positioned to benefit from having access to antiretroviral
therapy — and a lower burden of HIV disease mortality and morbidity, including
fewer neurocognitive complications — these advantages are not universal for all
residents of high-income countries.

The authors discuss that the growing population of HIV-infected individuals who
are now reaching advanced age in high-income countries represents a new dimen-
sional risk for the persistence and development of incident neurocognitive compli-
cations among individuals receiving suppressive ART. Within this context, the
authors outline the diverse and highly dimensional nature of risk factors for
neurocognitive complications of HIV, described in recent studies conducted in
high-income countries. They propose how innovative data science methods may
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help to advance the existing conceptual framework of HAND and catalyze the
development and implementation of much-needed neurocognitive interventions to
achieve global HIV treatment and eradication efforts.

Alyssa Vecchio, Ned Sacktor, Deanna Saylor, and Kevin Robertson

Alyssa Vecchio and colleagues in their chapter highlight the paucity of information
on neurocognitive dysfunction in individuals with HIV in resource-limited regions,
despite these areas having the greatest burden of infection. The authors show that
HAND is a major cause of morbidity of people living with HIV and is estimated to
be the most prevalent form of neurocognitive impairment worldwide in young
adults. The authors further illustrate how this finding has drastic implications for
the productivity and social engagement of young adults in the development of
industry, education, and healthcare — which is particularly relevant in low-income
countries. The authors end by providing insights and critical knowledge on how to
build an infrastructure for neurocognitive testing in resource-limited setting.

Lucette A. Cysique, Kaitlin B. Casaletto, and Robert K. Heaton

This part concludes with a chapter by Cysique and colleagues on the issues of
reliably measuring cognitive change in the era of chronic HIV infection and chronic
HAND. After providing a rationale for the importance of longitudinal studies in the
understanding of HIV-related neurocognitive complications, Cysique et al. present
several statistical frameworks to quantify cognitive change. The authors provide a
critical review of naturalistic longitudinal studies and select randomized clinical
trials, conducted since the advent of the combined antiretroviral therapy era, that
assessed neurocognitive change as a primary outcome in people living with HIV. In
doing so they discuss how specific study design and statistical factors impacted the
studies’ findings.

The authors conclude by emphasizing the need for longitudinal studies to include
more diverse sets of people living with HIV from high HIV burden countries, and
how a longitudinal study framework would improve the current criteria for HAND
diagnosis as well as the clinical management of HAND.

The Third Part

The third part focuses on the comorbidities and complications associated
with HAND.

Julian Falutz, Susan Kirkland, and Giovanni Guaraldi

Julian Falutz and colleagues delineate the scope and questions of geriatric syn-
dromes in HIV: aging and increasing comorbidities, and their implications for the
neurocognitive complications of HIV infection. After reviewing the epidemiology of
the aging HIV epidemic, the authors review evidence for premature and accelerated
aging as well as the multifactorial etiology of this process. In doing so, the authors
address the question of whether common geriatric syndromes in people living with
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HIV contribute to cognitive impairment, and whether common risk factors may
provide clues to limiting or delaying cognitive decline.

Victoria M. Kordovski, Savanna M. Tierney, and Steven Paul Woods

The following chapter, by Victoria M. Kordovski and colleagues, provides a com-
prehensive review of questions of conceptualizing and assessing everyday function-
ing in the context of HAND.

The authors highlight that although impairments in everyday functioning are a
hallmark of HAND diagnoses and can adversely influence quality of life, there are
no gold standard measures of this fundamentally important and complex construct.
The authors provide a review of the various self-reported, clinician-rated, and
performance-based methods by which everyday functioning is measured in the
setting of HIV disease. This includes global activities of daily living and the specific
domains of medication adherence, financial management, automobile driving, and
vocational functioning. The authors conclude on novel methods to potentially
improve the HAND diagnostic criteria.

Jose A. Muiioz-Moreno, Lucette A. Cysique, and Sean B. Rourke

Jose Mufioz-Moreno and colleagues provide an up-to-date overview of the research
into the neuropsychiatric disorders and cognitive symptoms associated with the
neurocognitive complications of HIV infection. The chapter briefly reviews epide-
miological data for major depressive disorders, anxiety disorders, and apathy in
people living with HIV. Then, the authors review research into the connections
between a range of neuropsychiatric disorders, including depressive and anxiety
disorders — but also emotional dysregulations (apathy, alexithymia, and emotional
processing impairment), which are distinguishable from depression and anxiety.

In doing so, they also include research into the evaluation and interpretation of
cognitive symptoms. The authors review research regarding the roles of coping
skills, perceived stress, and response to stressful life events in contributing to
neurocognitive impairment in people living with HIV. Non-pharmacological inter-
ventions are then briefly reviewed. The authors conclude with recommendations on
how to best consider neuropsychiatric disorders and cognitive symptoms for the
diagnosis of HAND, as well as future research directions.

Antoine Moulignier and Dominique Costagliola

Antoine Moulignier and Dominique Costagliola address the evidence about the
questions of metabolic syndrome and cardiovascular diseases, and their impacts on
the pathophysiology and phenotype of HAND. To evaluate the brain-aging pro-
cesses and vascular brain injury, the authors highlight the correspondence observed
between the findings about a range of cardiovascular diseases and metabolic syn-
drome in the general population and virus-suppressed cART-treated people living
with HIV. The authors conclude with the inconsistent findings in the relevant
literature and discuss how inconsistent definitions of neurocognitive impairment in
people living with HIV may have contributed to this effect. The authors also provide
evidence to emphasize that, given the growing evidence that cardiovascular diseases
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and metabolic syndrome are associated with HAND, it is crucial to improve early
detection and ensure appropriate management of these conditions.

Sindhura Kompella, Thabit Al-Khateeb, Ossama Abid Riaz, Sylvester Olubolu
Orimaye, Patrick Olumuyiwa Sodeke, Adeola Olubukola Awujoola, Joseph
Ikekwere, and Karl Goodkin

The last chapter of this part, by Sindhura Kompella and colleagues, provides a
review on HAND and the relative risk factors for dementia risk. The authors review
a comprehensive set of factors and processes, including neurodegeneration and type
of dementia; non-modifiable factors (aging, genetics, ethnicity, and gender); modi-
fiable factors (cardiovascular health, depressive and substance use disorders, educa-
tion, and socio-economic status); and specific risk factors for HAND (ART
neurotoxicity, HIV effects, neuropathological findings).

The authors also include a part on animal models of dementia with relevance to
HAND. They review a range of biomarkers which may help to detect all-type
dementia risk in aging people living with HIV. In addition, they further include
specific research from fronto-temporal dementia and dementia with Lewy body
disease. The authors conclude by presenting some of the most promising interven-
tional research in dementia risk reduction.

The Fourth Part

The fourth and last part focuses on screening, interventions, and the clinical man-
agement of HIV-related neurocognitive complications.

Reuben N. Robbins, Travis M. Scott, Hetta Gouse, Thomas D. Marcotte,
and Sean B. Rourke

This part opens with a chapter by Reuben N. Robbins and colleagues on screening
for HAND and issues of sensitivity and specificity. After reviewing issues of needs
versus practice in screening for HAND, the authors provide a comprehensive review
of the NeuroHIV research into cognitive screenings. The authors report on the
strengths, limitations, and psychometric properties of the currently available screen-
ing tests. They then examine issues of the screens’ application to low- and middle-
income countries. Their future directions part highlights the most innovative screen-
ing tools and their potential.

Jessica L. Montoya, Brook Henry, and David J. Moore

The next chapter by Jessica L. Montoya and colleagues of this part summarizes the
latest evidence and reviews the behavioral and physical activity interventions for
HAND. The authors provide an in-depth review of the research and development
work that has gone into behavioral interventions for HAND, including physical
activity, diet, sleep, and promotion of ART adherence. The authors conclude on
strategies to best implement this research.
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David E. Vance, Pariya L. Fazeli, John Cheatwood, Chance Nicholson, Shan-
non Morrison, and Linda D. Moneyham

David E. Vance and colleagues then provide a comprehensive review on the
questions of cognitive training strategies for HIV-related neurocognitive impair-
ments, complete with insights from the cognitive aging literature. The authors give
the scientific context in which computerized cognitive training approaches have
been successfully used in older adults and provide examples of how these
approaches have been, and could be better, translated to adults with HIV. The
authors also provide evidence from ongoing clinical trials that suggest reversing
HAND may be possible. The authors conclude by providing recommendations for
both clinical and research practice.

Shih-Ping Lin, Andrea Calcagno, Scott L. Letendre, and Qing Ma

The last part, and the book volume by Shih-Ping Lin and colleagues, finishes with an
up-to-date and detailed review of the clinical treatment options and randomized
clinical trials for neurocognitive complications of HIV infection. This review, covers
combination antiretroviral therapy, central nervous system penetration effectiveness,
and adjuvants.

Our Sincerest Thanks

In closing, we sincerely thank all of the authors for their exceptional contributions to
the field of NeuroHIV research and particularly for their contributions to this series.
We are also thankful to the Springer editorial team, who have given us immense
support throughout the development of the series.

We ardently hope that scientists and clinicians alike will find the scope of this
volume to be a clear and compelling summary of the latest scientific evidence;
evidence that will support, inform — and even improve — care, support, and practice
for HAND.

Editor’s/author’s note: This series was started before the emergence of the
COVID-19 pandemic and so this topic was not covered. However, we recognize
that it will be very important to consider and explore the potential impact of COVID-
19 for people living with HIV, especially for those who are aging with comorbidities.

Sydney, NSW, Australia Lucette A. Cysique
Toronto, ON, Canada Sean B. Rourke
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Abstract Human immunodeficiency virus (HIV)-associated neurocognitive disor-
ders (HAND) affect approximately half of people living with HIV despite viral
suppression with antiretroviral therapies and represent a major cause of morbidity.
HAND affects activities of daily living including driving, using the Internet and,
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importantly, maintaining drug adherence. Whilst viral suppression with antiretroviral
therapies (ART) has reduced the incidence of severe dementia, mild neurocognitive
impairments continue to remain prevalent. The neuropathogenesis of HAND in the
context of viral suppression remains ill-defined, but underlying neuroinflammation is
likely central and driven by a combination of chronic intermittent low-level replication
of whole virus or viral components, latent HIV infection, peripheral inflammation
possibly from a disturbed gut microbiome or chronic cellular dysfunction in the
central nervous system. HAND is optimally diagnosed by clinical assessment with
imaging and neuropsychological testing, which can be difficult to perform in resource-
limited settings. Thus, the identification of biomarkers of disease is a key focus of the
field. In this chapter, recent advances in the pathogenesis of HAND and biomarkers
that may aid its diagnosis and treatment will be discussed.

Keywords Biomarkers - Human immunodeficiency virus - Inflammation -
Neurocognitive disorders

1 Introduction

Despite viral suppression with antiretroviral therapy (ART), no cure for HIV exists,
and comorbid disease now represents the major challenge for people living with HIV
(PLWH). HIV-associated neurocognitive disorders (HAND) affect approximately

M. J. Churchill
Chronic Infectious and Inflammatory Diseases Research, School of Health and Biomedical
Sciences, RMIT University, Melbourne, VIC, Australia

Life Sciences Discipline, Burnet Institute, Melbourne, VIC, Australia

Department of Microbiology and Immunology, Monash University, Melbourne, VIC, Australia
e-mail: melissa.churchill @rmit.edu.au

E. J. Wright
Burnet Institute, Melbourne, VIC, Australia

Department of Infectious Diseases, Alfred Hospital and Central Clinical School, Monash
University, Melbourne, Victoria, Australia

The Peter Doherty Institute for Infection and Immunity, Melbourne, VIC, Australia
e-mail: edwina.wright@monash.edu

B. J. Brew
Applied Neurosciences Program, Peter Duncan Neurosciences Research Unit, St. Vincent’s
Centre for Applied Medical Research, Sydney, NSW, Australia

Faculty of Medicine, St. Vincent’s Clinical School, University of New South Wales, Sydney,
NSW, Australia

Departments of Neurology and Immunology, St. Vincent’s Hospital, Sydney, NSW, Australia
e-mail: b.brew @unsw.edu.au


mailto:melissa.churchill@rmit.edu.au
mailto:edwina.wright@monash.edu
mailto:b.brew@unsw.edu.au

New Potential Axes of HIV Neuropathogenesis with Relevance to Biomarkers and. . . 5

18-69% (variability related to characteristics of study population with differing risk
factors) of PLWH despite viral suppression with ART (Heaton et al. 2010; Simioni
et al. 2010; Sacktor et al. 2016; dos Santos-Silva et al. 2017; Robertson et al. 2007,
Cysique and Brew 2011) and are independent risk factors of mortality (Ellis et al.
1997; Tambussi et al. 2000). HAND in the context of virally suppressive ART
mainly impairs cognitive function, although mild motor and behavioural deficits are
still common. HAND induces brain injury including total and regional brain volume
reduction (Cardenas et al. 2009; Kiiper et al. 2011) as well as neurodegeneration at
least in its broadest sense (Boban et al. 2017). However, the complete neuropatho-
logical characterisation of HAND with viral suppression is still evolving (Gelman
2015). Thus, HAND may dramatically affect a person’s ability to function and live
independently. Typical examples include impacting a person’s ability to drive and
use the Internet which may result in social withdrawal and relationship breakdowns
(Woods et al. 2017). Furthermore, there is strong evidence to suggest that individ-
uals with HAND are more prone to poor medication adherence (Hinkin et al. 2002;
Kamal et al. 2017) which may cause antiviral drug resistance and HIV disease
progression. Together with cardiovascular disease and non-AIDS-cancers, HAND
represent the major burden that continue to affect virally suppressed PLWH.

HAND is subdivided into three categories (by increasing cognitive and functional
severity): (1) asymptomatic neurocognitive impairment (ANI), (2) mild neuro-
cognitive disorders (MND) and (3) HIV-associated dementia (HAD) (Antinori
et al. 2007). Effective viral suppression with current ART regimens has reduced
the incidence of HAD (once a major cause of HIV-associated mortality) from ~20%
to 2-4% of PLWH (Heaton et al. 2010). However, the incidence of ANI and MND
remains high in virologically suppressed individuals resulting in impairments that
can predominantly affect learning and/or memory functions and complex attention
(Heaton et al. 2010, 2011; Robertson et al. 2004; Harezlak et al. 2011; Cysique et al.
2004). Furthermore, the presence of ANI has also been linked to a twofold to sixfold
increased risk of earlier development and more rapid onset of symptomatic HAND
(Grant et al. 2014), highlighting the potential progressive nature of the disease. Thus,
HAND is a significant health, social and financial burden affecting PLWH
worldwide.

Traditionally, the pathogenesis of HAND, especially HAD, has been strongly
associated with HIV viremia (i.e. low nadir CD4™ T cell count; high plasma and/or
CSF viral load). However, HAND in the context of virally suppressive ART is likely
related to other factors such as low-level viral replication of whole virus or viral
components, epigenetic changes and even systemic inflammation driven by gastro-
intestinal dysfunction, factors which may present greater prognostic/diagnostic value
in this era of suppressive ART. Furthermore, HAND does not affect all PLWH,
indicating that some individuals are, for as yet undefined reasons, more susceptible
to disease possibly implying that host cell factors may also play a role in disease
pathogenesis. Here, we assess the potential mechanisms driving the pathogenesis of
HAND in chronically HIV-infected virally suppressed individuals and how they
may be targeted to improve health outcomes for people living with HIV (Fig. 1).
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2 HAND Prevalence, Diagnosis, Prognosis and Treatment

HAND is diagnosed by clinical neurological assessment with neuropsychological
examination followed by radiology such as magnetic resonance imaging of the brain
and CSF analysis. Since 2007 the ‘Frascati’ criteria — a consensus proposed by the
National Institute of Mental Health and the National Institute of Neurological
Diseases and Stroke (Antinori et al. 2007) — have been used to assess individuals’
neurocognitive capabilities, by scoring their (1) motor skills, (2) sensory-perceptual
capacity, (3) speed of information processing, (4) memory (learning and recall),
(5) abstraction and executive function, (6) attention and working memory, (7) verbal
and language skills and (8) whether individuals need assistance with daily living
(Antinori et al. 2007), with impairments in two or more cognitive areas indicative of
disease. Scores are compared to the mean scores of age- and education-matched
neurologically unimpaired individuals, and diagnosis is made as below:

HAD Similar to dementia in HIV-uninfected individuals, HAD causes significant
deficits in cognitive function and is the most severe form of HAND (Antinori et al.
2007; Vivithanaporn et al. 2010; Tozzi et al. 2005). As such, affected individuals
have neurological impairments reflected of at least two standard deviations below
those of neurologically unimpaired individuals in at least two cognitive domains,
and they show mark decline in everyday function. Although the incidence of HAD
has reduced globally (Heaton et al. 2010), HAD remains a significant burden in
regions where access to efficacious ART is limited or non-existent with a 31-38%
incidence rate (Wong et al. 2007; Lawler et al. 2010). Notably, HAD diagnosis is an
independent predicator of mortality in individuals with advanced HIV/AIDS
(Sevigny et al. 2007).

MND MND affects ~11.7% of virally suppressed PLWH receiving ART (Heaton
et al. 2010) and interferes with daily functioning mildly to moderately. It requires
acquired impairment of at least one standard deviation below that of matched
neurologically unimpaired individuals in two cognitive domains (Antinori et al.
2007). Typically, cognitive impairments associated with MND are detected by either
self-reporting or observation by close relations. Impairments may present as mild
interference in mental acuity; absenteeism; issues regarding relationships and social
functioning; and/or poor adherence to ART, for which some individuals may require
professional assistance (Hinkin et al. 2002).

ANI ANI is the most recent subcategory of HAND (Antinori et al. 2007) and has
been estimated to affect ~32.7% of PLWH despite viral suppression, representing
~70% of HAND cases (Heaton et al. 2010). Similar to the diagnosis of MND,
individuals with ANI exhibit acquired impairment of at least one standard deviation
below those of neurologically unimpaired individuals in two cognitive domains
(Antinori et al. 2007). However, unlike individuals with MND, those with ANI do
not exhibit interference with everyday living (Antinori et al. 2007). As such, ANI
remains difficult to diagnose, and the clinical implications of ANI remain unclear
and controversial (Torti et al. 2011; Nightingale et al. 2014). For example, some
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suggest that due to the asymptomatic nature of ANI, the ‘diagnosis’ of ANI may be a
result of suboptimal performance in neurocognitive tests due to subjects being ‘tired’
or ‘distracted’ (Levine et al. 2017) and impart an unnecessary categorisation that
could incur a degree of stigmatism (Chiao et al. 2013).

Conversely, growing evidence suggests that individuals with ANI are prone to
disease progression with a twofold to sixfold increased risk of earlier development of
symptomatic HAND (Grant et al. 2014), highlighting the importance of early
identification affected individuals. These findings are supported by large longitudi-
nal clinical studies describing disease progression including in patients with ANI
(Sacktor et al. 2016; Gott et al. 2017; Heaton et al. 2015). Results from the CNS HIV
Antiretroviral Therapy Effects Research (CHARTER) cohort found that 22.7% of
participants (436 individuals in total) declined whilst 60.8% remained stable (Heaton
et al. 2015). Similarly, the Multicentre AIDS Cohort Study (MACS) showed that
whilst the majority of individuals (77%) remained neurocognitively stable, 13%
deteriorated to a more severe form of HAND and 10% improved (Sacktor et al.
2016). Further, our recent data have shown that ANI has a biological underpinning
of focal frontal brain atrophy, thereby validating its importance (Nichols et al. 2019).
Despite these findings, the direct pathogenic mechanisms driving disease progres-
sion remain unclear.

2.1 Treatment

One of the early issues with HIV antiretroviral therapies was the variable and often
poor ability of drugs to cross the blood-brain barrier (BBB) and target virus in the
CNS. Treatment with antiretrovirals with the capacity to penetrate the CNS well
(including abacavir, lamivudine, maraviroc, nevirapine, darunavir, lopinavir,
dolutegravir and possibly other integrase inhibitors) is associated with improved
neurocognitive functions (Cysique et al. 2009) and increased suppression of CSF
HIV RNA in comparison to treatment with other drugs with poorer CNS penetrance
scores (Carvalhal et al. 2016). However, some evidence suggests that standard
ART regimens in some patients are sufficient (Lanoy et al. 2011; Ellis et al. 2014),
possibly because there is already BBB impairment which allows drug access to the
brain. Definitive results from randomised controlled trials have been hampered by
under-recruitment, unexpected drug resistance, confounds and underappreciated
delayed time to maximum efficacy of pre-trial entry therapies (sometimes up to
6—12 months) (Ellis et al. 2014). Current guidelines recommend the immediate
initiation of therapy following the diagnosis of HIV (Panel on Antiretroviral Guide-
lines for Adults and Adolescents). Nonetheless, recent results from the START
neurology sub-study have shown no neurocognitive advantage of immediate vs
delayed initiation of therapy in individuals with CD4* T cell counts >500 cells/pL
(Wright et al. 2018). Novel therapeutic strategies, regimens and limitations are
further discussed later in this chapter.
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3 Risk Factors of HAND

HAND is influenced by many risk factors including current and nadir CD4" T cell
count, duration of HIV disease, age, co-infection, other comorbidities, notable
diabetes and substance use (Saylor et al. 2016). Although viral suppression with
ART has improved the life expectancy of PLWH to almost that of uninfected
individuals (Trickey et al. 2017), chronic HIV-infection presents its own issues as
age is an independent risk factor for HAND and chronic HIV infection is
hypothesised to induce ‘premature ageing’ as people living with HIV exhibit higher
risk and possibly earlier onset of age-related disease than uninfected individuals.
Whether the mechanisms underlying the ‘premature ageing’ phenomenon reflect
true ‘accelerated ageing’ (i.e. earlier onset and/or faster progression of disease) or
‘accentuated ageing’ (i.e. heightened severity of disease with same time of onset) is
unclear, but work assessing onset/severity of neurocognitive disorders in people
living with HIV supports a combination of both scenarios (Sheppard et al. 2017).
Older PLWH (>50 years) are 3.26 times more likely to develop HAD than younger
PLWH (<40 years) (Valcour et al. 2004) and show more rapid rates of progressive
atrophy despite therapy, particularly in subcortical regions, than age-matched indi-
viduals (Clifford et al. 2017; Pfefferbaum et al. 2014; Nir et al. 2019). Older PLWH
also show deficits in episodic memory and motor function relative to age-matched
HIV-uninfected individuals (Goodkin et al. 2017), and functional brain changes in
blood flow and brain age appear similar to those observed in ~15-20 year older
HIV-uninfected individuals as measured by functional MRI (Ances et al. 2010).
Furthermore, recent findings from a longitudinal study assessing 549 people living
with HIV for up to 14 years have shown that these individuals exhibit accelerated
age-related decline in brain volume, especially in the frontal cortex as measured by
MRI (Pfefferbaum et al. 2014, 2018). Importantly, whilst these age-related changes
were accentuated in individuals with a history of substance abuse and/or HCV
co-infection, they persist even in individuals without these cofounders (Pfefferbaum
et al. 2014, 2018).

The discrete mechanisms driving accelerated/accentuated age-related changes are
unknown, but persistent inflammation and immune activation are at higher levels
than the ageing process alone can explain (Angelovich et al. 2015). Specifically,
measures of glial activation, neurotransmitters and ketone bodies in the CSF of
PLWH mimic levels observed in older HIV-uninfected individuals and also corre-
lated with age and adverse neurocognitive scores (Cassol et al. 2014). Recently, CSF
levels of galectin-9, an immune modulatory protein linked to HIV persistence, was
also found to be higher in virally suppressed individuals (Premeaux et al. 2019).
However, levels were only indicative of neurocognitive impairment in older indi-
viduals, but not younger individuals. Furthermore, structural neuroimaging analyses
by MRI suggests that virally suppressed PLWH experience accentuated brain
atrophy, indicative of age-related changes, in comparison to HIV-uninfected con-
trols (Cole et al. 2017). Epigenetic changes have also been implicated as the ‘brain
age’ of PLWH with HAND, estimated by the epigenetic clock using DNA
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methylation analysis, appears 3.5 years older than individuals without HAND
(Levine et al. 2016). Circulating HIV DNA in PBMCs also correlates with
neurocognitive impairment, namely, in executive function, in older PLWH despite
viral suppression (de Oliveira et al. 2015), also suggesting the role of HIV reservoirs
in disease pathogenesis.

It is of note that whilst the extended duration of HIV infection is known to
influence the pathogenesis of HAND, the median age of HIV infection may also
influence neurocognitive disease prognosis. In 2016 over 17% of new HIV notifi-
cations in the USA were from individuals older than 50 years of age (Centers for
Disease Control and Prevention 2017). This is problematic as older individuals tend
to present with more advanced clinical disease as they are not routinely tested for
HIV despite exhibiting some similar risk factors as younger persons such as multiple
sexual partners (Asher et al. 2016). Furthermore, the dynamics of disease pathogen-
esis, and the use of biomarkers used to identify disease, may also change with
age-related risk factors. Specifically, in a study by Fogel and colleagues, lipid
dysfunction was found to be more highly associated with HAND in older PLWH,
whilst methamphetamine use was more strongly associated with HAND in younger
people (Fogel et al. 2015). Thus, chronological age, duration of infection and age of
infection are significant confounders in HAND pathogenesis and may influence the
efficacy of prognostic biomarkers of disease.

HAND is often associated with several comorbidities as HIV disease progresses
(Guaraldi et al. 2011). As such, cardiovascular disease with risk factors such as
hypercholesterolemia and hypertension is associated with neurocognitive impair-
ment in virally suppressed PLWH (Wright et al. 2010). HAND has also been
associated with dyslipidaemia in the CSF (Bandaru et al. 2013) as well as glomerular
filtration rate, an indicator of both kidney function and CVD (Yuen et al. 2017).
Non-HAND neurocognitive diseases such as Alzheimer’s disease (AD) may also
confound HAND diagnosis. Until recently it was controversial whether PLWH have
a propensity to develop AD. Beta-amyloid, characteristic of AD, has been found in
brain tissue of PLWH (Green et al. 2005), and phosphorylated tau has been found in
the CSF and plasma of PLWH and was associated with HAND (Brew et al. 2005),
however, not in all cases (Krut et al. 2017; Clifford et al. 2009). PET scans have
provided the first conclusive evidence of beta-amyloid accumulation in the CNS of a
HIV-infected individual (Turner et al. 2016), suggesting the possible co-presence of
HAND and/or AD. Thus, delineating HAND from AD, and more importantly
treating appropriately, is of the utmost importance. Whilst PLWH appear at
increased risk of Parkinson’s disease (Tisch and Brew 2009, 2010), the issue remains
controversial and requires further study (Moulignier et al. 2015). It seems likely that
the increased risk only pertains to those who already have HIV brain involvement as
the mechanism is probably a ‘double hit’ to the basal ganglia and dopaminergic
pathways both of which are also targets for HIV.

Host gene factors pose a risk to developing HAND with several immune-related
genotypes associated with higher risk including CCR5-wt/wt (Singh et al. 2003),
195ApoE €4, MBL2-O/O (Spector et al. 2010) and CCL2-2578G (Thames et al.
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2015), although these genotypes do not encompass all individuals with HAND.
Co-infection also contributes to HAND pathology. Cytomegalovirus (CMV) is a
common co-infection in people living with HIV, and anti-CMV IgG levels have
recently been linked with neurocognitive impairment in PLWH (Brunt et al. 2016;
Letendre et al. 2018). Hepatitis C virus co-infection also confers ~twofold increased
risk of cognitive impairment than HIV-infection alone (Ciccarelli et al. 2013).

4 HAND Pathophysiology
4.1 Natural HIV Infection of the CNS

HIV probably infects the CNS via a ‘Trojan horse’-like mechanism, whereby
HIV-infected peripheral blood monocytes, particularly the CD14*CD16" subset
(Veenstra et al. 2017; Ellery et al. 2007), and T cells cross the BBB (Fischer-
Smith et al. 2001; Honeycutt et al. 2018) (Fig. 1). Current thinking considers that
BBB damage is a result of CNS infection though the reverse may be true to an
extent — that is, systemic infection may also directly damage the BBB. During acute
infection, HIV-1 RNA is detected in human CSF as early as 8 days postinfection
(Valcour et al. 2012) and probably continues throughout natural infection in
response to chemokines produced by microglia and astrocytes, as seen in individuals
diagnosed with HAD (Persidsky et al. 1999). Furthermore, monocyte DNA content
in untreated individuals is associated with progressive stages of HAND (Valcour
et al. 2013). As such, recruitment of HIV-infected monocytes from sites such as the
bone marrow to the CNS is thought to be a major contributor to CNS infection and
neurological impairment (Burdo et al. 2010; Strickland et al. 2014).

Following transmigration to the CNS, monocytes mature into perivascular mac-
rophages, which may (1) sustain HIV replication and mediate infection of surround-
ing cells, such as CD4-expressing macrophage and microglia (Fischer-Smith et al.
2001; Thompson et al. 2011; Burdo et al. 2013a; Kim et al. 2006), and (2) harbour
latent HIV reservoirs (Thompson et al. 2011). We and others have shown that up to
19% of astrocytes, which express little to no CD4, are infected with HIV in
individuals with HAD (Churchill et al. 2009), can latently harbour HIV and may
mediate trans-infection HIV to CD4™ T cells (Gray et al. 2014). A recent report also
suggests that pericytes forming the BBB may also be a site of HIV infection (Cho
et al. 2019). Although HIV-infected CD4* T cells and cell-free virus also enter the
CNS, likely due to breakdown of the tight junctions forming the BBB (Strazza et al.
2011), macrophage-driven viral replication is thought to be the primary source of
HIV replication in the CNS of patients at least those with severe HAND (Schnell
et al. 2009).

Following CNS infection, HIV viral proteins, such as nef, vpr, gp120 and, in
particular, extracellular tat (Bagashev and Sawaya 2013), activate surrounding
macrophages, microglia and astrocytes to release cytokines and chemokines that
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drive localised neuroinflammation (Shah et al. 2011a, b; Shah and Kumar 2010;
Sami Saribas et al. 2017); the effects of which target multiple sites in the CNS.
Firstly, cytokines and chemokines can activate and actively damage the BBB,
resulting in enhanced permeability and monocyte recruitment (driven by MCP-1
and CCL2 (Conant et al. 1998)), particularly of CD14"CD16* monocytes (Williams
et al. 2013). Secondly, cellular activation can act to enhance HIV replication
(osteopontin, TNF and CXCL-10 (Brown et al. 2011; Williams et al. 2009)). Finally,
components of the inflammatory milieu such as CXCL-10 (Mehla et al. 2012) and
quinolinic acid (Kandanearatchi and Brew 2012) ultimately have neurotoxic effects
on neurons via the generation of reactive oxygen species and lipid peroxidation;
disruption of calcium homeostasis of neurons (Haughey et al. 1999) leading to
neuronal apoptosis (IL-1p, IL-8, TNF (Guha et al. 2012)) and dysfunction of
astrocytes ability to buffer glutamate via the N-methyl-D-aspartate receptor; all of
these contribute to neuronal dysfunction, apoptosis and neurodegeneration. Neuro-
nal injury occurs early in infection with PLWH with primary, untreated infection
displaying heightened measures of neuronal injury such as CSF levels of
neurofilament light chain protein (NFL) and neurometabolite dysfunction as deter-
mined by proton-magnetic resonance spectroscopy (MRS) (Peluso et al. 2013).
Thus, HIV-induced neuroinflammation acts as a positive feedback loop driving
HAND and other pathological injuries.

One major complication of uncontrolled HIV infection is HIV-associated enceph-
alitis (HIVE), a neuropathological correlate of HAD. HIVE is strongly associated
with reduced brain volume (as measured by MRI) and chronic immune activation
and inflammation. Specifically individuals with HIVE express a higher percentage of
CD163"CD14"CD16" perivascular macrophages in the brain (Fischer-Smith et al.
2001; Kim et al. 2006); an expansion of ‘inflammatory’ CD16"-expressing mono-
cytes in the periphery (Ancuta et al. 2008); and multinucleated giant cells, compris-
ing aggregated microglia and macrophage cells (Brew et al. 1995; Takahashi et al.
1996). Furthermore, individuals with HIVE have widespread dysregulation of genes
involved in synapto-dendritic functioning and integrity, toll-like receptors, inter-
feron responses, mitochondrial genes, synaptic transmission and cell-to-cell signal-
ling (Masliah et al. 2004; Gelman et al. 2012). Recent evidence also suggests that
microglia in individuals with HIVE are also dysfunctional, with lower gene expres-
sion levels of functional markers (Ginsberg et al. 2018). Thus, HIVE is strongly
associated with advanced neurocognitive impairment such as HAD.

Finally, neurotropic HIV variants, geno- and phenotypically distinct from periph-
eral viruses, exist in PLWH and may drive disease (Gorry et al. 2001, 2002;
Haggerty and Stevenson 1991). These variants are detectable at different stages of
infection and induce inflammatory responses such as increased neopterin and
pleocytosis in CSF (Sturdevant et al. 2015; Hagberg et al. 2010), suggesting that a
compartment of neurotropic/neurovirulent viral strains may play a more critical role
in HAND than absolute viral load in the CNS.
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4.2 HAND Pathophysiology Following Viral Suppression
with ART

The persistence of HAND despite viral suppression with ART indicates an under-
lying pathology in the CNS. However, the exact pathophysiology of disease is
unclear mainly due to the inability to perform biopsy analysis of the CNS from
individuals who are virally suppressed with ART and limited numbers of autopsy
samples from such patients. Therefore, most evidence of ongoing pathology in
virally suppressed individuals is based on peripheral indicators of CNS disease or
MRI/PET scans. Individuals with HAND have heightened indicators of persistent
neuronal injury (as measured by cerebral metabolites) (Young et al. 2014), degra-
dation of cortical grey matter, BBB dysfunction (Chaganti et al. 2019), microglial
activation (Rubin et al. 2018; Garvey et al. 2014) and a continued reduction of brain
volume despite therapy (Cardenas et al. 2009; Kiiper et al. 2011). Indicators of
axonal damage such as CSF neurofilament light chain are also elevated in virolog-
ically suppressed PLWH (Jessen Krut et al. 2014) and are associated with cognitive
decline (Sun et al. 2017; Sailasuta et al. 2016). Notably, osteopontin, a
pro-inflammatory bone-matrix protein, is also found in high levels in virally
suppressed individuals with HAND (Brown et al. 2011; Yu et al. 2017; Vera et al.
2016). These biomarkers of disease, discussed further below, are indicative of
chronic neuroinflammation and neurodegeneration despite ART (Figure 1).

Virally suppressed individuals also show peripheral indicators of chronic cellular
activation and dysfunction that may indicate/contribute to neuropathology. Individ-
uals with HAND have a higher number of activated macrophages/microglia in the
CNS relative to neurologically unimpaired individuals (Tavazzi et al. 2014). Plasma
levels of MCP-1 and CXCL-10, produced by activated macrophages and monocytes,
are associated with neuronal injury and higher inflammation in virally suppressed
individuals with HAND (Letendre et al. 2011). Levels of quinolinic acid, a product
of tryptophan metabolism, are also elevated in virally suppressed PLWH and are
directly associated with levels of pTau that are predictive of neurocognitive impair-
ment in this population (Anderson et al. 2018). Some evidence suggests that the
perivascular macrophage phenotype may be predisposed by the precursor monocyte
phenotype as monocyte activation (as measured by CSF sCD14) remains elevated in
virologically suppressed individuals with HAND (Eden et al. 2007; Spudich et al.
2011; Yilmaz et al. 2013) and is associated with significantly worse neurological
outcomes for those on non-suppressive ART (Kamat et al. 2012). Furthermore,
PBMCs from individuals with HAD or MND express higher levels of
pro-inflammatory cytokine genes (such as TNF, IL-6, IL-27) and lower levels of
associated miRNAs (miR-124-3p, miR-210) than PLWH who were neurologically
unimpaired (Venkatachari et al. 2017).

HIV-associated astrocyte dysfunction — CNS cells that normally help to maintain
cerebral immunity and homeostasis — has been associated with HAND. Specifically,
astrocyte dysfunction results in improper buffering of glutamate, dysregulation of
BBB permeability, and release of pro-inflammatory cytokines (such as TNFa).
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Moreover, because astrocytes are susceptible to HIV infection, they may serve as a
viral reservoir. We have further shown that astrocytes are less responsive to some
antiretroviral drugs (Gray et al. 2013), thus potentially contributing to continued
viral presence in the CNS.

5 Mechanisms Driving HAND in Virally Suppressed
Patients

It is well accepted that HIV viremia is not the sole driver of neurocognitive
impairment as incidence of HAND continues to affect between 18 and 69% of
people living with HIV despite viral suppression with ART. Therefore, other factors
such as persistent viral transcription in CNS reservoirs and/or chronic peripheral
inflammation outside of the CNS play pertinent roles in determining the HAND
status of virally suppressed individuals. These mechanisms will be discussed below.

5.1 HIV Viral Presence/Replication in the CNS

HIV is considered to persist in latent reservoirs in the CNS such as macrophages and
astrocytes (Thompson et al. 2011) and is controversially thought to directly contrib-
ute to HAND pathogenesis (Churchill et al. 2015). HIV RNA (Dahl et al. 2014) and
anti-HIV antibodies (Burbelo et al. 2018) are detectable in the CSF after 10 years of
ART, potentially indicating viral persistence and ongoing replication in the CNS.
Notably, increasing ratios of ‘HIV RNA in CSF’-to-‘HIV RNA in plasma’ are
associated with worsening neurological outcomes in virologically suppressed
PLWH (Anderson et al. 2017; Canestri et al. 2010) and elevated neopterin levels
(Dahl et al. 2014), indicating that localised replication in the CNS may contribute to
neuroinflammation and disease progression. A recent longitudinal study identified
CNS escape in 6% of cases (6/101 individuals) in the absence of peripheral viremia
following 3 years of ART (Joseph et al. 2019). Further genotypic analysis suggests
that the virus was derived from persistent CNS replication, likely from macrophage/
microglia, linked to emtricitabine resistance and low nadir CD4 count (10 copies/
mm®). Interestingly, we have shown that some CNS-derived viruses have impaired
transcriptional activity due to polymorphisms in the transcription factor Sp1l (Gray
et al. 2016). Thus, whether virus in the CSF truly represents active replication in the
CNS of virologically suppressed individuals remains unclear, possibly confounded
by poor suppression in the periphery associated with a blip in plasma HIV levels
(Eden et al. 2016). HIV resistance to lamivudine and emtricitabine (Mukerji et al.
2017) and also treatment with protease inhibitor + NRTI regimens (Mukerji et al.
2018) are also associated with CSF viral escape. Finally in vivo mouse studies have
shown that chronic low levels of neurotoxic tat, a step in the HIV life cycle not
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affected by current ART, can cause astrocyte activation (Dickens et al. 2017) which
may contribute to HAND pathogenesis as tat has been found in both CNS tissue and
the CSF of virally suppressed individuals (Johnson et al. 2013). Thus, further studies
are required to establish the role of active replication and/or viral persistence in the
CNS in HAND associated pathology.

Whilst active replication is an important focus of current research in defining the
CNS as a reservoir of HIV, persistence of non-replication competent virus in the
CNS is also detrimental to the patient. Studies in the periphery have identified that
the bulk (~93%) of the HIV reservoir in T cells consists of non-replication competent
viruses harbouring hyper-deletions that may generate short abortive transcripts or
viral proteins that are immunogenic (Bruner et al. 2016). As such, generation of
highly neurotoxic HIV nef and tat in the CNS by persistent non-productive infection
in cells such as astrocytes may drive neuroinflammation, cellular dysfunction and
neuronal degradation (as discussed above). Thus, persistent non-replication compe-
tent virus in the CNS may play as important a role in HAND pathogenesis as active
viral replication and must be considered in appropriate therapeutic strategies.

5.2 Host Cell and Epigenetic Factors

Host cell and environmental factors induced by microRNAs (miRNA) — short
non-coding repressors of transcription — and DNA methylation have been identified
to be associated with HAND pathogenesis (Tatro et al. 2010), suggesting a role for
epigenetic changes to components of the immune system in driving HAND. Large
genomic studies have found strong associations between dysregulated miRNAs and
mRNA in the brains of individuals with HAD in comparison to neurocognitively
unimpaired individuals (Zhou et al. 2012). Specifically, miR-21, known to repress
transcription factors involved in neuronal functioning, is present in high levels in the
CNS of PLWH with HAD (Yelamanchili et al. 2010). Furthermore, both miR-128a
(Eletto et al. 2008) and miR-34a (Mukerjee et al. 2011) are upregulated by HIV Tat
or Vpr, respectively, resulting in adverse effects on neuronal function in vitro. HIV
Tat also influences histone acetylation/deacetylation via chromatin structure
remodelling by histone deacetylases in neuronal cells in vitro, resulting in synaptic
plasticity and neuronal dysfunction (Saiyed et al. 2011). Epigenetic changes derived
by alterations in DNA methylation sites in monocytes are also strongly associated
with worse neurocognitive scores (Corley et al. 2016), implying that epigenetic
changes in peripheral cells transmigrating to the CNS may also influence HAND.

5.3 Chronic Peripheral Inflammation

Chronic immune activation and inflammation is a hallmark of HIV infection despite
viral suppression, and measures of inflammation/immune activation are reliable



16 T. A. Angelovich et al.

indicators of HIV disease progression and have been linked with HAND pathogen-
esis (Hazenberg et al. 2003; Somsouk et al. 2015; Kuller et al. 2008; Boulware et al.
2011; Hunt et al. 2011; Pandrea et al. 2012). The causes of persistent immune
activation in chronic HIV infection are multifactorial, but the host response to
translocated microbial products from the gastrointestinal (GI) tract, resulting from
the depletion of gut-associated lymphoid tissue CD4" T cells during acute infection,
is thought to be a major contributor (Brenchley et al. 2004, 2006; Estes et al. 2010).
This is exemplified in elegant in vivo studies where experimental damage of the GI
tract of African green monkeys (AGMs), a natural host of SIV that does not develop
AIDS, induces local and systemic inflammation similar to that of HIV infection in
humans (Hao et al. 2015). Specifically, bacterial lipopolysaccharide (LPS) — a cell
wall component of gram-negative bacteria and potent immune activator — remains
elevated in HIV/SIV infection despite ART and is thought to drive chronic inflam-
mation (Deeks et al. 2004). Progression to AIDS in PLWH may be driven (in part) in
response to LPS as sooty mangabeys, natural hosts of SIV that do not develop AIDS,
have recently been shown to have a C-terminal frameshift in the LPS receptor
(TLR-4) which renders it non-functional (Palesch et al. 2018).

Measures of microbial translocation, especially measures of monocyte activation
following exposure to LPS such as sCD14 and sCD163, have been linked with
neurocognitive impairment, indicating a central role for monocyte activation in
neuropathology (Vassallo et al. 2013). Notably, elevated levels of circulating
CD16" monocytes, CD14* monocyte HIV DNA content, sCD14 and sCD163 are
associated with microbial translocation and correlate with an increased risk of
neurocognitive impairment (Valcour et al. 2013). sCD14 levels in CSF are also
associated with NFL, indicative of axonal damage, in untreated PLWH (Jespersen
et al. 2016). Moreover, plasma LPS levels are higher in HIV-HCV co-infected
individuals with HAND, relative to HIV-HCV co-infected neurologically
unimpaired individuals (Vassallo et al. 2013). GI tract damage in PLWH is also
associated with more pathogenic microbial populations, compared to uninfected
individuals (Mutlu et al. 2014). Notably, similar alterations in the gut microbiome
have been linked to other CNS disorders, namely, multiple sclerosis (Glenn and
Mowry 2016) and Parkinson’s disease (Houser and Tansey 2017). Whilst it follows
that, within PLWH, changes in the gut microbiome and the resultant inflammatory
response may contribute to HAND, studies are required to test this hypothesis.

5.4 ART Neurotoxicity

Whilst current antiretrovirals are less neurotoxic than earlier iterations, ART neuro-
toxicity continues to be linked to HAND pathogenesis, and many ARVs may have
lasting adverse ‘legacy’ effects that may contribute to disease decades after use
(Jonathan et al. 2015). Efavirenz, a commonly prescribed non-nucleoside reverse-
transcriptase inhibitor, is still in use despite known neurological side effects such as
psychiatric episodes and neurocognitive effects on information processing and
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executive functioning (Ma et al. 2016). The underlying pathology of efavirenz is
most likely due to either the induction of pro-inflammatory cytokines or mitochon-
drial toxicity (Funes et al. 2015) and endoplasmic reticulum stress (Funes et al. 2014;
Bertrand and Toborek 2015). Treatment of neuronal cell lines with 15 different
ARVs at physiological concentrations identified modest neuronal toxicity in vitro
(Robertson et al. 2012). In vitro raltegravir has also been linked with enhanced
production of macrophage-derived IL-8 (Tatro et al. 2014).

Protease inhibitors also have a higher risk of drug-drug interactions by metabo-
lism via CYP450 enzymes and have also been linked to neurotoxicity. Treatment of
human astrocytes with the protease inhibitors amprenavir and lopinavir induced
dysregulation of glutamate transport in vitro and was associated with worse
neurocognitive performance in mouse models (Vivithanaporn et al. 2016). In vitro
ritonavir or lopinavir treatment also impaired oligodendrocyte maturation, and
similar treatment in mice reduced myelin protein levels in the frontal cortex (Jensen
et al. 2015). Importantly Jensen and colleagues further showed that levels of myelin
basic protein in the frontal cortex of PLWH were lower than those present from
untreated PLWH or HIV-uninfected patients. Finally, recent evidence has found that
individuals treated with integrase stand transfer inhibitors (INSTIs) such as
dolutegravir are associated with poorer neurocognitive performance and reduced
brain volume than those on non-INSTI containing regimens (O’Halloran et al.
2019). As many patients transition to regimens including INSTIs, the long-term
neurocognitive effects of these drugs need to be closely monitored. Thus, there
remains a clinical demand for highly effective and non-neurotoxic antiretrovirals as
well as improved treatment strategies to treat HAND.

6 Biomarkers of CNS Infection and HAND

Identifying biomarkers of cognitive impairment, and more specifically HAND, is a
major research focus due to the clinical demand for reliable means to (1) predict
HAND before it occurs, (2) diagnose HAND, (3) distinguish the early stages of
HAND (ANI and MND) and (4) predict and monitor changes in cognition for
individuals with HAND. Biomarkers must be readily accessible, cheap and reliable,
and as such most emphasis has been placed on indicators of neuroinflammation or
neuronal damage in the blood and CSF. Identifying biomarkers of HAND has
proven to be a difficult task as well-established plasma and CSF biomarkers of
inflammation (such as sCD14, osteopontin (Brown et al. 2011), TNFa, IFNy,
sCD14, IL-1p, IL-6, S100p, TGF- levels) or HIV viremia (such as the surrogate
marker nadir CD4™ T cell count) that are predictive of HAND in viremic or ART-
naive PLWH (Abassi et al. 2017; Lyons et al. 2011) are not predictive of HAND in
virologically suppressed individuals receiving ART (Kamat et al. 2012; Lyons et al.
2011). Biomarkers of HAND may be indicative of neuronal damage, altered metab-
olism, generally neuroinflammation or even HIV itself. Specific biomarkers of
HAND and their related pathological implications are discussed in detail below

(Fig. 1).
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6.1 Measures of HIV Viremia and Viral Latency

Although viral suppression with ART has reduced the predictive value of many
traditional HIV-related biomarkers of HAND such as CSF HIV RNA (Ellis et al.
2002; Brew et al. 1997), some measures of HIV remain indicative of HAND despite
therapy with ART. Low CD4" T cell counts continue to be associated with HAND,
albeit mainly in individuals failing therapy or with moderate immune suppression
(CD4* T cell count 200349 cells/mm?) (Bhaskaran et al. 2008). CD4* T cell nadir
may offer some prognostic value (Ellis et al. 2011). However, a recent study
found that immediate therapy initiation with a CD4 nadir >500 cells/mm® had no
neurocognitive benefit over delayed treatment initiation (Wright et al. 2018),
questioning the predictive value of CD4 nadir at high CD4 T cell counts. Similarly,
CSF and/or plasma levels of HIV RNA are also indicative of neurocognitive decline
in individuals who exhibit therapy failure or drug resistance (Canestri et al. 2010;
Peluso et al. 2012; Bingham et al. 2011).

Additionally, biomarkers of persistent viral replication/presence in the CNS are
gaining attention as possible prognostic markers of disease. HIV DNA persists in the
CNS despite viral suppression and studies using research tools including PCR and
the in situ hybridisation technique DNAscope have offered insight into HIV persis-
tence in the CNS (Churchill et al. 2009; Ko et al. 2019; Lamers et al. 2016; Estes
et al. 2017). However, its application as a true diagnostic/prognostic biomarker is
limited as these assays generally investigate autopsy brain tissue. Therefore, HIV
DNA content in peripheral cells such as T cells and monocytes may be a more
practical approach to assessing the CNS reservoir. HIV DNA in peripheral blood
monocytes (Valcour et al. 2013; Cysique et al. 2015a) and CSF cells (Oliveira et al.
2017; Shaunak et al. 1990) is associated with risk of HAND and brain atrophy in
non-suppressed individuals (Kallianpur et al. 2014) and recent evidence supports
that this may also be true in suppressed patients. In a recent study of 69 people living
with HIV who were virally suppressed for a median of 8.6 years with ART, Spudich
and colleagues found that ~50% of individuals harboured cell-associated HIV DNA
in the CSF (Spudich et al. 2019). Furthermore, cell-associated HIV DNA was
associated with adverse neurocognitive outcomes, suggesting that persistent HIV
in the CSF despite ART may contribute to HAND pathogenesis. BCL11B, an
inhibitor of viral transcription, is upregulated in latently infected cells of the CNS
(Desplats et al. 2013), and higher CSF levels are associated with lower creatine
levels in frontal white matter (Cysique et al. 2019), potentially validating BCL11B
as an indicator of latent HIV-related pathology. However, the associations of CSF
BCL11B and HAND remain to be defined. CSF escape is also associated with higher
neopterin levels (Eden et al. 2016), although as this is a rare phenomenon and
neopterin is produced by multiple cells types during cellular activation, this may
not be the most robust method of confirming latency. A recent study also found that
HIV gp120 protein sequences are predictive of HAD and/or HIVE in silico (Ogishi
and Yotsuyanagi 2018), highlighting the possibility of HIV quasi-species as a
predictive tool for HAND. However, the methodology required to characterise
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sequences from isolated immune cells is more challenging than standard biochem-
ical assays which may limit its practical application as a biomarker.

6.2 Neuronal Damage

NFL, a component of myelinated axons, is readily detected in the CSF of neurode-
generative diseases and is indicative of neuronal axon damage. Multiple studies have
found that CSF levels of NFL are present at higher levels in untreated individuals
with or without neurocognitive impairment and CSF NFL levels in individuals with
HAD are significantly higher than those in more mild disease (McGuire et al. 2015;
Gisslén et al. 2007, 2015; Peterson et al. 2014). Moreover, NFL is associated with
worse CD4 T cell counts and is positively associated with plasma viral load,
suggesting that it is indicative of HIV-directed neuropathology. Correlative analysis
in individuals with primary infection further shows associations between higher NFL.
levels in CSF and neuroinflammatory markers (CXCL-10, neopterin) and adverse
levels of CNS metabolites (Peluso et al. 2013). NFL has also been shown to be a
more sensitive neuronal marker than total and phosphorylated tau and amyloid
precursor proteins (Peterson et al. 2014). Furthermore, CSF NFL levels correlate
with plasma NFL levels, a significant advantage due to ease of blood draw vs lumbar
puncture required for CSF analyses. Therapy reduces NFL levels; however, they
remain elevated in comparison to HIV-uninfected controls (Jessen Krut et al. 2014).
However, abnormal NFL levels have only been detected in ~16% of virally
suppressed subjects, questioning whether this is sensitive enough to detect ANI or
MND (Peterson et al. 2014).

Exosomes are gaining attention as biomarkers of neuroinflammation and
neurocognitive disorders including AD and HAND (Pulliam et al. 2019). Exosomes
are 30-150 nm vesicles containing host cell proteins and DNA that are released
following cellular activation into plasma. As plasma exosomes harbour protein and
RNA from their host cell such as neurons, they potentially offer a method of
interrogating cell-specific pathology from different, difficult-to-access sites such as
the brain. Studies in AD have identified the presence of neuronally derived
exosomes (NDE) from patients with preclinical AD that predicted AD 10 years
prior to onset (Fiandaca et al. 2015). More recently, NDEs have been detected in the
plasma of PLWH with cognitive impairment (Sun et al. 2017) and are indicative of
neuronal health. Sun and colleagues identified that neurocognitively impaired indi-
viduals had fewer NDEs than non-neurocognitively impaired individuals, possibly
due to neuronal stress or death. Furthermore, NDEs from these individuals contained
higher levels of proteins associated with neuronal damage such as high motility
group box 1 (HMGB1), NFL and amyloid § than exosomes from HIV-infected
neurocognitively unimpaired individuals (Sun et al. 2017). Thus, exosomes, partic-
ularly NDEs, may offer some prognostic benefit over other inflammatory biomarkers
that are not truly specific to the CNS.
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Mitochondrial DNA (mtDNA) is indicative of the energy levels/demands of a
cell. Each cell contains mitochondria with a number of copies of mtDNA; thus
mtDNA copy number may be indicative of cellular dysfunction and apoptosis.
mtDNA damage is present in approximately 45% of total cells in the frontal cortex
of patients with HAND without viral suppression (Zhang et al. 2012). Furthermore,
individuals with HAND in this cohort had less mtDNA than those who were not
cognitively impaired. Similarly, mtDNA damage can be found in the periphery.
Following viral suppression, mtDNA copy number from peripheral blood is associ-
ated with worse cognitive performance in CHARTER patients (Hulgan et al. 2018).
Furthermore, CSF levels are higher in MND patients in comparison to neuro-
cognitively normal individuals (Mehta et al. 2017); however, no difference was
observed in ANI patients — this may just be a reflection of the insensitivity of the CSF
as a marker of mild events in a discreet part of the frontal lobe.

6.3 Cellular Activation

Monocytes, and markers of monocyte of activation, are readily measurable indica-
tors of HAND due to their key role in pathogenesis. CCR2 expression on
CD14*CD16" monocytes is negatively associated with neurometabolite levels, and
by extension pathology, as measured by MRS imaging (Veenstra et al. 2019). CCR2
expression on CD14"CD16" monocytes is also associated with HIV DNA copies per
10° PBMCs (Veenstra et al. 2019). CCR2’s ligand, CCL2, is a chemokine that acts
to recruit monocytes into the brain. In individuals with the CCL2-2578G, CSF levels
of CCL2 are higher than in non-carriers, and higher levels are associated with poor
cognitive impairment, albeit mainly in individuals with high plasma viral (Thames
et al. 2015). Plasma CCL2 levels are also elevated in individuals with either HAD or
minor cognitive motor disorder (precursor to MND) in viremic individuals (Ancuta
et al. 2008). However, it is of note that levels are similarly elevated in individuals
with non-HIV-related neurocognitive impairments and no difference in ANI
patients, and neurocognitively normal individuals were observed in this study.
Soluble indicators of monocyte activation have also been linked to HAND. LPS
activates monocytes via TLR-4 as described above, and plasma levels are associated
with HAD in individuals with AIDS (Ancuta et al. 2008). LPS levels are known to
remain elevated following viral suppression; however, to date no evidence links
plasma LPS levels with HAND in the absence of co-infection such as HCV.
Nonetheless, following monocyte activation by immunogens such as LPS, mono-
cytes shed CD14, the co-receptor for LPS, which can be measured and has been
associated with worse global deficit scores, lower CD4 T cell counts and worse
learning, attention and motor T scores in a cohort of generally unsuppressed
individuals (Lyons et al. 2011). The reliability and sensitivity of sCD14 to identify
HAND in virally suppressed individuals is less clear. Similarly, soluble CD163 — a
scavenger receptor — is shed from activated macrophage/microglia and detectable in
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both plasma and CSF. sCD163 levels are associated with adverse neurocognitive
scores (Burdo et al. 2013b; Royal et al. 2016).

Neopterin, a pteridine produced by activated macrophages and monocytes, is
commonly found in higher levels in the plasma and CSF of PLWH, despite viral
suppression. Neopterin levels have been shown to predict HAND and are associated
with HAND severity in therapy-naive individuals (Brew et al. 1990, 1996); however,
there is limited evidence supporting the prognostic value of neopterin in virally
suppressed individuals. Plasma levels, but not cellular gene expression in monocytes
(Quach et al. 2018), of CCL2, HMGB/I, IL-8, CXCL-10 and neopterin are predictive
of HAND in virally suppressed individuals (Sun et al. 2017; Eden et al. 2016; Yuan
et al. 2013). CSF fractalkine levels are higher in individuals with MND/HAD than
ANI (Letendre et al. 2011). CSF levels of HMGBI1, produced by activated macro-
phages and astrocytes, may also be predictive of HAND, even very minor disease, in
virally suppressed PLWH (Gougeon et al. 2017).

Whilst many peripheral biomarkers of monocyte/macrophage activation are
associated with adverse neurocognitive outcomes (as discussed above), individual
biomarkers (such as sCD14, MCP-1, CXCL-10, etc.) are associated with unique
neuropathology and inflammation at different locations in the brain (such as frontal
white matter, basal ganglia, grey matter). For example, MRS studies assessing levels
of neurometabolites in the CNS of virally suppressed individuals found that CSF
levels of sCD14 were negatively associated with Cho/Cr ratios in frontal white
matter (Anderson et al. 2015), indicative of monocyte-induced neuronal damage.
However, MCP-1 levels, indicative of monocyte recruitment, were positively asso-
ciated with Cho/Cr ratios in the basal ganglia (Anderson et al. 2015), supporting
findings from similar studies (Harezlak et al. 2011). Thus, it is important to
acknowledge that each biomarker of myeloid activation may be indicative of
different stages and/or sites of neurocognitive diseases which must be considered
when interpreting results.

S100p is a calcium binding protein mainly expressed on glial cells such as
astrocytes and thus is useful as a biomarker of astrocyte activation. S100p levels in
the CSF have been associated with cognitive impairment in PLWH and were higher
in those with more severe AIDS dementia complex (precursor terminology to
HAND) or progressed to more advanced disease more quickly (Pemberton and
Brew 2001). S100p levels are also inversely associated with executive function
including the rapid generation of verbs testing ‘action fluency’ (Woods et al. 2010).

Finally, measures of T cell activation are also altered with symptomatic HAND
(HAD and MND) exhibiting different T-cell immune activation profiles to those
with ANI (Vassallo et al. 2015) (diagnosis of MND was associated with a CD4:CDS8
ratio <1), suggesting the pathophysiological mechanism underlying symptomatic-
and asymptomatic-HAND is different or the difference could reflect a longer time
with symptomatic disease given that ANI leads to MND. T-cell phenotype/function
and HIV itself are also indicative of neurocognitive impairment. The percentages of
IFN-y producing CD8* T-cells in the CSF are directly associated with the severity of
neurocognitive decline as measured by global deficit scores in virally supressed



22 T. A. Angelovich et al.

PLWH (Schrier et al. 2015). However, whether these observations are indicative or
causative in disease pathogenesis is unknown.

6.4 Metabolic Dysfunction

PLWH with neurocognitive impairment experience dysregulated kynurenine path-
ways of tryptophan catabolism, skewing to the production of neurotoxic metabolites.
As such CSF levels of quinolinic acid/tryptophan ratios are indicative of CNS
neurocognitive impairment in SIV-infected macaques, particularly early in infection
(Drewes et al. 2015; Heyes et al. 1990). Furthermore, a recent study showed that
virally suppressed individuals had higher CSF levels of quinolinic acid and
kynurenine/tryptophan ratios than HIV-uninfected controls (Anderson et al. 2018).
Similarly, HAND has been associated with lipid dysfunction and cholesterol accu-
mulation in the brain (Mielke et al. 2010). In a large multi-centre study, HIV-infected
virally suppressed individuals had altered levels of cholesterol species in the CSF;
namely, an increase in the ceramide species C24:1 that was associated was higher
likelihood of neurocognitive decline (Bandaru et al. 2013). Furthermore, a shift in
lipid species was associated with progressive disease.

6.5 Novel Non-traditional Biomarkers

Progranulin is produced by microglia and neurons and is thought to have
neuroprotective effects by modulating neuroinflammation whilst also acting as a
neuronal growth factor. Progranulin also has known anti-viral effects that inhibit
HIV replication, and its production by microglia is upregulated during active HIV
infection (Suh et al. 2014a). However, during viral suppression with ART, lower
levels of progranulin in the CSF are present and are associated with worse cognitive
impairment and elevated levels of other pro-inflammatory biomarkers (Suh et al.
2014b). This may be because downregulation of the production of neuroprotective
progranulin by microglia may leave neurons more susceptible to damage (Suh et al.
2014a). Thus, low progranulin levels in the CSF may offer insight into underlying
CNS neuronal damage and HAND pathogenesis.

Total tau (t-tau) and phosphorylated tau (p-tau) levels in the CSF are commonly
used as an indicator of Alzheimer’s disease; however, levels have also been assessed
in the context of HAND. We and others have found that CSF levels of p-tau (as well
as total-tau levels) are higher in individuals with AIDS dementia complex and
HAND than those who are uninfected (Brew et al. 2005; Cysique et al. 2015b),
which is in line with more recent reports where p-tau levels in CSF were inversely
associated with scores of prospective memory in PLWH (Anderson et al. 2018).
However, others have found a difference in only CSF levels of t-tau, but not p-tau
(Krut et al. 2017; Steinbrink et al. 2013) in comparison to the HIV-uninfected
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population, possibly suggesting that patient viral load and/or ongoing neuronal
damage at the time of sampling may influence these associations.

MicroRNAs are non-coding molecules that regulate both viral and host gene
expression by binding and repressing RNA and can be detected in PBMCs, plasma
and CSF. A small cross-sectional study found that HIVE patients express altered
CSF levels of 11 different miRNAs in comparison to subjects without HIVE
(Pacifici et al. 2013), with miR-937 being highly upregulated in the CSF. Further-
more, levels of miRNAs in plasma are different between individuals with or with
HAND (Kadri et al. 2016; Asahchop et al. 2016) making miRNAs a potentially
useful biomarker of disease. The Veterans Aging Cohort Study (VACS) index,
consisting of traditional HIV biomarkers of disease and non-traditional biomarkers
of comorbidity, is also predictive of neurological decline (Marquine et al. 2016).

6.6 Limitations of Biomarkers and Current Challenges

Whilst the aforementioned biomarkers are indicative of cognitive decline in PLWH,
no clinically validated biomarker can reliably differentiate the stages of HAND,
especially ANI. This may be because many are broad inflammatory components that
are not uniquely specific to the brain, or HIV infection, and thus they may be
influenced by inflammation from other sites or other diseases/disorders or even
age. Furthermore, it is likely that ‘waves’ of neuroinflammation may take place
during disease pathogenesis, confounding the accuracy and specificity of biomarkers
with HAND. This is evidenced by diffusion tensor imaging assessing white matter
damage where reductions in white matter in chronic infection were associated with
markers of inflammation (Wright et al. 2015), whilst changes in white matter in
primary infection were associated with breakdown of the BBB, thus, representing a
change in neuropathogenesis and neuroinflammation with disease progression.
Therefore, different biomarkers of disease may be representative of stages of
neuropathogenesis that are not strictly related to Frascati Criteria stages of disease.
In summary, whilst much work has been conducted evaluating biomarkers of
HAND, a need remains for cheap, accessible, and highly accurate biomarkers that
accurately diagnoses, distinguishes and compares distinct forms of HAND. Combi-
nations of biomarkers are more likely to be more predictive or diagnostic of disease.

7 Biomarkers of Neurocognitive Decline as Indicators
of ART Success

Due to effective ART regimens suppressing HIV viremia to undetectable levels in
CSF/plasma, biomarkers of HIV disease such as CSF HIV RNA offer little insight
into underlying pathology and neurocognitive disease in virally suppressed
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individuals. Therefore, biomarkers of underlying neuropathology or cellular activa-
tion such as those described above provide critical information regarding the success
of novel treatment strategies that complement traditional indicators of HIV viremia.

Intensification of ART to treat CNS infection has been evaluated with some
success. Intensive therapy with maraviroc, a CCRS inhibitor, for 2452 weeks in
combination with standard ART reduced the proportion of CD16* monocytes
harbouring HIV DNA and was associated with better neuropsychological perfor-
mance in the majority of patients (Ndhlovu et al. 2014; Gates et al. 2016). Early
initiation of ART (i.e. <30 days postinfection) also has elicited some
neuroprotective effects in both small cross-sectional (Evering et al. 2016) and
short-term longitudinal studies (Hellmuth et al. 2016). Furthermore, early initiation
also reduced the diversity of HIV DNA in PBMCs, cells isolated from CSF and
levels of pro-inflammatory cytokine (IL-6 and TNF) in the CSF, compared to
delayed ART initiatives (>14 months post-exposure) (Oliveira et al. 2017). How-
ever, the lack of large long-term longitudinal studies limits our understanding of the
efficacy of such treatment regimens.

Targeting neuroinflammation using adjunctive therapy in concert with ART also
may have beneficial effects. However, to date all attempts to reduce the risk of
HAND by targeting neuroinflammation in HIV infection have been unsuccessful
(Meulendyke et al. 2014; Sacktor et al. 2011, 2014, 2018; Schifitto et al. 2007).
Treatment with the anti-oxidant minocycline reduced CSF levels of some oxidative
stress markers in comparison to placebo (Sacktor et al. 2014), but did not improve
neurocognitive impairment over 24 weeks (Sacktor et al. 2011). Similarly treatment
with selegiline, a MAO-B inhibitor and anti-oxidant, had no neurocognitive or
functional benefit in PLWH with mild to moderate neurological impairment
(Schifitto et al. 2007). Although treatment with a combination of paroxetine and
fluconazole reduced CSF neurofilament light chain and amyloid precursor protein
levels in SIV-infected RMs (Meulendyke et al. 2014), a recent double-blind placebo-
controlled study using this regimen showed neurocognitive improvement in some,
but not all, domains (Sacktor et al. 2018), highlighting that further validation is
required. Interestingly, these drugs target HIV gp120 and tat-related neurotoxicity
and did not show any improvement in neuroinflammatory markers in plasma or CNS
(Meulendyke et al. 2014), suggesting that peripheral inflammation may be more
important in human HAND. However, in other studies, drugs specifically targeting
extracellular Tat have been shown to counteract its production of IL-1p and TNF in
glial cell lines in vitro (Mediouni et al. 2015), and several novel Tat/TAR (and
Tat/cyclin T1/CDk9) small molecule inhibitors have been described to date (Serena
et al. 2013). These initiatives are important as current therapies do not stop tat
secretion from CNS cells (Sonia et al. 2012).

Therapies directed against metabolic dysfunction in the CNS such as intranasal
insulin have also been shown to improve neurobehavioural performance in animal
models and are currently guiding clinical studies in humans. Specifically, cats
who were infected with feline immunodeficiency virus and treated with 20 IU of
intranasal insulin for 6 weeks had reduced markers of glial activation and
neuroinflammation and improved neurobehavioural performance than placebo
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controls (Mamik et al. 2016). Furthermore, intranasal insulin treatment of chimeric
EcoHIV-infected mice, who exhibit neurocognitive impairment similar to HAND,
was found to transiently reverse hippocampal dendritic injury and improve learning
and retention ability in some animals; however, this only occurred in the presence of
the drug (Kim et al. 2019). These findings support other studies testing intranasal
insulin in neurocognitive disorders such as Alzheimer’s disease and have led to
Phase I/II clinical trials (NCT03277222, NCT03081117) that are underway testing
the effects of intranasal insulin treatment in combination with ART with findings
expected in 2020-2021.

Finally, targeting peripheral inflammation is also a possible adjunctive therapy to
ART in both HAND and other HIV-associated comorbidities. Targeting monocyte
activation using atorvastatin and simvastatin treatment, generally used for treating
hyperlipidaemia, reduced the number of circulating CD16" monocytes (Yadav et al.
2016) and treatment with the dual CCR2 and CCRS5 antagonist cenicriviroc; thus
migration of CD14*CD16" monocytes improved neurocognitive performance fol-
lowing 24 weeks of treatment (D’ Antoni et al. 2018). Recent in vitro evidence also
suggests that treatment with buprenorphine, an opioid derivate used as a replacement
for heroin in addicts, may have anti-inflammatory properties by binding monocytes
and reducing monocyte transmigration across a BBB model (Jaureguiberry-Bravo
et al. 2018). Whilst this treatment may be beneficial in injecting drug using PLWH,
its efficacy and safety needs to be confirmed in vivo in non-heroin addicts. Thus,
targeting cellular inflammation and immune activation in the periphery may be a
viable treatment strategy with beneficial effects across multiple HIV-associated
co-morbidities.

8 Where to from Here?

HAND remains a significant burden affecting PLWH globally; however, due to the
relatively specialised nature of neurocognitive testing required to diagnose HAND,
especially ANI, people living with HIV and neurocognitive impairment are either
being misdiagnosed or missed completely. The limited ability to accurately diagnose
mild HAND coupled with a change in the HIV epidemic to a chronic inflammatory
disease whereby individuals are advancing to older age with an elevated risk of
age-related comorbidities represents a difficult problem. Thus, early and accurate
diagnoses of HAND are essential in improving health outcomes.

Significant steps forward in understanding the neuropathology of HAND have
provided some clues into possible biomarkers for diagnosis and prognosis. Contin-
uous viral presence in the CNS, chronic peripheral immune activation and inflam-
mation as well as underlying drug toxicity and cellular dysfunction all pose viable
mechanisms driving neurological diseases in PLWH. However, the discrete effects
of each remain unclear. It is likely that a fine balance exists, whereby chronic
systemic inflammation, which persists despite viral suppression, may amplify virally
induced disease to contribute to severe diseases outcomes such as HAD. This,
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however, complicates the clinical specificity of many biomarkers that are in effect
broad indicators of inflammation such as sSCD14 and sCD163. Thus, an added focus
on biomarker research delineating underlying CNS pathology such as neuronally
derived exosomes, NFL or even MRI of neuroinflammation may be more useful
clinically. Furthermore, combining a number of biomarkers to form a ‘risk score’ or
‘index’ using an algorithmic approach may be more predictive than any one bio-
marker. Whilst significant advances have been made in identifying biomarkers of
HAND, the need remains for truly specific, sensitive and reliable biomarkers to
reduce the risk of misdiagnosis and delayed treatment and ultimately improve health
outcomes in people living with HIV.
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Abstract HIV enters the central nervous system (CNS) early after infection.
HIV-associated neurocognitive disorders (HAND) remain a serious complication
of HIV infection despite available antiretroviral therapy (ART). Neurocognitive
deficits observed in HAND are heterogeneous, suggesting a variability in individ-
uals’ susceptibility or resiliency to the detrimental CNS effects of HIV infection.
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This chapter reviews primary host genomic changes (immune-related genes, genes
implicated in cognitive changes in primary neurodegenerative diseases), epigenetic
mechanisms, and genetic interactions with ART implicated in HIV progression or
HAND/neurocognitive complications of HIV. Limitations of the current findings
include diversity of the HAND phenotype and limited replication of findings across
cohorts. Strategies to improve the precision of future (epi)genetic studies of
neurocognitive consequences of HIV infection are offered.

Keywords Antiretroviral toxicity - Epigenetics - Genetics - HIV - HIV-associated
neurocognitive disorders

1 Introduction

Human immunodeficiency virus type I (HIV) enters the central nervous system
(CNS) early after infection (Davis et al. 1992). The mechanisms underlying
HIV-related brain damage remain uncertain although direct (cytotoxic) and indirect
(immune-mediated) viral and host factors likely contribute (Elbirt et al. 2015). HIV
access to the brain occurs through HIV-infected trafficking macrophages and lym-
phocytes that cross the brain-blood barrier (BBB) and the blood-choroid plexus
barrier. Viral replication within CNS macrophages and microglia activates immune
cells, leading to the secretion of host immune (pro-inflammatory) and viral (neuro-
toxic) molecules. In the CNS, inflammation and viral replication can lead to pro-
gressive neurodegeneration with accompanying cognitive deficits and behavioral
changes, resulting in a spectrum syndrome termed HIV-associated neurocognitive
disorders (HAND; Elbirt et al. 2015; Hong and Banks 2015). Despite available
antiretroviral therapy (ART), HAND remains a serious complication of HIV infec-
tion that affects between 20 and over 60% of patients (Nightingale et al. 2014).
HAND is a pressing health concern for both patients and clinicians, as even in its
mildest form HAND can adversely affect activities of daily life, financial manage-
ment, independence, employment, and treatment adherence (Andrade et al. 2013;
Doyle et al. 2016). However, the neurocognitive deficits observed in HAND are
heterogeneous, suggesting variability in individuals’ susceptibility or resiliency to
the detrimental CNS effects of HIV infection. Host genetic diversity (i.e., immune-
related genes and genes associated with neurocognition), epigenetic changes, and a
genetic susceptibility to ART toxicity might contribute to the heterogeneity of
HAND. The current chapter focuses on reviewing primary host genomic changes,
epigenetic mechanisms, and genetic interactions with ART implicated with onset
and progression of HAND/neurocognitive impairment in HIV. Study outcomes are
partly limited by current diagnostic ambiguities of the HAND phenotype, which will
be briefly discussed. We conclude with strategies to improve the precision of future
genetic studies on neurocognitive complications of HIV.
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2 HIV-Associated Neurocognitive Disorders

The phenotypic expression of CNS complications associated with HIV infection
underwent a dramatic change after the introduction of modern ART. In the pre-ART
era, the terms AIDS dementia complex (ADC), HIV encephalopathy, or HIV
dementia were used to describe the marked motor deficits and dementia-like signs
and symptoms frequently observed in a subset of adult patients with the acquired
immunodeficiency syndrome (AIDS; Navia et al. 1986). ADC/HIV encephalopathy/
HIV dementia was a severe and progressive syndrome, usually observed in patients
with marked immunosuppression. The American Academy of Neurology (AAN)
introduced the first consensus criteria in 1991 (Janssen et al. 1991), distinguishing
HIV-associated minor cognitive/motor disorder (MCMD) from severe HIV-
associated dementia (HAD). The AAN criteria did not specify the number of
cognitive domains that should be examined nor the degree of cognitive impairment,
introducing variability between clinicians’ appraisals of severity.

With the introduction of ART in 1996, the course of HIV infection evolved from
a largely fatal diagnosis to a chronic but manageable disorder (D’Aquila et al. 1996;
Collier et al. 1996). Milder forms of neurocognitive impairment became more
evident as ART was increasingly effective in suppressing viral burden and improv-
ing immune status (Heaton et al. 2011). The current consensus criteria (“Frascati”
criteria) were developed in 2007 and introduced HAND as an umbrella term to
classify the range of symptoms: asymptomatic neurocognitive impairment, mild
neurocognitive disorders, and HAD (Antinori et al. 2007). To arrive at a HAND
diagnosis, the Frascati criteria require multi-domain neuropsychological testing, an
assessment of patients’ functional impairment in daily life and the exclusion of
comorbidities that confound the interpretation of the neuropsychological results
(e.g., head injury, CNS coinfections, developmental delay, psychosis, etc.). Asymp-
tomatic neurocognitive impairment (ANI) is characterized by abnormal cognitive
performance in at least two cognitive domains without functional impairment on a
patient’s day-to-day activities. Mild neurocognitive disorder (MND) requires cog-
nitive deficits in two or more domains and at least mild functional impairment in
activities of daily living and/or work. HAD, the most severe form of HAND, requires
severe cognitive impairment with marked functional deficits. The prevalence of
HAND and the proportions of patients developing any form of HAND vary widely.
For example, diagnoses of HAND reported in cohort studies range from 26 to 74%
(Bonnet et al. 2013; Dufouil et al. 2015; Wright et al. 2015; Vassallo et al. 2014;
Winston et al. 2013; Simioni et al. 2010; Cysique et al. 2014; Garvey et al. 2011;
Sacktor et al. 2016). According to Saylor et al. (2016), most HAND patients
receiving current ART have the milder forms, while only 2-8% of patients develop
HAD. Variable severity in HAND over time, evidenced by patients bidirectionally
transitioning from one category to another, can also complicate and undermine the
stability of the HAND diagnosis (Antinori et al. 2007).

In summary, pre-ART ADC/HAD-like phenotypes were associated with subcor-
tical motor symptoms and neuropathological changes such as HIV encephalitis
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including microglial nodules, multinucleated giants cell, and the presence of viral
antigens (e.g., p24, gp41) which are uncommon today (Heaton et al. 2011; Saylor
et al. 2016). Instead, milder forms of HAND are associated with changes in cortical
brain functions including attention, memory, and executive functions (Heaton et al.
2010; Sacktor 2018). Thus, these phenotypic changes in HAND before and after
modern ART must be considered when evaluating (epi)genetic biomarkers
of HAND.

3 Primary Host Genetic Variations in HAND: Immune-
Related Genes

Studies attempting to identify genome-wide associations to HAND or neuro-
cognitive impairment in HIV have been few, and results have been inconclusive
(Jia et al. 2017; Levine et al. 2012). Association studies targeting candidate genes
related to host immune function and/or to viral entry and replication have shown
more promise. Among these are genes related to chemokines and their receptors,
cytokines, and mannose-binding lectin genes. Core findings from studies investigat-
ing the effects of immune-related genetic polymorphisms on neurocognitive com-
plications of HIV are summarized below (Table 1).

3.1 C-C Chemokine Receptor Type 5 (CCRS)

The C-C chemokine receptor type 5 (CCRS) is the most common HIV co-receptor
for viral entry into memory T cells and macrophages. A 32-base pair deletion in the
open reading frame of the CCR5 gene, referred to as CCR5-A-32 allele (rs333), leads
to the production of a truncated protein. The deletion spans nucleotides 794825
corresponding to the second extracellular loop of the receptor, which precludes
insertion of the mutant protein into the membrane. It therefore leads to structural
changes to the HIV co-receptor and limits viral entry (Berger et al. 1999; Liu et al.
1996). Homozygosity of the A32 variant confers protection against HIV infection
(Samson et al. 1996; Zimmerman et al. 1997). The A32 variant has also been
associated with decreased disease progression in heterozygote individuals (Gonzalez
et al. 1999; Zimmerman et al. 1997; Ioannidis et al. 2001). Early genetic studies
suggested a protective role of A32 heterozygosity against HAD. Boven et al. (1999)
reported that from brain tissue of 16 deceased patients from the Netherlands, the
CCR5-A-32 allele was absent in all patients diagnosed with ADC (n = 8) despite a
10-20% natural occurrence of the allele in individuals with northern European
ancestry. van Rij et al. (1999) also reported a reduced frequency of the
CCR5-A-32 allele in ADC patients, where only 2 out of 49 (4.1%) patients with
ADC were heterozygous, while 27 of 186 (14.5%) AIDS patients without dementia
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were heterozygotes. In HIV-infected children, the CCR5-A-32 allele was found to be
protective against neurocognitive disorders (Singh et al. 2003). However, later
studies have been unable to replicate these findings (Spector et al. 2010; Singh
et al. 2004; Bol et al. 2012). In a case-control study of 86 HAD patients and
246 non-HAD AIDS patient controls, Bol et al. (2012) found a low frequency of
the CCR5-A-32 allele in HAD patients compared to non-HAD patients but only in
individuals diagnosed with AIDS prior to 1991. Given the changing phenotype of
HAND, these results may suggest a fading effect of the protective qualities of the
CCR5-A-32 allele with effective ART. However, CCRS is expressed in multiple
brain cells, including neurons (Sorce et al. 2011), and is known to play a role in
several noninfectious CNS disorders (e.g., Alzheimer disease, multiple sclerosis,
stroke). Across these conditions, the CCR5-A-32 allele has mostly been found to be
deleterious. For example, CCR5-A-32 has been linked to faster disease progression/
early death in multiple sclerosis (Gade-Andavolu et al. 2004), increased risk for
ischemic heart disease (Dinh et al. 2015), and increased risk for atherosclerotic
disease (Zhang et al. 2015). Thus, CCR5-A-32 deletion may aggravate the course
of comorbid (rather than HIV-related) degenerative CNS processes in HIV-infected
individuals over time, although the precise interplay between potential protective
and harmful consequences of carrying the CCR5-A-32 allele in an aging HIV
demographic remains to be explored.

3.2 Macrophage Inflammatory Protein-1 Alpha (MIP-1a
or CCL3)

Macrophage inflammatory protein-1 alpha (MIP-1) is encoded by CCL3 gene and
is a natural ligand of the CCR1, CCR3, and CCRS receptors. Binding of MIP-1a to
the CCRS receptor may block HIV entry, suppressing HIV viral replication
(Arenzana-Seisdedos and Parmentier 2006). Levine et al. (2009) examined poly-
morphisms of 7 immune-related genes in 143 individuals with HIV infection,
including 23 HAD patients, from the National NeuroAIDS Tissue Consortium.
Only the rs1130371 SNP of the CCL3 gene significantly differed between the
groups. The rs1130371 SNP occurs in the coding region of CCL3; however, the
synonymous C>T substitution does not change the open reading frame (Modi et al.
2006). In Levine et al. (2009), 16% of unimpaired patients were homozygous for the
T allele, whereas 31% of HAD patients were homozygous. The presence of
rs1130371 increased the risk of HAD twofold. However, comorbid depression was
associated with a fivefold risk of HAD, qualifying the impact of rs1130371 alone. In
a longitudinal study, Levine et al. (2014) reported that HIV-infected carriers of the A
allele of a CCL3 rs1719134 SNP — an A>G substitution in noncoding intron 1 region
of the CCL3 gene (Modi et al. 2006) — had greater memory decline than both
HIV-infected noncarriers and HIV-uninfected carriers. A higher CCL3LI gene
copy number has also been associated with reduced risk for acquiring HIV, whereas
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low copy number are associated with increased HIV susceptibility (Liu et al. 2010).
Gonzalez et al. (2005) stratified their sample into genetic risk groups based on
CCL3LI copy numbers (high vs. low) and disease altering CCR5 genotype (A-32
homozygous vs. wild type). Possession of low copy numbers in combination with
CCRS5-A-32 carried over a threefold increased risk for HAD.

3.3 Stromal Cell-Derived Factor-1 (SDF-1 or CXCL12)

Stromal cell-derived factor-1 (SDF-1 or C-X-C motif chemokine 12, CXCL12) is a
chemokine involved in leukocyte activation. CXCL12 is the chief ligand for
CXCR4. CXCL12 may bind to CXCR4 competitively inhibiting HIV binding and
limiting viral entry (Agace et al. 2000). Winkler et al. (1998) investigated the
association between the CXCLI2 rs1801157 SNP (also SDF1-3’A), a G>A substi-
tution at base pair 801 of the 3'-untranslated region of the CXCLI2 gene (Modi et al.
2006), and HIV disease progression in a sample of HIV-infected men from the
Multicenter AIDS Cohort Study (MACS). The rs1801157 AA genotype was asso-
ciated with delayed progression to AIDS. However, multiple subsequent studies
failed to find this association or even reported faster disease progression for the AA
genotype (van Rij et al. 1999; Ioannidis et al. 2001; Meyer et al. 1999).

A recent meta-analysis of 16 studies by Ding et al. (2018) investigated the
relationship between CXCLI2 polymorphisms, infection vulnerability, and disease
progression. No significant association between CXCLI2 polymorphism and vul-
nerability to HIV infection was observed, and disease progression was related to
CXCLI2 polymorphism only in studies from the MACS cohort. Ding et al. (2018)
attribute specific demographic features of this cohort to the unique findings. Indeed,
directly comparing the MACS with other cohorts regarding associations of CXCLI2
polymorphisms, Modi et al. (2005) reported a significant protective effect of
rs1801157 against disease progression in patients of European American descent
only in the MACS cohort. A detrimental effect of two different CXCLI2 poly-
morphisms (rs754618 and rs2297630) on disease progression was observed only
in African American participants, pooled across several cohorts. Thus, the
rs1801157 polymorphism may only exert protective influences on disease progres-
sion in select populations.

Results regarding the neurocognitive impact of CXCLI2 polymorphisms are also
mixed. Levine et al. (2014) failed to find an association between rs1801157 and
neurocognitive impairment in patients with HIV in a longitudinal MACS cohort
study. Similarly, Levine et al. (2009) reported that rs1801157 was not a significant
predictor of HAD, using data of 117 non-HAD and 26 HAD patients from the
National NeuroAIDS Tissue Consortium (see also Spector et al. 2010). However, in
a pediatric HIV-infected cohort (n = 1,049), Singh et al. (2003) reported that
homozygosity for the A allele was associated with faster disease progression and
cognitive decline in African American children. The contradictory findings between
children and adults may be due to a moderating effect of CXCL12 genotype on age
and cognition, but further studies are needed.
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3.4 Monocyte Chemoattractant Protein-1 (MCP-1 or CCL2)

Monocyte chemoattractant protein-1 (MCP-1), also known as CCL2, is the most
potent chemokine to induce chemotaxis of myeloid cells into the CNS. CCL2
mediates the early neuroinflammatory response after HIV infection (Dhillon et al.
2008). Increased levels of CCL2 are found in the brain and cerebrospinal fluid (CSF)
of infected patients with HAND or HIV encephalopathy compared to cognitively
intact patients and uninfected controls (Conant et al. 1998; Dhillon et al. 2008). The
CCL2-2578G allele has been the most extensively studied allele in relation to
HAND. The CCL2-2578G allele represents an A>G substitution at position -2578
in the promoter region of the CCL2 gene (Rovin et al. 1999). However, findings on
associations between CCL2-2578G and HAND have been contradictory. Gonzalez
et al. (2002) observed that homozygous individuals for the CCL2-2578G allele not
only had an accelerated progression to AIDS and death but also a 4.7-fold increase
risk for HAD. These associations remained significant after controlling for the year
in which HAD developed, suggesting that newer ART regimens did not diminish the
susceptibility of carriers to develop HAD. In a longitudinal study, Levine et al.
(2014) reported that patients homozygous for the CCL2-2578G allele had lower
memory performance over time compared to HIV-positive heterozygotes and
uninfected controls. However, others failed to find a direct association between the
CCL2-2578G allele and HAD (Levine et al. 2009) or cognitive dysfunction (Spector
et al. 2010). Thames et al. (2015) reported no difference in cognitive status (Global
Deficit Score) between CCL2-2578G allele carriers and noncarriers. However,
CCL2-2578G carriers had increased levels of CCL2 in the CSF, and these in turn
correlated with CSF neuroinflammatory markers and lower neurocognitive function-
ing. Thus, CCL2 polymorphisms may influence intermediate neurocognitive impair-
ment phenotypes in HIV infection. Bol et al. (2012) studied the association between
HAD and several candidate genetic polymorphisms (e.g., APOE, CCL3, TNFA),
including CCL2-2578G. A polymorphism in another candidate gene, PREPI, was
also investigated. Prepl (also known as PKNOX1) is a transcriptional factor that
preferentially binds to the CCL2-2578G allele, thereby affecting transcription of the
protein. Among 17 PREPI SNPs, 152839619 was targeted based on its role in
cholesterol metabolism and linkage disequilibrium with nearby intronic SNP
1s234720, which had been associated with neurocognitive performance (Cirulli
et al. 2010). Although none of the studied genes were associated with HAD,
including CCL2-2578G, Bol et al. (2012) found that the heterozygous PREPI
152839619 AG genotype was observed in 55% of non-HAD patients with AIDS,
but only in 24% of HAD patients, suggesting a potentially protective property of the
heterozygous genotype. These results await replication.

A point mutation in the minor HIV co-receptor CCR2, whose natural ligand is
CCL2, has also been reported. This CCR2 polymorphism results from a G>A
transition in the coding region, resulting in a valine to isoleucine replacement at
amino acid position 64 (CCR2-V64I). The CCR2-V64I allele has been linked to
slowed disease progression, delaying AIDS by 2—4 years in a cohort of over 3,000
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HIV-infected patients prior to the introduction of ART (Smith et al. 1997). The same
allele was found to slow progression of cognitive impairment in 121 patients with
HIV (Singh et al. 2004). However, in a follow-up study with a pediatric cohort
(n = 1,059), Singh et al. (2006) failed to find associations between CCL2-2578G or
CCR2-V64I1 alleles and HIV disease progression or cognitive impairment.

3.5 Mannose-Binding Lectin 2 (MBL2)

Mannose-binding lectin 2 (MBL2) is a protein integral to the innate immune
response, the first line of response against infection. Low concentrations of MBL2
are associated with greater susceptibility to infections and accelerated disease pro-
gression in HIV (Ji et al. 2005). The MBL2 gene has multiple polymorphisms on its
coding and promoter regions. Three variations in the coding regions, collectively
known as O allele (Garred 2008), alter the structural integrity of MBL2. In Chinese
men with HIV infection (n = 201), those possessing the O/O genotype had a higher
risk for cognitive decline compared to patients without mutations or with the A/A
genotype (Spector et al. 2010). However, this study lacked an HIV-negative control
group. To disentangle whether the neurocognitive decline was due to genotype or
HIV status alone, Levine et al. (2014) investigated the influence of MBL2 genotype,
among others, on cognitive decline in a large cohort (n = 952) of participants with or
without HIV. They found a deleterious influence of the O genotype in uninfected
controls only, suggesting that Spector et al. (2010) results may not have been due to
HIV status alone.

3.6 Human Leukocyte Antigen (HLA) Alleles

Human leukocyte antigen (HLA) genes encode the major histocompatibility com-
plex, cell surface proteins involved in cell recognition and immune activation. In
humans, HLA genes are highly polymorphic. Multiple studies have linked specific
HLA types with HIV susceptibility, immune control, and disease progression
(Borghans et al. 2007; Huang et al. 2009; Schrier et al. 1996; Li et al. 2007; Goulder
and Watkins 2008; Telenti 2005). An earlier US cohort showed an association
between the HLA-DR*04 gene and T-cell activation, such that individuals with
this genotype had low CD4+ T-cell response and low plasma HIV viral loads
(Schrier et al. 1989). Schrier et al. (2012) assessed the association between HLA
genotypes with neurocognition and virologic factors in a longitudinal study of
plasma donors in China. In this cohort, HLA-DR*04 was associated with
neurocognitive impairment at baseline, and more pronounced neurocognitive
decline, as well as lower plasma viral loads at the 12-month follow-up. The associ-
ation between HLA-DR*04 genotype and low viral loads may be explained by the
fact that HIV best replicates in activated CD4+ T cells. Since HLA-DR*04 is
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associated with low CD4+ T-cell activation, individuals with this genotype may be
better able to suppress viral replication than individuals with the wild type. Viral load
was a robust predictor of CNS involvement and neurocognitive decline prior to ART
availability. However, these relationships are more complicated in treated cohorts, in
particular if ART are only partially effective (Gelman 2015). Schrier et al. (2012)
results suggest that neurocognitive impairment in patients with the HLA-DR*04
genotype may be driven by a process other than viral replication. The authors also
reported that HLA class I alleles (B*27, 57, 58, A*03, 33) were associated with
CD8+ T-cell control of HIV infection, and these alleles were related to less
neurocognitive impairment (baseline, 12 months) and slower neurocognitive decline
(12 months).

3.7 Tumor Necrosis Factor Alpha (TNF-a)

Tumor necrosis factor alpha (TNF-a) is an inflammatory cytokine released by
macrophages and microglia, associated with apoptosis and viral replication and
implicated in neuronal injury after HIV infection (Brabers and Nottet 2006; Vaidya
et al. 2014). TNF-a levels are elevated in HIV-infected patients (Roux-Lombard
et al. 1989; Brabers and Nottet 2006). Activated macrophages in ADC patients show
increased expression TNFA-encoded mRNA, and increased expression correlated
with ADC progression and severity in early studies (Wesselingh et al. 1993, 1997).
The rs1800629 SNP in the promoter region of the TNFA gene, resulting in the
TNFA-308 allele, has been associated with enhanced susceptibility to viral infec-
tions. Quasney et al. (2001) found that possession of even one copy of the TNFA-308
allele was associated with an increased risk for ADC compared to non-ADC
HIV-infected patients and to non-infected controls. A meta-analysis by Pemberton
et al. (2008) reported a significantly higher frequency of the TNFA-308 alleles in
HAD patients compared to both non-HAD HIV-infected patients and healthy con-
trols. However, some studies have failed to find an association between this allele
and HAD (Diaz-Arrastia et al. 2004), including more recent investigations (Levine
et al. 2009; Bol et al. 2012). The relevance of the TNFA-308 allele to milder forms of
HAND also remains to be examined.

4 Primary Host Genetic Variations in HAND: Genes
Associated with Neurocognition

Genetic polymorphisms known to be involved in neurocognitive functions in
healthy populations, as well as in the context of neurodegenerative conditions such
as Alzheimer disease (AD) and mild cognitive impairment (MCI), have also been
studied in the context of neurocognitive impairment in HIV. Core findings are
summarized below.
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4.1 Apolipoprotein E

Apolipoprotein E (ApoE) is a major receptor for low-density lipids (LDL) and LDL
receptor-related proteins. Its main function is to clear plasma of triglycerides and
cholesterol-rich glycoproteins. ApoE is expressed at high levels in the brain and is
synthesized by astrocytes and infiltrating macrophages. The ApoE €3 is the most
frequent allele (65-70%), followed by ApoE €4 (15-20%). The ApoE €2 allele is the
least frequent (5—10%). Homozygosity for the ApoE €4 allele is recognized as a
strong genetic factor for late-onset sporadic AD (Liu et al. 2013; Kim et al. 2009).
Interest in the potential role of ApoE €4 in the pathogenesis of HAND has resurged
in the last decade. ApoE €4 is known to alter transcription of amyloid precursor
protein (APP), a biomarker for AD. Alterations to the cleavage of APP have been
reported in HAD patients (Gisslen et al. 2009; Peterson et al. 2014). In an early study
by Corder et al. (1998), HIV-infected ApoE €4 carriers were twice as likely to be
diagnosed with ADC compared to a group of HIV-infected noncarriers over a 5-year
period. Cutler et al. (2004) found evidence of dysregulated lipid and sterol metab-
olism in the brains of HAD patients with ApoE €4 genotypes, suggesting an
increased susceptibility to neurologic insults in ApoE €4 carriers. ApoE €4 is also
associated with faster disease progression and accelerated progression to death and
has been shown to enhance viral fusion to HIV co-receptors (CCRS5 and CXCR4)
in vitro (Burt et al. 2008). However, the link between ApoE €4 genotype and HAND
is unclear. Whereas some studies have found a deleterious effect of ApoE €4 on
neurocognitive functions in HIV patients (Pomara et al. 2008; Spector et al. 2010;
Andres et al. 2011; Chang et al. 2011, 2014; Mukerji et al. 2016), others could not
confirm these effects (Sun et al. 2010; Becker et al. 2015; Morgan et al. 2013). The
null results might have been caused by low proportions of ApoE €4 carriers (Sun
et al. 2010) or inclusion of participants with possible non-HIV-associated
neurocognitive impairment (Morgan et al. 2013). However, the ApoE &4 genotype
may indirectly relate to neurocognitive functions in HIV. Cysique et al. (2015)
reported in 43 HIV-infected patients that ApoE €4 (any allelic variant involving
e4; n = 13) was associated with lower CSF levels of Af1-42, similar to observations
of low Ap1-42 in AD (Paternico et al. 2012; Popp et al. 2010). Regardless of ApoE
€4 status, abnormal Ap1-42 levels increased CSF p-tau and t-tau levels, and these in
turn were associated with neurocognitive impairment (global deficit scores) in this
HIV cohort. Patients with AD-like CSF biomarkers profiles (i.e., combinations of
low APB1-42 and/or increased CNS-levels of t-tau/ p-tau) were also more likely to
have a current or past diagnosis of HAD. These results suggest that CSF biomarkers
indicative of neurodegenerative processes — some aspects of which were more likely
in ApoE €4 carriers — could also underlie neurocognitive problems in the context of
HIV infection.

Furthermore, some studies report a moderating effect of age on the relationship
between ApoE €4 and neurocognitive functioning in HIV, such that older carriers of
the ApoE &4 allele (age >50 years) are at higher risk of developing neurocognitive
impairment/HAND (Panos et al. 2013; Valcour et al. 2004; Mukerji et al. 2016;
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Wendelken et al. 2016). However, this finding has not been replicated in other
studies (Joska et al. 2010; Chang et al. 2011; Becker et al. 2015). The inclusion of
relatively young participants (mean age <50 years; Joska et al. 2010; Chang et al.
2011; Becker et al. 2015) or small numbers of older ApoE &4 carriers (Chang et al.
2011) may partly have caused the null findings.

4.2 Dopamine-Related Genes

Dopamine is a critical neurotransmitter of the frontal-striatal-thalamic circuitry
preferentially affected by HIV (Gaskill et al. 2013; Chang et al. 2008; Kumar et al.
2009, 2011; Gelman et al. 2012). Primary dopaminergic functions in humans include
motor control, reward processing, and executive functions (Chinta and Andersen
2005; Oak et al. 2000). The most commonly studied dopaminergic polymorphisms
include the catechol-O-methyltransferase (COMT) gene, dopamine receptors (e.g.,
DRD4, DRD?2), and brain-derived neurotropic factor (BDNF) gene. Extracellular
dopamine has been shown to act on monocytes to increase HIV replication via
dopamine receptor 2 (DR2; Gaskill et al. 2009). Furthermore, a SNP in the DR3 gene
(rs6280) has been linked to neurocognitive impairment among HIV-infected indi-
viduals with concurrent stimulant addiction (Gupta et al. 2011).

Thus far, only a few studies have investigated the association between dopamine-
related genetic polymorphisms and HAND. The COMT enzyme degrades dopamine
(Lewis et al. 2001), and a valine (Val) to methionine (Met) substitution results in an
enzyme that is 40% less metabolically active (Chen et al. 2004). Therefore, Met
carriers metabolize dopamine more slowly. Bousman et al. (2010) examined the
effects of COMT genotype on cognition (e.g., executive functions) and sexual risk
behavior, a reward-based behavior with a presumed dopaminergic basis, in 192 par-
ticipants (n = 107 HIV infected). Although there was no direct effect of COMT
genotype on executive functions, Met carriers (i.e., Met/Met and Val/Met) with lower
executive functions engaged in riskier sexual practices than Val/Val carriers
(Bousman et al. 2010). In a small group of HIV-infected females from the Women’s
Interagency HIV Study Consortium, Sundermann et al. (2015) observed that Val/Val
carriers, but not Met/Met and Met/Val genotypes, performed significantly worse in a
working memory task than uninfected controls with the same genotypes. Addition-
ally, HIV-infected Val/Val carriers showed increased prefrontal and anterior cingu-
late cortex activation compared to uninfected Val/Val carriers during the working
memory task. Thus, detrimental effects of HIV infection on working memory
functions specifically may be moderated by COMT genotype, potentially placing
Val/Val HIV-infected women at a higher risk of working memory deficits.

In a study (n = 257 HIV-infected patients) exploring relationships between
DRD2, DRD4, and cognition, Villalba et al. (2015) showed a significant association
between executive dysfunction and the DRD2 rs6277 (also known as C957T)
polymorphism. The rs6277 SNP, located on exon 7 of the DRD2 gene, changes
mRNA stability and dopamine-induced upregulation of DRD2 expression (Duan
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et al. 2003). rs6277 is a well-known neuropsychiatric risk factor, especially for
schizophrenia (Betcheva et al. 2009). Villalba et al. (2015) also found that a
DRD4 48 base-pair variable number tandem repeat (DRD4 VNTR-7) polymorphism
in the coding sequence was a significant predictor of executive dysfunction in their
HIV-infected cohort. However, Levine et al. (2014) failed to find an association
between multiple genes related to dopaminergic function and HIV-associated cog-
nitive impairment in a large (n = 952) longitudinal study. In this study, the COMT
genotype influenced longitudinal cognitive functioning only in HIV-uninfected
controls. Thus, dopamine genetics may be most relevant to specific neurocognitive
(dys)functions (e.g., executive functions, working memory, risk taking, reward
processing), rather than global cognitive status or HAND, although HIV-related
and HIV-unrelated contributions should be considered.

5 Epigenetic Changes Associated with HAND

Results from the reviewed association studies of candidate genes suggest that
individual genes are not robustly associated with HAND and/or HIV progression.
Intermediary epigenetic processes may modulate gene expression and thereby indi-
rectly influence the genetics of HAND. Epigenetic studies of HAND pathogenesis
are relatively new, with most studies focused on microRNAs. Few studies have
investigated the roles of histone modification and DNA methylation in the context of
HAND (Table 2). Understanding the epigenetic changes associated with HAND
might help better elucidate the neuropathological mechanisms underpinning HAND.

5.1 MicroRNA (miRNA)

MicroRNAs (miRNAs) are small noncoding RNA molecules that can regulate both
host and viral gene expression by targeting mRNAs and directing them for cleavage
(Guo et al. 2010). Studying miRNAs might contribute to the identification of
components of HAND pathogenesis. Eletto et al. (2008) conducted the first study
to associate changes in miRNA expression and HIV. The authors observed that the
HIV Tat protein promoted miR-128a activity in primary cortical neurons, reducing
the expression of SNAP25, a presynaptic protein. Since then, multiple studies have
reported altered CNS expression of miRNAs of HAND patients. In brains of patients
with HIV encephalitis, Noorbakhsh et al. (2010) observed a downregulation of
miRNAs associated with effector caspases involved in cell death pathways. This
was accompanied by higher levels of caspase-6 transcripts in HIV encephalitis
brains compared to control brains, localized to astrocytes, indicating a linkage
between differential expression of miRNAs in advanced stages of HIV and
dysregulation of cell death pathways. Yelamanchili et al. (2010) found a significant
upregulation of miR-21 in the brains of HAD patients. miR-21 reduced the
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Table 2 Epigenetic mechanisms associated with HAND

Epigenetic
mechanism

Affected processes associated with
HAND

References

miRNA

Downregulation of multiple miRNAs
associated with effector caspases
involved in cell death pathways in HIV
encephalitis

Noorbakhsh et al. (2010)

Upregulation of miR-146a leading to
translational suppression of
pro-inflammatory cytokines associated
with viral entry inhibition in HIV
encephalitis

Rom et al. (2010)

Upregulation of miRNAs (miR-500a-
5p, miR-34c¢-3p, miR-93-3p, and
miR-381-3p) that target peroxisomal
genes in HAND patients

Xu et al. (2017)

Upregulation/downregulation of
miRNAs broadly associated with syn-
aptic and neuronal functions

Yelamanchili et al. (2010), Kadri et al.
(2016), Asahchop et al. (2016), and
Wyczechowska et al. (2017)

Histone
modification

Upregulation of HDAC?2 associated
with the inhibition of translation of

genes broadly synaptic and neuronal
functions

Saiyed et al. (2011)

Telomere
length

Shortened telomere length (LTL) in
HIV-infected females compared to
controls and LTL positively correlated
to memory (Malan-Muller et al. 2013).
However, results have not been repli-
cated (Giesbrecht et al. 2014)

Malan-Muller et al. (2013) and
Giesbrecht et al. (2014)

DNA
methylation

Increased DNA methylation in PBMCs
and brain tissue in HAND patients
compared to controls. Increased meth-
ylation associated with lower
neurocognitive function in
HIV-infected children

Horvath and Levine (2015),
Rickabaugh et al. (2015), Levine et al.
(2016), Corley et al. (2016), and
Horvath et al. (2018)

expression of myocyte enhancer factor 2C (MEFC2), a transcriptional factor asso-
ciated with neuronal function. Rom et al. (2010) found an upregulation of miR-146a,
associated with the release of pro-inflammatory cytokines such as MCP-2, in frontal
lobe brain tissue of HIV encephalitis patients compared to controls. MCP-2 inhibits
CCR5-mediated HIV entry and viral replication (Gong et al. 1998; Yang et al. 2002).
Rom et al. (2010) reported that in vitro transfection of miR-146a into microglial cells
inhibited MCP-2 release. Therefore, the upregulation of mir-146a during HIV
infection may impede MCP-2 release, thereby facilitating viral entry and replication.
A recent study by Xu et al. (2017) further identified four miRNAs upregulated in
HAND patients (miR-500a-5p, miR-34c-3p, miR-93-3p, and miR-381-3p). These
miRNAs were identified as targeting mRNAs encoding peroxisomal proteins. Per-
oxisomes are considered necessary for normal brain functioning (Wanders and
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Waterham 2006), and peroxisomal genetic diseases (e.g., adrenoleukodystrophy)
have severe neurological consequences (Ferrer et al. 2010; Wanders and Waterham
2006). The loss of peroxisomal proteins signaled by changes in miRNAs may be a
novel biological pathway to identify the development of HAND.

Plasma miRNA profiles may also serve as biomarkers for neurocognitive impair-
ment in HIV infection. For example, Kadri et al. (2016) identified and verified the
following miRNA pairs that best differentiated between cognitively normal and
cognitively impaired (Global Deficit Score >0.5) HIV-infected patients from the
Louisiana State University Health Sciences Center cohort (LSUHSC): miR-744-5p/
miR-495-3p, let-7b-5p/miR-495-3p, miR-151a-5p/miR-495-3p, and miR-376a-3p/
miR-16-532-3p. Although these miRNA pairs were not associated with other clinical
characteristics of the patients, they had been previously identified as brain-rich
(Landgraf et al. 2007; Im and Kenny 2012) or as involved in normal brain functions
(e.g., miR-495 is associated with neurogenesis and synaptic functioning, Mellios
et al. 2008; let-7b is implicated in neurodegeneration by Toll-like receptor seven
activation, Lehmann et al. 2012). A follow-up study by the same group with newly
enrolled LSUHSC patients (n = 66) and patients from the CNS HIV Antiretroviral
Therapy Effects Research (CHARTER) cohort (n = 70; Wyczechowska et al. 2017)
identified several miRNA pairs that distinguished cognitively impaired patients from
non-impaired patients. Two miRNA pairs confirmed the previous findings
(miR-744-5p/miR-495-3p and let-7b-5p/miR-495-3p; Kadri et al. 2016). However,
some miRNA-pairs were upregulated or downregulated differentially in each cohort,
likely due to demographic differences between the LSUHSC and CHARTER
participants. Both ethnicity and sex can influence miRNA expression (Guo et al.
2017). Another recent study by Asahchop et al. (2016) profiling plasma miRNA in a
Canadian cohort found three miRNAs (miR-3665, miR-4516, and miR-4707-5p)
distinguishing between HAND (n = 22) and non-HAND (n = 25) patients with an
accuracy of 87%. These miRNAs target genes involved in neural development, cell
death, inflammation, cell signaling, and cytokine functions.

These studies provide some evidence for the utility of miRNA profiling as a
potential diagnostic tool for HAND or cognitive impairment in the context of HIV.
Further studies and larger cohorts are required to continue to achieve broader
convergence of the miRNA findings.

5.2 Histone Modification

Histone acetylation and deacetylation are prominent epigenetic modifications that
can impact gene expression. Altered histone acetylation is present in multiple
neurological diseases, and inhibitors of histone deacetylases (HDAC:s) are associated
with neurocognitive improvement in experimental settings (Kazantsev and
Thompson 2008; Graff and Tsai 2013). Studies have also shown that HDACs
might contribute to eradicating latent HIV reservoirs (Zwergel et al. 2016; Sogaard
et al. 2015). To our knowledge, only one study has investigated the role of histone
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modification in the development of HAND. Saiyed et al. (2011) reported that HIV
Tat protein upregulated the expression of HDAC?2 in neural cells in vitro, which in
turn suppressed the expression of CREB and CaMKIla genes. Both have been
involved in synaptic and neuronal functions and long-term potentiation and are
implicated in memory (Vecsey et al. 2007; Silva et al. 1992). Expression of these
genes was restored when cells were treated with HDAC inhibitors, emphasizing the
potential role of HDAC in the neuropathogenesis of HAND.

5.3 Other Epigenetic Markers of Biological Aging

Epigenetic mechanisms regulate telomere dynamics, and telomere length is one of
the most popular measures of biological aging (Wong et al. 2014). Telomere
shortening is predictive of morbidity and mortality in aging (Cawthon et al. 2003),
occurs in multiple neurological (Suchy-Dicey et al. 2018; Martin-Ruiz et al. 2006)
and psychiatric (Wolkowitz et al. 2017; Stein et al. 2018; Han et al. 2018) condi-
tions, and may also contribute to accelerated brain aging in HIV. However, results so
far have been inconclusive. Malan-Muller et al. (2013) studied the association
between leukocyte telomere length (LTL), from DNA extracted from whole blood,
and cognition in a group of South African women (n = 128, aged 18-50). Compared
to uninfected controls, HIV-infected women had significantly shorter LTL. There
was also a small but significant correlation between LTL and memory performance
(r = 0.26, p = 0.02), and this association was present only in the HIV-infected
group. In contrast, Giesbrecht et al. (2014) found no significant differences in LTL
between HIV-negative (n = 45, aged 31-67) and HIV-positive women (n = 81, aged
30-66), nor was cognitive performance associated with LTL in either group.

DNA methylation levels change in aging. The ‘epigenetic clock’ is a recently
developed method for estimating accelerated epigenetic aging based on age-related
DNA methylation levels (Horvath 2013). This approach has been only recently
begun to be applied to HAND, with promising results. For example, Horvath and
Levine (2015) found that HIV-positive participants (n = 8, mean age at death =45.9)
showed accelerated epigenetic aging (based on DNA methylation) by 7.4 years in
brain tissue compared to data from uninfected controls. Similarly, using two datasets
from the MACS (aged 20-56), Rickabaugh et al. (2015) found that HIV-infection
accelerated age-related DNA methylation in peripheral blood mononuclear cells
(PBMC) by over 10 years.

In relation to HAND, Levine et al. (2016) reported that brain samples from
HAND individuals within 1 year of death showed accelerated epigenetic aging by
3.5 years compared to HIV-positive non-HAND patients. Corley et al. (2016) also
reported increased DNA methylation in PBMC of neurocognitively impaired
patients with HIV infection (n = 11, aged 51-72) compared to cognitively
unimpaired HIV-positive patients (n = 10, aged 50-60). In a large South African
cohort of adolescents who perinatally acquired HIV (n = 204, mean age = 10.4),
Horvath et al. (2018) found increased DNA methylation levels (i.e., epigenetic age)
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in PBMC, in patients compared to age-matched healthy adolescents. In both groups,
DNA methylation levels correlated negatively with neurocognition (attention, infor-
mation processing speed, executive functions). Together, these findings suggest that
accelerated epigenetic aging might contribute to poor neurocognitive performance in
HIV/AIDS and could serve as a potential biomarker for HAND and/or elderly
dementia in HIV-infected adults.

6 Genetic Susceptibility to CNS Toxicity of Antiretroviral
Drugs

Just as genotyping has been helpful in identifying potential fatal consequences of
ART for some patients (i.e., HLA-B*5701 and abacavir hypersensitivity; Martin
et al. 2004), pharmacogenetic studies may help identify genetic variants associated
with higher risk for potential ART neurotoxicity which may contribute to HAND.

Most studies have focused on efavirenz (EFV), a non-nucleoside reverse tran-
scriptase inhibitor (NNRTI). EFV is a common component of first-line ART regi-
mens known for its neuropsychiatric side effects, such as dizziness, confusion,
psychotic symptoms, memory and attention problems, and sleep abnormalities
(Kenedi and Goforth 2011). Although highly effective in reducing viral replication,
its side effect profile makes EFV-containing regimens less tolerable compared to
other alternatives. As such, EFV is not recommended for patients with HAD to avoid
exacerbation of the neurocognitive deficits (Ma et al. 2016; Ciccarelli et al. 2011).
EFV is primarily metabolized by cytochrome (CYP) P450, isozymes 2B6, and to a
lesser extent 3A4. The CYP2B6 G516T mutation is associated with decreased
CYP2B6 function, and this polymorphism has been associated with higher EFV
plasma concentrations, which in turn can lead to higher incidence of CNS side
effects (Haas et al. 2004; Rotger et al. 2005; Gounden et al. 2010; Heil et al. 2012).
Haas et al. (2004) conducted a randomized controlled trial to study whether poly-
morphisms in CYP2B6, CYP3A4, CYP3AS, and multidrug resistance protein 1
(P-glycoprotein) MDR1 genes were associated with higher EFV plasma concentra-
tion and CNS side effects in a cohort of 154 HIV-positive patients. Only the CYP2B6
G516T TT genotype was significantly associated with higher plasma concentration
of EFV. Individuals who were homozygous for the G5/6T allele, which was more
common in African Americans (20%) than Caucasians (3%), had three times the
plasma concentration of EFV compared to wild-type carriers and heterozygous
participants. Carriers of the G5/6T allele also reported a significantly higher inci-
dence of neuropsychiatric side effects after week 1 (see also Rotger et al. 2005;
Gounden et al. 2010; Heil et al. 2012).

Although there is ample evidence of a relationship between neuropsychiatric side
effects and EFV, the relationship between EFV and neuropsychological performance
is less clear. Haas et al. (2004) did not observe a relationship between homozygosity
for the CYP2B6 G516T allele and neurocognitive performance levels in their cohort.
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Clifford et al. (2005) reported a small but statistically significant negative correlation
between overall neurocognitive performance and EFV plasma concentrations at
week 4 and week 12. However, mean neurocognitive performance levels were the
same in patients receiving EFV and those who were not. Conversely, EFV use was a
significant predictor of HAND (odds ratio = 4.00, p = 0.008) in Ciccarelli et al.
(2011). Neither of these studies investigated the influence of CYP2B6 G516T,
preventing a direct comparison to Haas et al.’s (2004) findings. Sandkovsky et al.
(2017) evaluated the relationship between neuropsychological performance, EFV
concentration, and CYP2B6 G516T polymorphism in a small cross-sectional cohort
of 30 older patients with HIV infection. The authors failed to find a significant
correlation between neuropsychological performance and EFV plasma levels, and
they were also unable to find a relationship to the G516T genotype. However, better
neurocognitive functioning was associated with higher plasma concentrations of an
EFV metabolite, 8-OH-efavirenz, suggesting that fast metabolizers of EFV (without
the G516T allele) might be able to avoid EFV neurotoxicity and its neurocognitive
complications. There were several limitations to this study, including the small
sample size, lack of controls, and only three patients who were homozygous for
the G516T allele such that the outcomes remain preliminary.

Nevirapine (NVP) is another NNRTI metabolized by CYP2B6 and CYP3A4. Itis
commonly used in resource-limited settings as a first-choice antiretroviral drug due
to its high efficiency/CNS penetrance, at relatively lower cost. There are a few
studies investigating the influence of genetic variants such as CYP2B6 G516T on
pharmacokinetic and patient response to NVP. Like EFV, the CYP2B6 G516T allele
was associated with higher plasma concentrations of NVP in multiple studies (Heil
et al. 2012; Rotger et al. 2005; Penzak et al. 2007; Giacomelli et al. 2018) and has
been shown to be neurotoxic in vitro (Robertson et al. 2012; Stauch et al. 2017).
However, there is a lack of clinical studies.

Unlike NVP and EFV, protease inhibitors (PI) are mainly metabolized by
CYP3A4/CYP3AS enzymes. Anderson et al. (2006) investigated the pharmacoki-
netic and pharmacodynamic relationships of two NRTIs (lamivudine-triphosphate,
zidovudine-triphosphate) and the highly CNS-penetrant PI indinavir with polymor-
phisms in multiple candidate genes, including CYP3AS5. Results showed that
CYP3AS expressors, defined as carriers of at least one CYP3A5 *1 allele (wild
type), showed a 44% faster indinavir oral clearance than non-expressors. At higher
concentrations (>10 pmol/L) indinavir has been found to reduce synaptic transmis-
sion in the acetylcholine neurotransmitter system through inhibition of a7-nicotinic
acetylcholine receptors (Ekins et al. 2017). Based on Anderson et al.’s (2006)
findings, non-expressors of the CYP3A5 *I allele may be at a higher risk for
neurocognitive side effects of indinavir. However, this hypothesis remains to be
tested.

Faster clearance of another PI, atazanavir, as a function of CYP3A5 genotype was
seen in CYP3AS expressors in Savic et al. (2012), whereas Castillo-Mancilla et al.
(2016) only observed higher atazanavir metabolite ratios in CYP3AS5 expressors
compared to non-expressors. However, the clinical relevance of CYP3AS expressing
and non-expressing genotypes on potential atazanavir neurotoxicity are unstudied
and appear less likely given the lower CNS penetrance of atazanavir.
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6.1 Limitations and Outlook

Apparent from this chapter is that for most genetic biomarker findings remain to be
replicated. Differences in the type and severity of neurocognitive changes in HIV
infection before and after the introduction of the current ART complicate compara-
bility of findings. Even considering only current cohorts, the HAND phenotypes in
the reviewed studies also varied, in part due to diagnostic ambiguities of the current
consensus criteria. For example, test batteries and definition of neuropsychological
domains vary across cohorts (Bonnet et al. 2013; Dufouil et al. 2015; Wright et al.
2010, 2015; Vassallo et al. 2014; Winston et al. 2013; Simioni et al. 2010; Cysique
etal. 2014; Garvey et al. 2011; Sacktor et al. 2016). A HAND diagnosis also requires
neurocognitive performance to be classified as “intact” or “impaired,” but these
categorical labels have been ascertained using different scoring techniques, such as
clinical ratings (Carey et al. 2004), domain averaging (Gisslen et al. 2011), or global
deficit scores (Carey et al. 2004). Furthermore, although alternative diagnostic
criteria exist, they have low agreement with the Frascati criteria (Tierney et al.
2017). Assessment of functional impairment in daily life is needed for HAND
staging but is challenging. The most commonly used self-report scales are subjec-
tive, were originally developed for other neurological disorders, and hence are not
HIV-specific (Clifford and Ances 2013). Even when more quantitative measures are
used (e.g., the Columbia Medication Management Test; Heaton et al. 2004), both
self-reported and performance-based measures are related to patients’ educational
and sociocultural background and do not predict progression of HAND and/or
neurocognitive performance.

These uncertainties in defining, assessing, and delineating HAND limit the ability
to detect robust biomarkers, including the genetic and epigenetic markers discussed
in this chapter. To avoid the phenotypic variations of HAND, especially the milder
forms, revised classification criteria should develop clearer guidelines on staging and
interpreting neurocognitive test performance. Perhaps most importantly, clinically
accessible methods to distinguish HAND from neurocognitive impairment related to
other factors are needed to either exclude or specify neurocognitive phenotypes due
to comorbidities, especially in the context of aging and HIV. Likewise, cost-effective
and easy-to-perform techniques to screen for HAND have yet to be established.
Within such screening, mandatory inclusion of two neuropsychological tests per
domain, focusing on the core neuropsychological deficits shared among cohorts,
may avoid overdiagnosis of the milder forms of HAND. The use of one instead of
multiple scoring methods (e.g., global deficit scores) would further reduce pheno-
typic variability. Regardless of the scoring method, categorical classification of
neurocognitive deficits requires demographically appropriate normative data from
large groups of non-infected controls, which are currently not universally available
for all HIV cohorts.

Definition and measurement of HAND may also benefit from the integration of
empirical statistical methods to classify neurocognitive impairment (Devlin and
Giovannetti 2017). Such tools could be used to arrive at neurocognitive profiles



Neurocognitive Impairment and Associated Genetic Aspects in HIV Infection 63

reflective of HAND to help validate and potentially adjust the clinical staging. For
example, mixture modeling techniques such as latent profile analysis (LPA) and
latent class analysis (LCA) are statistically robust tools (Muthen and Muthen 2000)
that have been used in neurological conditions other than in HIV infection to
differentiate between multiple neurocognitive subtypes (Flensborg Damholdt et al.
2012; Frndak et al. 2016; McGuinness et al. 2015; Kohler et al. 2013). Assignment
of patients to subtypes is guided by rigorous statistical tests, model fit statistics, a
probability of correct assignment, and can also be used for longitudinal modeling of
change in neurocognitive performance (Nylund et al. 2007). Establishing empirical
neurocognitive subtypes of HAND would require multiple, large cohorts but may
render more robust phenotypic targets for genetic studies. Lastly, the identification
of genetic and epigenetic biomarkers for HAND may also benefit from individual
and joint assessment of candidate markers across multiple cohorts, using the same
HAND phenotype, to ensure replicability and robustness of outcomes. For these
types of approaches, shared public and collaborative global data repositories, includ-
ing neuropsychological, clinical-demographic, genetic, and epigenetic data, will be
needed to maximize statistical power.
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Abstract Neurocognitive impairment caused by chronic human immunodeficiency
virus (HIV) infection is a growing concern. In this chapter we discuss the inflam-
matory mechanisms underlying the pathology of asymptomatic and mild

N. Fernandes and L. Pulliam (P<))
Department of Laboratory Medicine, San Francisco VA Health Care System, San Francisco,
CA, USA

University of California, San Francisco, San Francisco, CA, USA
e-mail: lynn.pulliam @ucsf.edu

© Springer Nature Switzerland AG 2019 77
Curr Topics Behav Neurosci (2021) 50: 77-104

DOI 10.1007/7854_2019_100

Published Online: 6 August 2019


http://crossmark.crossref.org/dialog/?doi=10.1007/7854_2019_100&domain=pdf
mailto:lynn.pulliam@ucsf.edu

78 N. Fernandes and L. Pulliam

neurocognitive impairment in the context of antiretroviral therapy. We discuss the
role of HIV, viral proteins, and virally infected cells on the development of
neuroinflammation and the effect of viral proteins on the cells of the central nervous
system.

We examine how these collective factors result in an inflammatory context that
triggers the development of neurocognitive impairment in HIV. We assess the
contribution of antiretrovirals and drugs of abuse, including methamphetamine,
cannabis, and opioids, to the neurotoxic and neuroinflammatory milieu that leads
to the development of neurocognitive impairment in HIV-infected individuals. We
also examined circulating biomarkers, NF-L, sCD163, and sCD14, pertinent to
identifying changes in the CNS that could indicate real-time changes in patient
physiology. Lastly, we discuss future studies, such as exosomes and the microbiome,
which could play a role in the HIV-induced neuroinflammation that eventually
manifests as cognitive impairment.

Keywords ART - Biomarkers - HIV - Neurocognitive impairment -
Neuroinflammation

1 Neurocognitive Impairment in HIV

1.1 What Is Neurocognitive Impairment?

Human immunodeficiency virus (HIV) affects 36.9 million people worldwide
(UNAIDS 2018). With the widespread use of antiretroviral therapy (ART), survival
rates have dramatically increased, and HIV-infected persons are able to live decades
longer (Woods et al. 2009). Of all the individuals currently living with HIV, around
21.7 million (58.8%) have access to ART (UNAIDS 2018). With the increase in
long-term survival, the incidence of HIV-associated neurocognitive disorders
(HAND) has also increased in HIV-positive individuals. Although the more severe
form of HAND, HIV-associated dementia (HAD), has dramatically decreased with
the use of antiretrovirals (ARV), studies estimate that between 30 and 50% of all
HIV-infected persons present with neurocognitive impairment (Woods et al. 2009;
Rizzo et al. 2018; Heaton et al. 2010; Jaureguiberry-Bravo et al. 2016). Because
ART are known to have poor penetration across the blood-brain barrier (BBB), the
virus is not well controlled in the central nervous system (CNS) (Weber et al. 2013).
Thus, in the CNS, the virus contributes to a chronic neuroinflammatory state that
eventually results in pathological changes and cognitive impairment. HAND is
diagnosed by a battery of neuropsychological tests, which evaluate executive func-
tion, episodic memory, speed of information processing, motor skills, attention/
working memory, language, and sensoriperception (Rizzo et al. 2018; Weber et al.
2013; McGuire et al. 2015; Soontornniyomkij et al. 2016).

Less severe HAND is often divided into two categories based on neuropsycho-
logical testing, i.e., asymptomatic neurocognitive impairment (ANI) and mild
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neurocognitive disorder (MND) (McGuire et al. 2015). In a study evaluating HAND
using a population of HIV-infected participants who did not have comorbid risks of
CNS dysfunction, over 30% were diagnosed with ANI, and around 12% and 2%
presented with MND and HAD, respectively (Woods et al. 2009; Heaton et al.
2010). It is likely that HIV-infected subjects may develop ANI as a transition point to
MND, so it may be important to not only identify affected individuals but also to
ascertain the progression of the impairment and potential timepoints for therapeutic
intervention. The etiology of HAND is not fully elucidated, but its presentation is
attributed to dysfunction, damage, and death of neurons, without productive HIV
infection of neurons (Rizzo et al. 2018). Studies focused on the neurobiological
mechanisms of neurocognitive impairment have found many pathological changes,
such as synaptic loss and dendritic simplification (McGuire et al. 2015). Some of
these progressive pathological changes can be detected in the cerebrospinal fluid
(CSF) and blood of HIV patients. Diagnosis of ANI and MND with objective
biomarkers in “real time” continues to be difficult in HAND and remains as a
research aim.

2 Peripheral Inflammation Sets Up Processes That Lead
to Neurocognitive Impairment

2.1 Monocyte/Macrophage (M/Me) Activation

Monocytes are phagocytic myeloid cells that are distinguished by the heterogeneous
expression of several cell surface molecules, including CD14, CD16, and Toll-like
receptor 4 (Jakubzick et al. 2017; Rempel et al. 2010; Zhen et al. 2014). Monocytes
are typically classified as CDI14%™CDI16* (nonclassical monocytes),
CD14"€"CD16" (intermediate monocytes), and CD14™E"CD16~ (classical mono-
cytes). While a facet of monocyte function involves differentiation into tissue-
specific macrophages, monocytes are also capable of synthesizing and secreting
inflammatory mediators, in a manner similar to macrophages, upon activation
(Jakubzick et al. 2017). Meanwhile, HIV and its proteins, such as gp120 and Tat,
are also capable of activating monocytes, which subsequently upregulate CD16 and
change their phenotype to more “macrophage-like” CD149™CD16* and
CD14"&"CD16" populations. We will collectively refer to these monocytes as
CD14/CD16 M/M¢ in this review. Ironically, these phenotypes are more susceptible
to further HIV infection and produce a variety of inflammatory factors. CD14/CD16
monocytes enter the brain, most likely in response to CCL2 produced by astrocytes
(Chompre et al. 2013; Dubovy et al. 2018), and studies show that these cells
preferentially migrate across the BBB (Veenstra et al. 2017). Once in the CNS,
they can contribute to the events that produce chronic neuroinflammation.

While monocytes are fairly refractile to HIV infection, a small subset of CD14/
CD16 monocytes are more susceptible to HIV and preferentially harbor HIV
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DNA (Ellery et al. 2007). Monocyte activation can trigger differentiation into
macrophages, and, upon CD4 ligation and CCRS binding to HIV, most monocytes
differentiate into macrophages (Zhen et al. 2014). Monocyte activation also results
in the release of soluble(s) CD14 and sCD163 and the formation of monocyte-
platelet aggregates which triggers proinflammatory cytokine secretion and
upregulates adhesion molecules and tissue factors and have additional roles in
immune activation (Liang et al. 2015). In addition, individuals with significant
decline in memory performance had lower expression of CD163 on CD14/CD16
monocytes that corresponded well with the higher release of soluble CD163 during
cognitive impairment (Liang et al. 2015; Fabbiani et al. 2017). The role of inflam-
mation in the development of neurocognitive disorders among HIV-infected people
is of renewed importance since previously there was a positive correlation between
the degree of immunosuppression and risk for HAND (Heaton et al. 2010). Impor-
tantly, persons with controlled viral loads and partial recovery of the immune system
with ART continue to have detectable levels of inflammation (Heaton et al. 2010)

(Fig. 1).

2.2 (CDI14/16 Monocytes Facilitate BBB Crossing

Because macrophages are long-lived cells, infection continues despite adherence to
ART and is a key obstacle to HIV cure (Clayton et al. 2017). Macrophages can be
infected through the viral synapse, receptor-mediated endocytosis, or phagocytosis
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of HIV-infected living, dying, or dead cells (Baxter et al. 2014). The well-known
“Trojan Horse” model of CNS infection suggests that HIV-infected M/M¢ cross the
blood-brain barrier and release the virus into the CNS, where the virus subsequently
infects microglia (Mediouni et al. 2015). This hypothesis is supported by data
showing higher levels of E-selectin and vascular cell adhesion molecule-1 in
HIV-infected M/M¢ (Nottet et al. 1996) and thus a higher affinity for endothelial
adhesion molecules. A recent study showed a decreased trend in circulating inter-
mediate monocytes in patients with memory deficits, which suggests that loss of
CD14/CD16 M/M¢ in the periphery may reflect the transmigration of this monocyte
subset into the CNS (Fabbiani et al. 2017).

2.3 Chronic Interferon-a (IFN-a) Monocyte Phenotype

An interferon spike would be the first response to any viral infection, including HIV
pathogenesis; however, with treatment and undetectable viral loads, the normal
inflammatory response to pathogens would be to revert to a quiescent state. How-
ever, IFN-a is a double-edged sword such that when chronically activated can have
deleterious effects. In HIV infection, the presence of interferon-induced Siglec
1 (CD169) expression on monocytes signals ongoing monocyte activation in
HIV-infected persons (Rempel et al. 2008). CD169 is an interferon-stimulated
gene (ISG) that is induced in response to IFN-a, is present on the surface of
M/M¢, and is highly expressed during HIV infection (Patro et al. 2016). Ironically,
circulating interferon cannot be measured in treated, chronically infected
HIV-infected persons. However, an IFN-a “alarm” signature, defined as monocytes
expressing CD169, signals that a subset of HIV-infected persons may progress to
cognitive impairment (Pulliam 2014). A sustained type 1 interferon response in HIV
infection can cause cognitive impairment (Pulliam et al. 2014). Interruption of
antiretrovirals increases viremia, and HIV-infected individuals revert to an untreated
increased type I IFN monocyte profile (Rempel et al. 2010). Treatment to decrease
IFN-a expression may result in increased viral load; however strategies to lower the
chronic IFN-a response to a normal threshold are warranted. Recent studies on the
neurotoxicity of IFN-a showed a disruption of neuronal dendritic spines (Koneru
et al. 2018). Using an inhibitor of IFN-« in vitro and in a mouse HAND model, both
brain pathology and behavioral abnormalities improved, suggesting that this
approach may be beneficial. Further studies to dampen the IFN-a response in HIV
infection may prove to be an effective adjunctive therapy for cognitive impairment.

2.4 Contribution of Lipopolysaccharide (LPS)
to Inflammation Is Diminished

The gastrointestinal (GI) tract is a major site of HIV replication. As a result, intestinal
permeability is fivefold greater in HIV-infected individuals, and increased GI
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inflammation is a common sequela (Brenchley and Douek 2008; Allam et al. 2018;
Marchetti et al. 2013). LPS released from the gut during this process enters circu-
lation and triggers strong innate immune responses by activating a variety of cells,
including monocytes and macrophages (Marchetti et al. 2013). Although current
ART regimens have suppressed HIV replication to undetectable levels, low levels of
virus, undetectable by available techniques, may still be present, even with ARV
adherence (Marchetti et al. 2013). The replication of residual virus and release of
viral proteins cause chronic, systemic, low-grade inflammation, which contributes
toward accelerated aging, cardiovascular disease, and cancer in ART and
HIV-infected individuals (Allam et al. 2018). Moreover, although the initiation of
ART reduces the endotoxin level, residual LPS persists in circulation and continues
to propagate peripheral inflammation (Marchetti et al. 2013). The role of LPS was
investigated more thoroughly after some reports indicated that LPS levels may be an
independent marker of neurocognitive impairment (Marchetti et al. 2013), but other
studies have not replicated this data, showing instead that cognitive impairment
correlated with monocyte activation and not plasma LPS (Rempel et al. 2013). In
addition to endotoxin, microbial translocation is also common in HIV-infected
patients and is known to contribute to rapid liver disease progression in individuals
who are coinfected with hepatitis C (HCV) (Marchetti et al. 2013). Indeed, LPS
levels in HIV infection were most likely a result of HCV coinfection and/or drug
abuse (Ancuta et al. 2008). However, the new generation of HCV therapies has been
incredibly successful at treating HCV in HIV/HCV-coinfected population and has
significantly lowered the chronic inflammatory environment in the periphery
(Lopez-Cortes et al. 2018).

2.5 Blood-Brain Barrier (BBB)

HIV is thought to enter the CNS by several routes: through infected cells and through
infection/endocytosis of endothelial cells across the BBB. Monocytes are thought to
be the major contributor to viral neuroinvasion when infected CD14/CD16 mono-
cytes cross the BBB in response to CCL2 and bring the virus into the CNS (Veenstra
et al. 2017). In fact, HIV-infected CD14/CD16 monocytes expressing CXCRS,
CXCR1, and CD11b and CD169 can cross the BBB with a higher efficiency than
uninfected monocytes (Veenstra et al. 2017; Fabbiani et al. 2017; Persidsky et al.
1999; Pulliam et al. 1997). In addition, during the acute phase of viral infection, the
massive peripheral immune response could induce an inflammatory environment
that could affect the integrity of the BBB and contribute to CNS infection. However,
with the widespread use of ARV for the treatment of HIV infection, peripheral viral
loads are fairly well suppressed (Fabbiani et al. 2017). Due to treatment efficacy,
peripheral inflammation may not be the major factor affecting BBB integrity or
contributing to neuroinflammation currently. Nevertheless, HIV replication persists
in tissue sites, such as the CNS, despite ART, and low-level viral replication
continues to drive immune activation and inflammation by the production of HIV
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viral proteins (McGuire et al. 2015). The poor penetrability of ARV across the BBB
likely contributes to the detectable levels of HIV RNA and DNA in the CNS, despite
long-term adherence to ART, and also explains instances of HIV escape detected in
the CSF of HIV-infected patients (Peluso et al. 2012; Hellmuth et al. 2015).
Moreover, ART may not be effective at controlling BBB disruption, further con-
tributing to an exchange of inflammatory mediators between the periphery and the
CNS (Nair et al. 2015).

3 Neuroinflammation: Transition of Inflammation from
the Periphery to the CNS and the Consequences
on Neurodegeneration

The CNS becomes infected with HIV quickly after initial exposure to the virus, with
reports estimating that the virus can cross the BBB as soon as 4 days after peripheral
infection (Veenstra et al. 2017), likely through CD14/CD16 M/M¢. Microglia, in
particular, are highly susceptible to HIV infection, as they express CD4 receptors
and chemokine co-receptors, including CCR3, CCRS, and CXCR4, through which
the virus infects cells (Ginsberg et al. 2018; Nedellec et al. 2009; He et al. 1997;
Cenker et al. 2017). Microglia are also the only CNS-specific cells capable of
supporting productive infection (Ginsberg et al. 2018; Cenker et al. 2017; Chen
et al. 2017). Microglial infection results in the release of neurotoxic viral proteins
and cytokines, which together contribute to an inflammatory environment in the
CNS. While neuroinflammation is normally a neuroprotective tactic, chronic
microglial activation, which occurs as a consequence of unsuppressed CNS viral
infection, establishes a chronic neuroinflammatory environment that eventually
causes neurotoxicity. Microglia-derived neuroinflammation can further exacerbate
HIV entry and replication in microglia, through the IL-4- and IL-10-dependent
upregulation of CD4 and CCRS5 expression, respectively, and propagate
neuroinflammation viral infection throughout the CNS. In fact, markers of
neuroinflammation persist and are detectable in autopsy brain tissues of
HIV-infected individuals despite ARV and in the absence of productive virus
(Ginsberg et al. 2018). Importantly, HAD and HAND both have strong correlations
with microglia activation, presumably due to the combined deleterious effects of
viral proteins and microglia-derived cytokines on neurons (Watkins and Treisman
2015). HIV also causes mitochondrial dysfunction and subsequent secretion of
neurotoxic mediators in a variety of cell types. Microglia-derived neuroinflammation
is sustained by HIV infection at multiple levels (Potula et al. 2010; Var et al. 2016;
Gelman et al. 2012). Moreover, microglia are thought to serve as sites of latent
infection and function as long-term viral reservoirs, which may be continuously
reestablished by infected monocytes (Fabbiani et al. 2017; Cenker et al. 2017). This
is one way that HIV persists despite ARV and underscores the challenges to
controlling viral replication in the CNS. Over time, chronic microglia-derived
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neuroinflammation and neurotoxicity collectively result in the cognitive, motor, and
behavioral deficits seen in at-risk patients (Chen et al. 2017; Gill et al. 2014).

Microglial infection leads to released virions and viral products that cause
astrocyte activation. HIV can infect astrocytes, and examination of postmortem
brain slices has shown that up to 19% of astrocytes contain HIV DNA, indicating
that astrocytes could also serve as viral reservoirs in addition to microglia (Chompre
et al. 2013; Veenstra et al. 2017; Churchill et al. 2009; Eugenin et al. 2011).
However, unlike microglia, astrocytic infection does not result in productive repli-
cation (Chompre et al. 2013; Eugenin et al. 2007, 2011). Restricted infection in
astrocytes, also described as nonproductive infection, is a product of inefficient HIV
replication due to blocks at various levels in the viral lifecycle (Kovalevich and
Langford 2012; Liu et al. 2004). In spite of this restricted infection, astrocytes still
produce and release viral proteins that negatively impact cell viability and homeo-
stasis in the CNS (Chompre et al. 2013; Dubovy et al. 2018; Churchill et al. 2009;
Eugenin et al. 2011; Kovalevich and Langford 2012; Liu et al. 2004). Moreover,
astrocytic infection can still result in major damage to the CNS, as the small number
of HIV-infected astrocytes trigger alterations in gap junction proteins, spread toxic
signals to uninfected astrocytes, and alter the integrity of the BBB (Eugenin et al.
2011; Eugenin et al. 2007). As normal astrocytic function is regulated by neurons,
HIV-induced changes in neuronal signaling, caused by excitotoxicity, energy fail-
ure, ischemia, and neurodegeneration, alter astrocytic function independently of HIV
infection or astrocytic activation by microglia and viral proteins (Eugenin et al.
2011). Together these processes produce aberrant glial-vascular signaling and cause
apoptosis of BBB endothelial cells, which leads to increased vascular permeability
and allows the influx of proinflammatory cells and mediators from the periphery into
the CNS (Eugenin et al. 2011). In addition, as viral load is less controlled in the CNS,
these mechanisms are ongoing, even in the context of ART, and could be
another mechanism through which neuroinflammation is chronically sustained in
HIV-infected people (Eugenin et al. 2011).

4 HIV Proteins as Activators of Neuroinflammation

In autopsy samples of HIV-infected subjects, neuronal apoptosis is less prevalent in
milder neurological diseases. Although there are conflicting reports as to whether or
not HIV directly infects neurons, the virus is able to cause significant neuronal
toxicity through induction of inflammatory mediators from microglia, astrocytes,
and peripheral immune cells and by release of soluble viral proteins (Eugenin et al.
2007; Kovalevich and Langford 2012). In addition, HIV proteins have a toxic effect
on neurons and glia that is independent of the infectious and lytic properties of the
whole virus. Although HIV causes significant damage by inducing the release of
neurotoxic and neuroinflammatory factors, viral proteins, such as tat, gp120, Nef,
and Vpr, also have well-documented cytotoxic effects and can remain elevated
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despite ART and viral suppression (Mediouni et al. 2015; Kanmogne et al. 2007,
Kanmogne 2005; Zhong et al. 2010).

Tat (trans-activator of transcription) is found in the CNS of HIV-infected indi-
viduals, even in those with controlled viral levels (Kesby et al. 2017; Mediouni et al.
2012). Tat can enter cells passively or by receptor-mediated endocytosis; is involved
in a variety of neuroinflammatory processes, such as induction of oxidative stress;
and is associated with irregular neurogenesis and glial loss that is well described in
the pathologies of HAND and HAD (Mediouni et al. 2015; Eugenin et al. 2011;
Kesby et al. 2017). Tat is known to potentiate glutamate-induced excitotoxicity and
is readily detected in brains of persons with HIV-associated dementia and enceph-
alitis (Mediouni et al. 2015; Eugenin et al. 2007; Kesby et al. 2017). Another
mechanism through which tat affects HIV pathogenesis is by increasing the function
of P-glycoprotein (P-gp), a BBB protein involved in the efflux of small molecules
out of the brain. Studies have theorized that low levels of ARV in the brain, and
subsequent consequences of CNS HIV infection, could be due to this tat-induced
increase in P-gp function (Mediouni et al. 2015; Zhong et al. 2010). In addition, tat is
known to decrease the tight junction proteins that preserve the integrity of the BBB
by promoting the expression of inflammatory molecules, such as TNF-a, IL-1f, and
IL-6, oxidative stress, and expression of the matrix metalloproteinase 9 and may
facilitate the translocation of peripheral inflammation into the CNS (Mediouni et al.
2015). In this manner, tat enhances HIV infection and neuroinflammation in
the CNS.

Gp120 has both direct and indirect effects on neurotoxicity and with Tat are major
HIV proteins causing neuronal disruption. Secretion of gp120 has direct effect on
BBB by disrupting the tight junction proteins ZO-1, ZO-2, and occludin in endo-
thelial cells (Kanmogne 2005). Further studies identified gpl120 involvement in
enhanced monocyte migration across the BBB through the protein kinase pathway
(Kanmogne et al. 2007). Direct neurotoxicity is seen when gp120 is exposed to
neural cells and macrophages and induces TNF-a and IL-6 (Yeung et al. 1995). In
addition, gp120 induces ROS, TNF-a, and MCP-1 in microglia that stimulates
neuronal apoptosis (Guo et al. 2013). Gp120 exposure to microglia also induces
IL-1p in vitro and in vivo with downstream neuronal loss and neurological impair-
ment (Walsh et al. 2014).

Although astrocytes are unable to produce full virions, HIV proteins, such as Nef,
are still produced. Indeed, HIV Nef has been found in postmortem brains of
HIV-infected patients with dementia and has been implicated as a cause of cognitive
impairment (Chompre et al. 2013; Sami Saribas et al. 2017). Although the mecha-
nisms of neurotoxicity remain to be fully identified, Nef is implicated in IP-10-related
neurodegeneration (Sami Saribas et al. 2017). Nef compromises astrocytic autophagy
pathways and causing neuronal death by inducing oxidative stress (Sami Saribas et al.
2017). In addition, few studies have thoroughly investigated Nef in patients, but
in vitro studies suggest that HIV-infected astrocytes and macrophages likely transmit
Nef to neurons through extracellular vesicles (Sami Saribas et al. 2017).

Another HIV protein, viral protein R (Vpr), is found at extremely high levels in
the CSF of people with AIDS and causes neuronal death through axonal disruption
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or synaptodendritic injury (Kitayama et al. 2008). Vpr is known to contribute to
mitochondrial dysfunction, dysregulate ATP synthesis, suppress axonal growth, and
affect neuronal differentiation, all of which negatively impact adult neurogenesis and
may lead to some of the negative symptoms associated with HAND (Kitayama et al.
2008). This viral protein may also be important to the pediatric HIV population, as
developmental delays in children coincide with the presence of a large population of
undifferentiated neural progenitor cells, signifying that immature neurons exposed to
Vpr may lose the ability to mature (Kitayama et al. 2008). Therefore, it is possible
that HIV Vpr-induced neuronal toxicity and complications with hippocampal
neurogenesis contribute to memory deficits observed in the manifestation of HAND
(Kitayama et al. 2008).

5 Antiretrovirals Contribute to Neuroinflammation

Since their introduction, ART has dramatically altered the prognosis of HIV.
Common first-line ART regimens include efavirenz (EFV) with tenofovir disoproxil
fumarate/emtricitabine (TDF/FTC); EFV with lamivudine/zidovudine; maraviroc
(MVC), the only available CCRS inhibitor, with TDF/FTC; maraviroc and
raltegravir (MVC + RAL) with TDF/FTC; or the new four-drug fixed dose of
elvitegravir, tenofovir alafenamide, FTC, and cobicistat (Serrano-Villar et al.
2016; Treisman and Soudry 2016; Gatch et al. 2013; Dalwadi et al. 2016). With
treatment, viral load is diminished, HIV-infected individuals are living longer, and
their immune systems are less affected. As a result, they are less susceptible to
opportunistic infections and progress to AIDS with a lower frequency. As
HIV-infected individuals transition into the aging population, a new array of
comorbidities including cardiovascular disease, insulin resistance and type II diabe-
tes, osteoporosis, neurocognitive deficits, and cancer occur in part as a result of their
HIV status and their history of substance abuse or lifestyle choices and in part due to
the normal aging process (Hileman and Funderburg 2017). All of these
comorbidities are also associated with inflammation and may elevate the peripheral
inflammation caused by low levels of viral replication.

5.1 ART Drives Inflammation

As immune activation and systemic inflammation levels remain slightly elevated
despite ART and rarely recover to levels prior to HIV infection, an onus of aging
and comorbidities falls on the above-normal, chronic inflammation that persists
despite ART and suppression of viral replication. Due to the continued presence of
chronic low-grade peripheral inflammation, recent studies have examined the con-
tribution of ART to inflammation (Treisman and Soudry 2016). After treatment
initiation, heightened monocyte activation as well as decreased chemokine
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receptors, CCR2 and CX3CRI, tended to normalize, with levels approaching those
measured in HIV-uninfected controls. Thus, the impact of HIV on peripheral
inflammation was greatly reduced. Based on the regimens prescribed, various
components of ART could independently contribute a low-grade chronic inflamma-
tion and neurocognitive impairment seen in HIV-infected people in addition to the
virus or viral proteins (Treisman and Soudry 2016; Kahouadji et al. 2013).
Raltegravir, in particular, has been associated with an increase in microbial translo-
cation and with HIV persistence in the gut (Serrano-Villar et al. 2016). Thus, the low
levels of inflammation may be caused by residual replication and by the ARV
themselves.

5.2 ART and Neuroinflammation

As reviewed by Treisman and Soudry, several reports in the past 5 years have noted
considerable overlap between the HAND symptoms and toxicity of ART, and it is
likely that both factors synergistically contribute to neurocognitive impairment
(Treisman and Soudry 2016). Antiretrovirals have typically demonstrated poor
permeability into the brain parenchyma, and the benefit of bioavailability in the
CNS remains a hotly contested issue, as ART can both inhibit viral replication and
cause direct neurotoxicity (Treisman and Soudry 2016; Marra et al. 2009). However,
since cognitive impairment has been linked to viral replication in the brain, it has
become increasingly important to establish the relationship between HIV replication,
ART penetration into the CNS, and the neuroinflammatory processes that arise as a
consequence (Treisman and Soudry 2016; Kahouadji et al. 2013). An early study
examining the ability of antiretrovirals to cross the BBB reported that despite the low
concentrations in the CNS, nelfinavir was able to significantly reduce CSF viral
loads (Treisman and Soudry 2016; Aweeka et al. 1999). In contrast, Letendre et al.
concluded that it was the greater CNS penetration of ART that resulted in CSF viral
suppression and improved neuropsychological scores in HIV-infected individuals
with HAND (Letendre et al. 2004). The authors also found that viral load reduction
was more pronounced if treatment regimens contained a higher ratio ARV that could
cross the BBB and that viral suppression in the CNS, particularly in ART-naive
individuals, improved global deficit scores in impaired HIV-infected individuals
(Weber et al. 2013; Marra et al. 2009; Letendre et al. 2004). Yet other studies noted
the opposite phenomenon and saw an inverse correlation between CNS penetrability
of ART and cognition (Treisman and Soudry 2016; Kahouadji et al. 2013), with
evidence pointing to ART-induced neurotoxicity as the cause for the worsened
neurocognition (Treisman and Soudry 2016; Marra et al. 2009). Moreover, CSF
levels of antiretrovirals may not accurately reflect CNS penetration of the drugs
(Tozzi et al. 2009). With many of the newer ARV having higher BBB penetrability,
their effects on CNS viral suppression and neuroinflammation will be clear in future
studies that monitor HIV-infected individuals over time.
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6 Drugs of Abuse Contribute to Peripheral
and Neuroinflammation

HIV acquisition in a sizeable portion of the infected population can be attributed to
the sharing of contaminated needles in intravenous drug injection and risky sexual
behaviors produced by consumption of alcohol and illicit drugs. Many substances of
abuse, including methamphetamine (Meth), opiates, cocaine, and alcohol, enhance
HIV replication and suppress the immune system (Soontornniyomkij et al. 2016);
therefore, individuals with substance abuse disorders are at an increased risk of
contracting HIV. HIV infection and substance abuse are independently associated
significant neuropathology, but they share similar phenotypes of behavioral and
cognitive anomalies (Heaton et al. 2010; Soontornniyomkij et al. 2016; Gelman et al.
2012). Thus, the prevailing hypothesis suggests that concurrent substance abuse and
HIV infection could synergistically suppress immune responses, increase viral
replication, and alter synaptic transmission in HIV-positive substance abusers
(Gelman et al. 2012). In addition, recent studies suggest the presence of sustained
neuroinflammation in addiction has prompted the use of anti-inflammatory drugs for
treatment of both substance abuse and HAND (Xu et al. 2017). HIV-induced
pathological changes could be exacerbated by substance abuse and accelerate the
development and progression of HAND (Var et al. 2016; Gelman et al. 2012; Byrd
et al. 2011). Moreover, illicit substance use could contribute to HAND through
multiple routes as polydrug use is common in people with substance use disorders.

6.1 Methamphetamine

Methamphetamine (Meth) is a highly abused psychostimulant that has long been
implicated in the pathogenesis of cognitive impairment by altering dopaminergic
signaling (Soontornniyomkij et al. 2016; Xu et al. 2017; Volkow et al. 2001).
Moreover, reports indicate that between 40 and 60% of HIV-infected individuals
abuse Meth, emphasizing the need to examine the contribution of substance abuse to
viral infection (Kesby et al. 2017). As altered dopaminergic neurotransmission is also
a consequence of HIV infection, populations that abuse Meth may present with worse
and accelerated HAND, compared to HIV-infected individuals without substance
abuse issues (Soontornniyomkij et al. 2016; Gelman et al. 2012). Meth-induced
neurotoxicity involves loss of dopaminergic neurons, high microglia-derived
neuroinflammation, and behavioral consequences (Volkow et al. 2001). Moreover,
although the striatum is particularly susceptible to Meth toxicity, neuronal injury is
noted in many brain regions, and microgliosis is a feature of HIV encephalitis patients
that also abuse Meth (Soontornniyomkij et al. 2016; Xu et al. 2017). Microglial
activation contributes to the release of proinflammatory mediators and chemokines,
such as IL-1a, IL-6, CCL2, and TNF-a, which are known to be neurotoxic with
chronic exposure. Meth facilitates HIV-induced damage to the CNS by decreasing
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patient adherence to ARV, by disrupting the BBB, and by increasing viral replication
(Potula et al. 2010; Xu et al. 2017). In addition, viral proteins, such as tat and gp120,
can also elicit microglia-derived inflammatory responses and eventually lead to
altered cognitive function in individuals that use Meth (Xu et al. 2017).

6.2 Opioids

Opioid abuse is a major health concern in the United States, and recent estimates
have suggested that treatment for prescription opioid abuse increased 900%
(Jaureguiberry-Bravo et al. 2016). Chronic opioid abuse, like Meth, is associated
with neurocognitive deficits, triggers the production of proinflammatory cytokines
such as IL-1f and TNF-a, and disrupts glutamatergic homeostasis (Cahill and Taylor
2017). The three main classes of opioid receptors, mu, kappa, and delta receptors, are
present on monocytes and macrophages, and exposure to exogenous and endoge-
nous opioids may increase monocyte adherence and trafficking into the CNS during
HIV infection (Jaureguiberry-Bravo et al. 2016). Furthermore, opioid exposure
increases macrophage expression of CXCR4 and CCRS, which then increases the
susceptibility of these cells to HIV infection (Jaureguiberry-Bravo et al. 2016).
Exogenous opioids, such as morphine, are also able to downregulate antiviral
molecules, including IFN-a, in macrophages and anti-HIV miRNAs, which may
facilitate HIV infection and inflammation (Jaureguiberry-Bravo et al. 2016). Thus,
opioid use can increase the efficiency of and subsequent damage associated with
HIV infection.

6.3 Cannabis

Estimates suggest that almost 50% of the HIV-infected population use cannabis,
and though there is conflicting literature on the effect of cannabinoids on
neurocognitive impairment in HIV-infected people, studies using animal models of
neuroinflammation-induced cognitive damage support the neuroprotective effects of
cannabinoids (Thames et al. 2016). One study determined that HIV-infected individ-
uals that used cannabis had lower levels of CD14/CD16 monocytes and IP-10, an
interferon-stimulated cytokine, compared to HIV-infected individuals who did not use
cannabis (Rizzo et al. 2018). Therefore, cannabis use decreases immune cell recruit-
ment and chemotaxis to sites of infection or injury, which could lower CNS and
peripheral infection and further suppress viral replication by altering the activation of
HIV co-receptors CXCR4 and CCRS and by decreasing the number of M/M¢ entering
the CNS (Cabral and Griffin-Thomas 2009). Elevated IP-10 has been detected in the
CSF of cognitively impaired patients and is known to induce neuronal apoptosis
in vitro. Moreover, IP-10 can increase HIV replication in macrophages, so it is possible
that cannabis use decreases IP-10 induced viral replication in infected microglia and
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peripheral macrophages. In addition, this effect could be attributed to the known
immune suppressive, anti-inflammatory effects of the psychoactive component of
cannabis, A9-Tetrahydrocannabinol, through CB, receptor-expressing immune cells
(Rizzo et al. 2018; Cabral and Griffin-Thomas 2009). When taken together, these
effects may explain the correlation between cannabis use and lower plasma viral load
in injection drug users who were initially HIV negative and seroconverted during a
year-long study (Cabral and Griffin-Thomas 2009; Milloy et al. 2015). However,
cannabis-induced decreases in viral load was not seen in cannabis users in another
larger study of infected people, suggesting that cannabis use may have a greater effect
in suppressing HIV during acute infection (Okafor et al. 2017). Various components of
cannabis may also be responsible for the conflicting effects seen in the studies. For
example, despite its anti-inflammatory properties, A9-Tetrahydrocannabinol can
impair memory and decrease ARV adherence, and cannabidiol, associated with
reduced anxiety and antipsychotic effects, could have positive behavior outcomes
(Cabral and Griffin-Thomas 2009; Okafor et al. 2017). Future studies evaluating the
effect of cannabis on the HIV-infected population will be able to clarify any benefits
associated with cannabis use, as decriminalization and legalization of medical and
recreational marijuana increase in the United States (Milloy et al. 2015).

7 Fluid Biomarkers of Neurocognitive Impairment Are
Products of Inflammation

Recently, fluid biomarkers have emerged as a means to identify and track disease
progression and are a valuable tool to clinicians as they are minimally invasive
procedures. As inflammation has been identified as a major contributor to
neurocognitive impairment, hallmarks of peripheral inflammation and
neuroinflammation could be indicators of damage to the CNS in HIV. We discuss
a few of these markers below.

7.1 Neurofilament Light Chain (NF-L)

Neurofilaments are structural proteins in neurons that are released into the CSF and
blood following neuronal damage and axonal disruption (McGuire et al. 2015;
Gisslen et al. 2016; Sun et al. 2010; Jessen Krut et al. 2014). Of the three
neurofilament core chains, the neurofilament light chain protein (NF-L) is elevated
in HIV-infected individuals with ANI, MND, and HAD and was identified as one of
the earliest biomarkers of neurocognitive impairment (McGuire et al. 2015; Gisslen
et al. 2016). Elevated NF-L in the CSF is considered to be a sensitive surrogate
marker of neuronal damage, since it is elevated with aging and also associated with
pathological white matter changes in several neurodegenerative diseases, including
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Alzheimer’s disease, subcortical vascular dementia, amyotrophic lateral sclerosis,
and multiple sclerosis (McGuire et al. 2015; Gisslen et al. 2016; Abdulle et al. 2007).
Although nonspecific for HIV, the positive correlation between plasma viral load
and NF-L levels in the CSF further emphasizes a link between neuronal injury and
systemic HIV infection and suggests that NF-L could be used as a blood biomarker
of neurocognitive impairment in HIV (McGuire et al. 2015; Jessen Krut et al. 2014;
Peluso et al. 2013). Because NF-L levels are elevated in both acute and chronic HIV
infections and are detected in HIV-infected individuals even before a diagnosis of
HAND, neuronal injury likely occurs early in HIV infection and could be useful in
diagnosis of subclinical neurocognitive impairment (Gisslen et al. 2016; Peluso et al.
2013). NF-L levels decrease with ART initiation and increase upon ART interrup-
tion, and HAD patients have improved neurocognition when CSF NF-L is decreased
(Jessen Krut et al. 2014; Abdulle et al. 2007; Peluso et al. 2013). Taken together,
these pieces of evidence suggest that NF-L levels are a valid marker for approxi-
mating neurocognitive impairment in HIV-infected individuals (McGuire et al.
2015; Mellgren et al. 2007).

7.2 Soluble CD14 (sCD14)

While CSF is closer to the CNS pathology, is often used to monitor neurological
changes, and is a relatively safe procedure, its sampling is more invasive than a
simple blood draw and may not always be feasible (Chan et al. 2018; Kamat et al.
2012; Knudsen et al. 2016). Moreover, CSF may not be the most informational
barometer for monitoring the pathological changes that occur during HIV infection
in the CNS (Chan et al. 2018); thus, biomarkers detectable in plasma have gained
favor as a less invasive method to monitor ANI and MND in HIV-infected patients.

Many studies report an elevated sCD14 in treated and untreated HIV-infected
subjects (McGuire et al. 2015; Rempel et al. 2010; Patro et al. 2016; Pulliam et al.
1997; Sun et al. 2010; Castley et al. 2016), which is not surprising since monocytic
activation and the increase in CD14/16 monocytes are also established as a facet of
immune activation in HIV. Increased sCD14 levels are associated with decreased
cognitive performance, particularly in women and men who have suppressed plasma
HIV RNA (Ancuta et al. 2008; Imp et al. 2017; Lyons et al. 2011) and with a higher
risk of death (Sandler et al. 2011). In contrast, although studies confirmed elevated
sCD14 in HIV patients, some reports found little association between sCD14 and
neuropsychological impairment, potentially due to differential M/M¢ activation
(Sun et al. 2010; Burdo et al. 2013). Imp et al. also demonstrated that markers of
inflammation that were not linked to monocyte activation were less likely to impact
cognition in HIV-infected individuals (Imp et al. 2017). They also noted that
sCD163 correlated better with cognitive impairment than sCD14 and suggested
this phenomenon is likely due to monocyte infection and activation rather than gut
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microbial translocation in their cohort (Imp et al. 2017). Collectively, these results
suggest that although sCD14 is elevated in HIV-infected individuals, it may not be
the best plasma biomarker for detecting HAND in ANI.

7.3 Soluble CD163 (sCD163)

CD163 is a receptor expressed predominantly on M/M¢, and although the breadth of
its function remains to be defined, sCD163 may have dual proinflammatory and anti-
inflammatory roles (Knudsen et al. 2016; Fabriek et al. 2009). For example, sCD163
is believed to be important in resolving inflammation but is also associated with
disease progression in viral hepatitis and increased mortality after sepsis and tuber-
culosis (Knudsen et al. 2016). CD163 activation triggers the production of many
inflammatory mediators, such as nitric oxide, TNF-a, and interleukins (IL)-1, 6, and
10, confirming its role in the immune response (Fabriek et al. 2009). M/M¢
activation in response to proinflammatory stimuli also results in the release of
sCD163 into circulation (Knudsen et al. 2016).

Although studies have hinted that plasma sCD163 levels could be correlated with
HIV-related morbidity, the definitive relationship between sCD163 to disease pro-
gression and outcome remains to be determined (Knudsen et al. 2016). What is
known is that CD163 expression is increased in HIV-infected subjects (Knudsen
et al. 2016; Castley et al. 2016; Imp et al. 2017; Beltran et al. 2014). In addition,
CD14/16 expressing M/M¢ have higher CD163 expression, show greater efficiency
in crossing the BBB and entering the brain parenchyma, accumulate in perivascular
brain regions in HIV-infected individuals, and can harbor productive infection,
indicating that CD163 could indeed contribute to and/or signal neurocognitive
impairment (McGuire et al. 2015; Imp et al. 2017; Burdo et al. 2013; Fischer-
Smith et al. 2008). Furthermore, sCD163 remains elevated in chronically infected
HIV persons, despite ART, possibly due to the lingering, low-level peripheral
inflammation that persists even after HIV suppression (Knudsen et al. 2016; Burdo
et al. 2013; Beltran et al. 2014). In addition to mortality and HIV replication,
sCD163 in plasma but not CSF is also correlated with impairments in executive
function and learning, hallmarks of cognitive impairment in the ART-treated
HIV-infected individuals with HAND (Burdo et al. 2013). CD14/16 M/M¢ are
implicated as a significant source of sCD163 in plasma. High plasma CD163 is
associated with microglial activation and synaptodendritic damage in HIV cognitive
impairment (Mediouni et al. 2015; Burdo et al. 2013; Bryant et al. 2017). Only
subjects with undetectable levels of HIV RNA showed significantly reduced plasma
sCD163 levels, supporting the use of sCD163 as a biomarker for decreased inflam-
mation in HIV infection (Castley et al. 2016). As sCD163 blocks proliferation of
activated T cells (Etzerodt et al. 2014; Hogger and Sorg 2001), identifying and
treating HIV infection early may better preserve cognition in HIV-infected
individuals.
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Coinfection with HCV, persistent HIV replication, and the inclusion of a protease
inhibitor to treatment could be other mechanisms that sustain inflammation in HIV
infection, as they may attenuate ART-dependent decreases of plasma sCD163 levels
in treated individuals (Knudsen et al. 2016; Beltran et al. 2014). Moreover, due to the
high comorbidity of substance abuse disorders and HIV infection, increased immune
activation was hypothesized to be partly a result of substance abuse. However,
Knudsen et al. observed the opposite phenomenon; they noted that elevated
sCD163 levels and mortality had significantly stronger associations in nonsmokers
and non-injection drug users than in smokers and injection drug users (Knudsen
et al. 2016). Therefore, sSCD163 levels due to substance abuse may not significantly
correlate to mortality in HIV (Knudsen et al. 2016; Hunt 2016).

In HIV-infected persons, viral replication was also highly correlated with ele-
vated sCD163 levels in women compared to men (Knudsen et al. 2016; Castley et al.
2016; Imp et al. 2017; Hunt 2016). This phenomenon indicates that there could be
sex-based differences in immune activation in HIV infection, particularly since the
correlation between sCD163 levels and mortality was also stronger in women than in
men (Hunt 2016). Newer studies looking at other markers of neuroinflammation and
neurocognitive deficits will likely continue to find sex-based differences (Fig. 2).
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7.4 Exosomes as Fluid Biomarkers of Neuroinflammation

We have discussed peripheral inflammation and neuroinflammation and their poten-
tial biomarkers in relation to cognitive impairment. To date, classic monocyte
markers of inflammation may be appropriate to gauge effective ART as well as
sCD163 and sCD14. However, simultaneously assessing neuroinflammation and
neuronal health in connection with cognitive impairment is more difficult.

Extracellular vesicles are shed from all cells during homeostasis and pathological
conditions. They can be separated by size, and studies typically define exosomes as
vesicles around 100 nm in size. The use of plasma or serum to isolate exosomes
would be ideal, as sampling blood is less invasive than CSF. Like all cells, M/M¢ also
secrete exosomes normally, and M/Md¢-derived exosomes can enter resting mono-
cytes and activate them (Tang et al. 2016). M/M¢ exosomes preferentially contain
DNA and abundant miRNA from the parent cell, they can migrate across the BBB,
and be taken up by other cells, including cells in the CNS (Gupta and Pulliam
2014; Alvarez-Erviti et al. 2011). In vitro, M/M¢ exosomes are readily taken up by
neurons and astrocytes (Pulliam and Gupta 2015). Just as cells take up exosomes,
they also release them, and in 2015 neuron-derived exosomes (NDE) were isolated
and characterized from the plasma (Goetzl et al. 2015). By using the cell surface
marker, LICAM, for neurons, NDE can be isolated from total plasma exosomes,
followed by NDE content analysis. Routine methods such as Western blot, ELISA,
PCR, and RNA sequencing can then be utilized to determine the state of the neuron in
“real time.” NDE have been characterized and sampled in the periphery for a number
of brain pathologies including Alzheimer’s disease (Goetzl et al. 2016, 2018a;
Winston et al. 2016), traumatic brain injury (Goetzl et al. 2019), and
HIV-associated neurocognitive impairment (Sun et al. 2017; Pulliam et al. 2019).
Astrocyte-derived exosomes have been isolated from persons with Alzheimer’s
disease and may be a new mechanism for following astrocytic activation in HIV
infection (Goetzl et al. 2018b). These studies are ongoing and may reflect the future of
the field if rapid isolation of NDE can be achieved with diagnostic signature targets.
In this way, neuronal health and astrocyte activation can be monitored during HIV
infection and, hopefully, with HIV cure.

Considering the various possible routes of neuronal damage discussed in this
review, it is not surprising that HIV patients develop HAND with chronic infection.
Better and earlier treatment strategies and the validation of biomarkers will allow
clinicians to monitor CNS health in ANI and may result in decreased viral load in the
CNS and less severe neurocognitive deficits. Preventing the establishment of viral
reservoirs in the CNS or by eradicating them through emerging therapies may
dampen the neurocognitive damages currently seen in HIV-infected individuals.
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8 Clinical Implications, Translational Aspects, and Future
Directions

For those treated and virally suppressed individuals with HIV infection who continue
to have peripheral activation, going forward, we need to find an indicator for this
peripheral activation, and in the context of cognitive impairment, does the indicator
correlate with comorbidities and/or cognitive impairment? In a recent report, protein
cargo from NDE differentiated ANI from MND in HIV-infected men and women in a
differential manner, suggesting gender differences in the mechanisms of HAND (Sun
et al. 2019). If one is in the M/M¢ camp that believes these activated cells are an
initiator of cognitive impairment, then decreasing this activation would be paramount.
While an undetectable viral load in most treated HIV-infected individuals also corre-
lates with a diminished peripheral activation, a subset continues to have circulating
activated monocytes. Silencing this expression with targeted antibodies might be one
approach to diminishing peripheral and thereby cerebral monocyte activation.
Microvesicles bind to and can transport functional miRNAs to recipient cells. The
field is still looking at the propensity of like to like transfer of exosomes; that is, are
activated monocyte exosomes more likely to be transferred to other monocytes or to
endothelial cells? One approach might be engineering monocyte exosomes to silence
miRNAs associated with monocyte peripheral inflammation (Ismail et al. 2013).
Monocytes activated with LPS and IFN« in vitro to mimic activated monocytes in
HIV infection release exosomes that can be readily transferred to endothelial cells
(Dalvi et al. 2017). The exosomes contain abundant miRNAs that can regulate genes at
the posttranscriptional level. The functional expression of miR-155 and miR-222
coincided with an increase in CCL2, VCAM, and ICAM, adhesion molecules that
modulate vascular function. Manipulation of monocyte miRNAs to overexpress or
silence a particular miRNA associated with inflammation might decrease HIV
comorbidities such as metabolic and cardiovascular diseases before the M/M¢ cross
the endothelium.

Another translational aspect for the future of cognitive impairment is the
gut-brain axis connection. Increasing data shows that biochemical manipulation of
the gut may have implications in the CNS.

Studies on infants show that a vaginal birth has colonization similar to the
mother’s signature with an abundance in Lactobacillus and Prevotella spp., while
those born with cesarean section have more skin flora enriched with Staphylococci
and Propionibacterium spp. (Dominguez-Bello et al. 2010). The gut microbiome
expands with age and is greatly influenced by diet, disease, environmental factors,
drugs, and an inflammatory response. In a recent publication, the interferon response
was altered with a twice daily multistrain probiotic supplementation for 6 months
(Pinacchio et al. 2018). This regimen was able to change the IFN subtype response
for the better. Might a probiotic lower the peripheral IFN phenotype in HIV? In HIV
infection, the gut microbiome is altered with some bacteria enriched and other
bacteria reduced [Review (Scagnolari and Antonelli 2018)] with an overall conclu-
sion that HIV was associated with reduced bacterial diversity (Dillon et al. 2016;
Ribeiro et al. 2017). Since the gut is known to be an HIV reservoir, attention is now
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focused on reducing the size of this reservoir for cure, and this may be possible by
altering the gut microbiome in HIV infection (Koay et al. 2018).

There is now an explosive field looking at how the gut microbiome influences
neurodegenerative diseases [Review (Giau et al. 2018)]. Certain bacterial species
produce functional extracellular amyloid that forms Af fibrils in vitro (Pistollato
et al. 2016). In addition, LPS produced from gut bacteria also creates a
proinflammatory environment and is associated with breakdown of the BBB (Martin
et al. 2018; Michel and Prat 2016). Some of the best evidence for the gut-brain
connection comes from behavioral and mental illness studies using probiotics
[Review (Gareau 2016)]. Data from irritable bowel syndrome showed that manipu-
lation of the gut flora with probiotics (certain Bifidobacterium spp.) improved
cognitive function (Pinto-Sanchez et al. 2017; Savignac et al. 2014). Another
study using a multistrain probiotic for 6 months reported an improvement in some
neurocognitive functions in HIV-infected persons (Ceccarelli et al. 2017). If we
could determine the right gut balance to ward off inflammation, this may translate to
improved cognition.

The challenge will be to diagnose cognitive impairment early to be able to stop
the advancement with these new approaches and, in the case of HIV, stop the further
impairment until virus eradication is established.
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Abstract In the “cART era” of more widely available and accessible treatment,
aging and HIV-related comorbidities, including symptoms of brain dysfunction,
remain common among HIV-infected individuals on suppressive treatment. A better
understanding of the neurobiological consequences of HIV infection is essential for
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developing thorough treatment guidelines and for optimizing long-term neuropsy-
chological outcomes and overall brain health. In this chapter, we first summarize
magnetic resonance imaging (MRI) methods used in over two decades of neuroHIV
research. These methods evaluate brain volumetric differences and circuitry disrup-
tions in adults living with HIV, and help map clinical correlations with brain
function and tissue microstructure. We then introduce and discuss aging and asso-
ciated neurological complications in people living with HIV, and processes by which
infection may contribute to the risk for late-onset dementias. We describe how new
technologies and large-scale international collaborations are helping to disentangle
the effect of genetic and environmental risk factors on brain aging and neurodegen-
erative diseases. We provide insights into how these advances, which are now at the
forefront of Alzheimer’s disease research, may advance the field of neuroHIV. We
conclude with a summary of how we see the field of neuroHIV research advancing in
the decades to come and highlight potential clinical implications.

Keywords Aging - Brain MRI - Cognitive impairment - Diffusion MRI -
Neurodegeneration - Neuroimaging - Population studies

1 Neurological Consequences of HIV Infection (NeuroHIV)

An estimated 36.9 million people are currently living with HIV worldwide
(UNAIDS 2018). Approximately 60% of infected individuals have access to com-
bination antiretroviral therapy (cART), which has reduced transmission rates and
increased survival rates. While cART may improve the overall quality of life for
those infected, HIV continues to be a major global health issue. Neurological and
cognitive impairments are of particular concern to HIV+ individuals on and off
treatment, for which the long-term effects are not well understood.

After transmission, HIV rapidly replicates and crosses the blood brain barrier
(BBB), either through endothelial cells as free virions or, more likely, through
infected CD4+ T-lymphocytes or infected macrophage-monocytes (i.e., the “Trojan
horse” hypothesis). The virus then settles and replicates in perivascular macrophages
and parenchymal microglial cells that express both the CD4 receptor and the CCRS
or CXCR4 chemokine co-receptor (Peluso et al. 1985; Gonzalez-Scarano and
Martin-Garcia 2005; Spudich and Gonzalez-Scarano 2012). Although evidence
suggests that neurons are not directly infected by HIV, once HIV is in the central
nervous system (CNS), neuronal injury does occur via indirect mechanisms. Inflam-
matory cytokines, chemokines, and other neurotoxins from the immune system’s
inflammatory cascade response, along with glutamate excitotoxicity resulting from
glial cell death (Gonzalez-Scarano and Martin-Garcia 2005), and viral proteins such
as gp120, Tat, and Vpr, can all contribute to injury and functional impairment.
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Neuronal dysfunction is often accompanied by neurocognitive deficits (McArthur
et al. 2010). One in two adults infected with HIV will experience a range of
neuropsychological symptoms, which can include a conjunction of motor, behav-
ioral, and cognitive facets (Navia et al. 1986a, b, Heaton et al. 2010). Common
motor symptoms include slowness and loss of balance, behavioral symptoms include
apathy and mood disturbances, and cognitive deficits often include mental slowing
and deficits in attention or memory. The prevalence of HIV-associated dementia has
greatly diminished with increased cART access (Ances and Ellis 2007), but many
infected adults continue to experience a broad set of neuropsychological symptoms,
often termed HIV-associated neurocognitive disorders or HAND (Navia et al.
1986a, b; Sacktor et al. 2002; Antinori et al. 2007; Tozzi et al. 2007; Brew et al.
2009; Heaton et al. 2010, 2011; Robertson et al. 2012). The incidence of
neurocognitive impairments in people living with HIV may, paradoxically, be
increasing in the cART era; a spectrum of abnormalities has been observed for
nearly every cognitive domain (Cysique et al. 2004, 2006; McArthur 2004; Ances
and Ellis 2007; Woods et al. 2009; Sacktor et al. 2016). These neurocognitive
deficits persist even with treatment adherence and may reflect distinct underlying
HIV neuropathologies in the setting of long-term survival. They may be attributable
to factors such as (1) prolonged cART exposure, which may be neurotoxic
(Robertson et al. 2012); (2) a reservoir of ongoing low-grade viral replication in
the CNS due to poor cART penetrance (Cysique et al. 2004; Ellis et al. 2007;
Anthony and Bell 2008; Hult et al. 2008); (3) accelerated cerebrovascular disease
from chronic immune activation and inflammation, coupled with other comorbidities
including hypercholesterolemia, diabetes, renal and hepatic dysfunction (Valcour
et al. 2005; Becker et al. 2009); and (4) neurodegenerative processes that can occur
with aging (Brew et al. 2009). These factors, along with the duration of HIV
infection and chronic immune activation, the lag in cART initiation, and the type
and duration of treatment, may modulate the impact of the disease on the brain
(Cohen et al. 2010; Carvalhal et al. 2016).

In the current “cART era” of more widely available and accessible treatment,
aging and HIV-related comorbidities, including symptoms of brain dysfunction,
remain common among individuals on suppressive treatment. A better understand-
ing of the neurobiological consequences of HIV infection is essential for developing
thorough treatment guidelines for acute care and for optimizing long-term neuro-
psychological outcomes and overall brain health. It is important to identify and
disentangle the effects of comorbid conditions that could potentially be masked by or
misattributed to the infection. Monitoring brain aging processes in people living with
and without HIV may be able to provide clinicians information on when and how to
intervene.

Ongoing works aimed at understanding the neurological complications of HIV
capitalize on new and emerging brain imaging acquisition and processing tech-
niques. These advances are often designed to improve sensitivity and specificity to
track subtle variations in brain structure and function. Neuroimaging advances,
coupled with initiatives that bring together researchers and data from all over the
world, will vastly increase the scope and power of neuroHIV studies to discover
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reliable neurological consequences of HIV infection in the aging populations, along
with age-related comorbidities and related therapeutic targets (Thompson and
Jahanshad 2015).

In the remaining sections of this chapter, we will summarize over two decades of
NeuroHIV research evaluating brain volumetric differences and correlations in
adults living with HIV. Next, we highlight brain mapping technologies that go
beyond evaluating morphometric patterns and delve into brain circuitry, including
functional brain mapping and quantification of brain microstructural properties. We
then introduce and discuss aging and associated neurological complications in
people living with HIV and how infection contributes to the risk for late-onset
dementias. We describe how new technologies and large-scale international collab-
orations may help disentangle the effect of genetic and environmental risk factors on
brain aging and disease. We conclude with a summary of how we see the field of
NeuroHIV research advancing in the decades to come and highlight some of the
associated clinical implications.

2 Mapping NeuroHIV and Neurological Disease with MR
Based Imaging

Non-invasive, in-vivo neuroimaging has played a key role in delineating the spec-
trum of CNS impairments in HIV+ individuals. Charting the course of disease
trajectory by assessing clinical and biological complications associated with infec-
tion, or its therapies, is important for effective treatment planning. Reliable imaging
biomarkers of HIV-associated brain changes can help objectively measure and
quantify the degree of disease neuropathology and ultimately predict neurological
decline. Many brain related disorders involve abnormalities in biological processes
and measurements before the onset of clinical symptoms. For example, in the case of
Alzheimer’s disease, magnetic resonance imaging (MRI) markers have been shown
to be abnormally altered years prior to the cognitive manifestation of the disease
(Jack et al. 2013, 2018). The use of reliable biomarkers in a safe and non-invasive
manner may allow for unbiased assessments during clinical practice. While neuro-
imaging is still an expensive tool that may not be feasible for every clinical visit, it
has been shown to be a powerful tool for assessing risk and mapping disease
progression.

Over the last 25 years, multimodal brain imaging has helped uncover consistent
deficits in brain morphology, wiring, and function in HIV+ individuals, which were
initially only reported after autopsy. Early neuropathological and immunohisto-
chemical studies of HIV encephalitis showed the presence of multinucleated giant
cells and microglial nodules, as well as viral antigens that had a predilection for the
brain’s white matter (WM) and subcortical structures (Neuen-Jacob et al. 1993;
Brew et al. 1995; Berger and Nath 1997; Morgello 2018). Many of the earliest
neuroimaging studies of the HIV-infected brain were performed using computed
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tomography (CT), which exposes individuals to ionizing radiation and may therefore
not be practical for routine study in stable individuals. More recently, the neuroim-
aging field has benefited from the use of multimodal MRI to study brain structure
and function. MRI studies of HIV infection have largely been consistent with the
earlier studies, suggesting HIV prominently affects the basal ganglia and WM
(Tucker et al. 2004; Cohen et al. 2010; Jernigan et al. 2011; Ances et al. 2012;
Heaps et al. 2015).

Quantitative MRI processing methods have given way to larger population
studies and allowed for a more extensive examination of specific brain structures
and circuits affected, providing new insights into how brain deficits vary across
individuals in the cART era. While studies have shown that the brain appears
generally more intact in those with restored immune function, growing evidence
across MRI modalities suggests that chronic HIV infection can promote continued
brain deficits despite effective viral suppression with cART (Cardenas et al. 2009;
Cohen et al. 2010; Becker et al. 2011; Harezlak et al. 2011, 2014; Tate et al. 2011;
Ances et al. 2012; Hua et al. 2013). In the following subsections, we discuss findings
from structural, functional, and diffusion MRI studies of people living with HIV.

2.1 Mapping Anatomical Brain Morphometry

T1-weighted brain MRIs are generally considered the most standard type of ana-
tomical image; image analysis methods are commonly used to segment specific brain
structures and tissue compartments to estimate global and regional brain volumes or
thicknesses and surface areas. When comparing brain regions of interest (ROIs)
between HIV-infected individuals and seronegative controls, studies have frequently
revealed that, on average, HIV+ populations tend to have significantly lower
regional brain volumes — cortical gray matter, white matter, and structures of the
basal ganglia are most commonly noted to be smaller while the fluid filled lateral
ventricles are reportedly enlarged (Tate et al. 2009; Ances and Hammoud 2014;
Masters and Ances 2014; Rahimian and He 2017; Chang and Shukla 2018).
ROI-based studies require the investigator to select regions a priori, while 3D
brain-wide studies at the voxel-wise level may also be performed to potentially
reveal novel insights into the extent of neurological deficits. Some factors may
selectively target distributed brain regions or systems that are readily visualized by
brain-wide statistical mapping, but may be overlooked if only a number of candidate
regions of interest are assessed. One statistical mapping approach — tensor-based
morphometry (or TBM) — has been validated as a powerful and unbiased technique
to map disease-related regional brain volume differences, not only in HIV
(Thompson et al. 2005; Chiang et al. 2007; Wang et al. 2010; Hua et al. 2013),
but also in large multi-site studies such as the Alzheimer’s Disease Neuroimaging
Initiative (Hua et al. 2016). Through non-linear registration of T1-weighted scans,
voxel-wise volumetric variations can be identified by examining the gradients of the
resulting deformation fields. TBM provides a full 3D Jacobian “expansion/
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Correlations with Cognitive Impairment

Fig. 1 Brain volume deficits, cognitive impairment, and immune system suppression. Significant
regional brain volume deficits are associated with greater cognitive impairment (upper row) — e.g.,
in the middle cingulate, genu of the corpus callosum, medial and basal frontal lobes, and primary
and association sensorimotor areas, tested here by Spearman’s (non-parametric) rank correlation.
Correlations of brain atrophy with CD4+ T-lymphocyte depletion are more extensive in the above
regions, as well as in the putamen and globus pallidus (lower row). This analysis was performed in a
group of HIV/AIDS patients, with a method called “tensor-based morphometry,” which maps
regional volume differences in a group of individuals by nonlinearly warping their brain MRI
scans to an average brain template [Reproduced, with permission, from Chiang et al. 2007]

contraction factor” map of effects, which reflects local voxel-wise differences
throughout the brain, without requiring prior anatomical hypotheses. This may be
especially helpful in studying factors for which the extent of their impact on different
brain regions is not well known.

Cross-sectional TBM studies have linked the extent of structural differences to
the most severe immunological impairments, indicated by the lowest, or nadir,
CD4+ T-cell count recorded in the individuals’ medical history; these brain deficits
have also been associated with the degree of cognitive impairment in HIV+ indi-
viduals (Fig. 1; Chiang et al. 2007). In recent work that followed a cohort of acutely
HIV-infected and immediately treated adults in Thailand over 2 years, Kallianpur
et al. (2020) used longitudinal TBM alongside the more standard ROI approach, to
map brain changes from the first 2 years of infection and treatment (Fig. 2). They
noted that individuals who reached viral suppression within 4 weeks had less
atrophy in the basal ganglia structures. They also found that a greater frequency
and density of P-selectin glycoprotein ligand-1 (PSGL-1)-expressing inflammatory
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monocytes derived from plasma were associated with greater atrophy of the basal
ganglia structures including the caudate and the putamen.

In one study, Nir et al. (2019a) used longitudinal TBM to map the annual rate of
change of regional brain volumes (mean time interval 1.0 & 0.5 years), in 155 chron-
ically infected and treated HIV+ participants (mean age: 48 years; 85% male) from
the HIV Neuroimaging Consortium (HIVNC). The authors found significant brain
tissue loss across HIV+ participants, including those neuro-asymptomatic with
undetectable viral loads, largely localized to subcortical regions (Fig. 3). Measures
of disease severity (nadir CD4+, current CD4+, and plasma viral load), age, and
neurocognitive decline were associated with greater atrophy. This data suggests that
chronically HIV-infected and treated individuals may undergo progressive brain
tissue loss despite stable and effective cART, which may contribute to
neurocognitive decline. These findings are in line with other longitudinal morpho-
metric studies showing atrophy rates in HIV+ individuals on cART are higher than
those in a group of age-matched healthy controls (Cardenas et al. 2009; Clifford et al.
2017). The common patterns of brain atrophy in people living with chronic HIV are
important to establish, as deviations from such patterns may imply added risk for
severe brain disease.

2.2 Functional Brain MRI Studies of HIV

Many HIV neuroimaging studies have also included more advanced MRI modali-
ties, such as magnetic resonance spectroscopy (MRS), which can produce maps and
measures of cellular metabolites in the living brain, and blood-oxygenation level
dependent functional MRI (BOLD fMRI).

In their recent review of functional MRI studies of HIV, Hakkers et al. (2017)
noted that many investigations reported differences in activation between
HIV-positive and -negative participants when performing tasks across multiple
domains, including attention, working memory, and especially executive function.
Overall, HIV-positive patients showed hyperactivations in task-related brain regions
despite comparable performances to controls; task performance was degraded only
for the most complex tasks.

There is also some enthusiasm in the HIV research field for using resting-state
functional MRI (rs-fMRI), an approach to study brain synchrony that has matured in
recent years to identify and measure a range of fundamental functional networks in
the brain. As resting-state fMRI does not require participants to perform a cognitive
task, the data is relatively easy to acquire and may offer sensitivity to acute brain
changes that occur after HIV infection, as well as treatment response. In one study,
Samboju et al. (2018) assessed 49 individuals with acute HIV infection (AHI) and
23 HIV-uninfected Thai participants with both diffusion tensor imaging (DTI) and
rs-fMRI, to determine whether white matter microstructure and resting-state func-
tional connectivity (rsFC) are disrupted in AHI. Seed-based voxel-wise rsFC ana-
lyses were completed for the default mode (DMN), fronto-parietal, and salience and
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6 subcortical networks. The authors found marginally more intact white matter
microstructure among participants who had a very brief exposure to ART compared
to those who were imaged just prior to starting ART. The AHI group had reduced
rsFC between the left parahippocampal cortex (PHC) of the DMN and left middle
frontal gyrus compared to controls. Within AHI, ART status was unrelated to rsFC.
However, higher CD4 cell count was associated with higher rsFC for the right lateral
parietal and PHC seeds in the DMN. These alterations in large-scale network
connectivity, in particular lower rsFC with inferior parietal cortex, may be a marker
of impaired cognitive performance in chronic HIV.

2.3 Magnetic Resonance Spectroscopy Studies of HIV

Magnetic resonance spectroscopy (MRS) has been used to detect disturbances in
brain metabolites in HIV-infected individuals (Descamps et al. 2008). In their recent
review of the clinical utility of MRS, Bartnik-Olson et al. (2020) note that in contrast
to MRI, the MR spectrum can be used to measure a range of key metabolites, as the
MR signal intensity (amplitude) received from protons in a given metabolite is a
function of their frequency (i.e., position on the chemical shift axis). Each functional
group of a metabolite resonates at a frequency dependent on its chemical structure.
HIV studies have used MRS to detect differences in markers of inflammation and
neuronal loss and dysfunction throughout the brain in HIV-infected patients; such
differences can be reflected in levels of N-acetyl aspartate (NAA), choline (Cho),
creatine (CR), myoinositol (MI), and glutamate and glutamine (GLX). In one such
study, Bladowska et al. (2013) analyzed NAA/Cr, Cho/Cr, ml/Cr ratios in HIV-
infected individuals and controls, and correlated these MRS measurements with
immunologic data, in a cohort of 65 asymptomatic patients. They reported a signif-
icant decrease in NAA/Cr ratios in the posterior cingulate gyrus, anterior cingulate
gyrus, and parietal white matter regions in HIV-positive cART treated individuals
compared to uninfected controls. They also found lower CD4 count associated with
lower posterior cingulate gyrus NAA/Cr ratios and higher frontal white matter Cho/
Cr ratios. In a subsequent study of 110 neuro-asymptomatic subjects (32 HIV+
subjects on cART, 28 HIV-infected therapy-naive subjects, and 50 healthy controls),
Boban et al. (2017) found significant decreases in the NAA/Cr ratio in HIV-infected
subjects in several brain regions, an increase in ml/Cr levels in the anterior cingulate
gyrus, but no significant differences in Cho/Cr ratios. They were unable to detect a
moderating effect of cART on these abnormalities. Similarly, in a longitudinal study,
226 treated HIV-infected individuals, including 138 neurocognitively asymptomatic
individuals, showed significant annual decreases in frontal white matter NAA and
Cho, mid-frontal cortical NAA, Cr, Cho, and GIx, and basal ganglia Glx
(Gongvatana et al. 2013). In another cross-sectional study of the same treated HIV+
cohort, higher Glx and lower NAA in these regions were associated with lower white
matter, putamen and thalamus volumes, and ventricular and CSF expansion (Hua
et al. 2013). Together, these findings suggest that HIV-related brain injury may persist
even in treated HIV-infected individuals.
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2.4 Brain Mapping with Diffusion-Weighted MRI

While anatomical MRI-based measures of HIV pathology are widely reported,
diffusion MRI (dMRI) may be more sensitive to subtle white matter
(WM) microstructural changes. dMRI is a variant of MRI that measures the hindered
or restricted diffusion of water molecules in brain tissue. Water diffusion in the brain
is hindered by barriers such as hydrophobic myelin sheaths which promote highly
anisotropic water diffusion along axons. By characterizing the diffusion process at
the voxel level, it is therefore possible to make tentative inferences about the
underlying WM microstructure (Descoteaux and Poupon 2012).

Since the development of dMRI, along with improvements in acquisition
protocols — including increases in angular, spatial, and spectral resolution, multi-
echo sequences, and acquisitions with multiple diffusion times — multiple mathe-
matical models have been developed to describe diffusion in the brain. One of the
first, and still most popular, methods developed to summarize diffusion properties in
a specific voxel is the single diffusion tensor model (DTI) (Basser et al. 1994). This
model assumes purely Gaussian diffusion and is limited as it can only model a single
fiber population at every voxel. It cannot resolve complex features of WM
microarchitecture, such as dispersing, crossing, or “kissing” fibers. At the current
resolution of typical dMRI acquisitions, at least two-thirds of WM voxels contain
multiple fiber crossings (Behrens et al. 2007; Descoteaux 2008; Jeurissen et al.
2013). That said, DTI-derived fractional anisotropy (FA) is still the scalar measure
most widely used to characterize WM architecture in HIV and in most clinical
populations (O’Connor et al. 2017). Furthermore, although FA may be sensitive, it
is somewhat non-specific as it is influenced by many microstructural factors such as
axonal diameter, packing density, membrane permeability, myelination, and intra-
voxel orientation coherence (Descoteaux 2008).

DTI studies of HIV+ patients have found lower FA and higher mean diffusivity
(MD) in the corpus callosum and frontal WM among other regions, suggesting
compromised WM tissue and cortical connections (Chang et al. 2008; Jahanshad
et al. 2012; Wright et al. 2012; O’Connor et al. 2017; Oh et al. 2018). In one recent
study (Cysique et al. 2017), DTI was used to compare WM microstructure in 40
HIV- and 82 HIV+ men with comparable demographics and lifestyle factors.
Within the HIV+ sample, the authors found that a higher CNS penetrating antire-
troviral treatment, higher current CD4+ T cell count, and immune recovery from the
nadir CD4+ T cell count were associated with increased FA and decreased MD; HIV
duration, symptomatic, and asymptomatic cognitive impairment were associated
with decreased FA and increased MD. Overall, however, the authors concluded
that WM DTI measures are near normal except for patients with neurocognitive
impairment and longer HIV disease duration.

Many dMRI models have been proposed over the last two decades to overcome
limitations of DTI. Diffusion-propagator based methods including high angular
resolution diffusion imaging (HARDI) — g-ball imaging (Tuch 2004) and spherical
deconvolution (SD; Tournier et al. 2004) — diffusion spectrum imaging (DSI)
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(Wedeen et al. 2005), and multishell diffusion kurtosis imaging (DKI; Jensen et al.
2005), and mean apparent propagator MRI (MAP-MRI; Ozarslan et al. 2013) have
helped resolve multiple dominant fiber directions within voxels. However, few
published studies of HIV take advantage of these newer models which may result
in more robust measurements of disease effects and give a richer understanding of
the underlying HIV-related WM microstructural changes and pathology.

Often as part of larger data collection paradigms, time constraints are often placed
on imaging protocols to reduce patient discomfort, as well as patient attrition or
motion, and ensure adequate sample sizes. This may prevent reliable reconstruction
of many of the aforementioned models, which can require extremely dense or
multishell dMRI acquisitions. However, multi-tensor models, such as the tensor
distribution function (TDF), which models crossing fibers as a probabilistic ensem-
ble of Gaussian tensors (Leow et al. 2009), may still be feasible and derived
measures more sensitive to disease-related microstructural differences than DTI —
in studies of both HIV and Alzheimer’s disease. To emphasize the benefit of such
advanced, “beyond DTI” methods, it is important to note that WM microstructural
differences in people with HIV infection compared to uninfected controls have been
frequently reported in the corpus callosum. The corpus callosum is the large
interhemispheric WM bundle that mainly contains highly coherent WM fiber orga-
nization along a dominant direction, between the left and right hemispheres. How-
ever, it is unlikely that HIV infection affects only this tract. Building on work
showing more widespread differences in Alzheimer’s disease related WM micro-
structure using FA derived from TDF compared to DTI (Nir et al. 2017;
Zavaliangos-Petropulu et al. 2019), a TDF study of HIV infection was conducted.
Nir et al. (2019b) tested the hypothesis of widespread WM alterations in HIV and
noted that WM pathways known to have fiber crossings, particularly the corona
radiata, do indeed show significant differences in HIV+ individuals compared to
HIV- individuals. This effect was only detected with FA estimated with the TDF
model and not the DTI model, while both models did identify significant differences
in the corpus callosum. As imaging methods advance, it becomes possible to detect
more specific in-vivo pathological changes related to infection. In subsequent
sections, we elaborate on state-of-the-art methods that have been applied to under-
stand neurodegeneration outside the context of HIV infection, paving new avenues
for neuroHIV researchers.

The abovementioned neuroimaging methods have begun to identify HIV-related
disruptions in brain structure, microstructure, and function in cases of both acute
infection and chronic disease. Even with viral suppression, people living and aging
with chronic HIV often present with additional comorbidities. Understanding and
disentangling the neurological consequences of these complications are active areas
of study, particularly in the context of aging and late-onset neurological diseases.
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3 HIV-Related Comorbidities and Aggregated Risk
for Brain Dysfunction in Aging: The Role
of Neuroimaging

3.1 Aging with HIV Infection

An estimated 50% of HIV-infected individuals in the USA are over age 50, and this
is also the fastest growing age group (CDC 2017). Combination ART has improved
survival in HIV-infected adults to near-normal longevity (Rodger et al. 2013;
Costagliola 2014), yet despite viral suppression, people with chronic HIV infection
have a higher risk of multiple health conditions linked to advancing age — including
geriatric syndromes and frailty, cardiovascular disease (hypertension and stroke),
diabetes, cancers, liver, renal diseases and chronic neurological complications (Brew
et al. 2009; Wing 2016). This suggests that common age and HIV-related patholog-
ical processes, including immune dysregulation, immunosenescence and inflamma-
tion, may accelerate aspects of the aging process (Pathai et al. 2014).

HIV-associated neurocognitive impairments and those associated with age
related disorders share many similarities (Brew et al. 2009). For example, late-
onset neurodegenerative disorders and HIV often include executive function deficits
and memory dysfunction as well as brain abnormalities in fronto-striatal and fronto-
temporal networks and hippocampal tissue (Cherner et al. 2004; Tucker et al. 2004;
Raz and Rodrigue 2006; Brew et al. 2009; Tate et al. 2009; Woods et al. 2009;
Schouten et al. 2011; Cysique and Brew 2014; Pfefferbaum et al. 2014; Kamkwalala
and Newhouse 2017). Active areas of study involve investigating whether HIV
facilitates age-related neurodegeneration and cognitive impairments, in other
words causes accelerated brain aging, or whether it is age-related brain decline
that puts the brain at greater risk for HIV-related damage (Brew et al. 2009; Holt
et al. 2012; Pathai et al. 2014). Either way, there is evidence to suggest a complex
interaction and that chronic infection and increasing age together exacerbate brain
injury and result in deficits in cognitive function (Goodkin et al. 2001; Wendelken
and Valcour 2012; Cysique and Brew 2014; Cohen et al. 2015). Older HIV-infected
individuals are twice as likely as younger infected adults to have some form of
cognitive impairment, even with the same duration of infection (Valcour et al.
2004a). Furthermore, older age at the time of seroconversion increases the risk for
cognitive impairment (Valcour et al. 2004b; Bhaskaran et al. 2008). Many studies
report independent detrimental effects of age and HIV on the brain (Gongvatana
etal. 2011; Valcour et al. 2011; Ances et al. 2012; Becker et al. 2012; Nir et al. 2014;
Cohen et al. 2015), while some have successfully detected the additional effect of an
age-by-HIV interaction (Harezlak et al. 2011; Scott et al. 2011; Cysique et al. 2013;
Seider et al. 2016; Kuhn et al. 2017).

As age is the greatest risk factor for dementia, it is especially important to study
brain health in HIV+ individuals over the age of 60 to determine whether the
independent or interactive effects of age and infection contribute to the risk for
dementia. Healthy aging studies have shown that age-associated brain atrophy rates
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are non-linear and may accelerate in older individuals (DeCarli et al. 2005). To date,
few studies have been conducted in elder HIV+ individuals, with much of the
literature focusing on middle-aged or younger cohorts. Clifford et al. (2017) com-
pare the brain tissue atrophy rates in treated HIV+ individuals over age 60 with and
without HAND to those of age-matched controls and found higher atrophy rates in
infected individuals; atrophy rates, however, did not differ by cognitive status. There
is a need to replicate findings and expand on such studies to include clinically and
demographically heterogeneous infected individuals. Comorbidities and additional
risk factors may exacerbate the rate of brain tissue loss and identify those at
heightened risk for severe degenerative disorders or dementias such as AD.

3.2 Risk Factors and Interactions Contributing to Complex
Brain Disorders

Several models of disease onset in psychiatry — such as the so-called diathesis-stress
model — suggest an early trauma or adverse event increases the brain’s vulnerability
to later brain injury from other independent causes or via other mechanisms. The
same concept may apply to age and HIV-associated cognitive decline as HIV-related
pathology and neurodegenerative processes may interact.

Aging HIV+ individuals face increased risk for cerebrovascular injury and
disrupted blood flow in the brain. Cerebrovascular disease (CVD) can contribute
to cognitive dysfunction and dementias, including vascular cognitive impairment
(VCI), vascular dementia, and Alzheimer’s disease (AD). As persistent brain injury
is seen in treated individuals living with HIV, vascular disruptions may be a key
mechanism for developing HAND in the cART era, with VCI being an underlying
risk factor (Cysique and Brew 2019). A recent meta-analysis of 2,139 HIV+
individuals across 11 studies found vascular risk factors, including type 2 diabetes,
hyperlipidemia, and smoking, and subclinical cardiovascular disease were consis-
tently associated with neurocognitive impairment in HIV-infected individuals
(MclIntosh et al. 2020). The specific symptoms and domains of the cognitive deficits
partially overlap across late-onset disorders and dementias; complicated by mixed
pathologies and co-occurrence of disorders, differential diagnoses would be an
almost impossible task were it not for specific biological indicators of disease.
While autopsy is still needed to confirm most age-related neurodegenerative disor-
ders, factors such as genetic predispositions, cardiovascular risk factors, and plasma
or CSF markers are essential for guiding clinical diagnoses and devising a treatment
or maintenance plan. In conjunction with other biomarkers, advanced in-vivo imag-
ing methods offer additional mechanistic insights into disease complexities and can
suggest the degree of pathological complications and co-occurrences as the disease,
or diseases, progresses. Gross brain injury from CVD, such as strokes, can result in
large morphological deviations that are visible on T1-weighted structural scans
along with commonly acquired T2-weighted images. However, advanced



Neuroimaging Advances in Diagnosis and Differentiation of HIV,. .. 119

microstructural and functional neuroimaging methods may capture the underlying
pathophysiology of vascular disease. We refer the reader to Zwanenburg and van
Osch (2017) for a more exhaustive list and description of these modalities in
highlighting cerebrovascular disruptions. In upcoming sections, we discuss many
of these methods and focus on how measures that can be derived from advanced
neuroimaging modalities, those less commonly seen in clinical practice, have helped
reveal brain injury associated with cognitive impairment and AD.

In line with the VCI interaction hypothesis for HIV, several lines of work relate
viral infection to a greater risk of AD pathogenesis. Complementary work further
examines how risk factors for AD — such as the APOE4 genotype — might compli-
cate the effects of aging with HIV infection. In the following sections, we review and
give examples of each of these factors — how viral infection might facilitate AD
pathogenesis and how HIV-related brain decline may be exacerbated in carriers of
the APOE4 genotype.

3.3 Effects of Viral Infection on the Pathogenesis of
Neurodegenerative Disorders

HIV infection may promote the appearance and progression of age-related neurode-
generative diseases, such as Alzheimer’s disease (AD). Levels of phosphorylated-
tau and beta-amyloid (Ap), classical biomarkers of AD, may be elevated in HIV+
individuals compared to controls, particularly in older HIV+ adults with
neurocognitive impairment (Brew et al. 2005; Green et al. 2005; Anthony et al.
2006; Clifford et al. 2009; Cohen et al. 2015). Some studies suggest that the HIV
inflammatory cascade may lead to an overproduction of beta-amyloid precursor
protein (APP), as well as factors that degrade APP into neurotoxic AP (Forloni
etal. 1992; Stanley et al. 1994; Adle-Biassette et al. 1999; Nebuloni et al. 2001; Liao
et al. 2004). The HIV Tat protein may further inhibit effective amyloid-beta degra-
dation (Rempel and Pulliam 2005).

HIV is not the only viral infection thought to play a role in neurodegeneration and
risk for late-onset dementias. In fact, members of the Herpesviridae family — which
are far more common than HIV in human populations — have been linked at varying
levels to the pathogenesis of AD. Hypotheses first emerging in 1982 posited a role of
HHV-1 (Human herpesvirus 1) reactivation of latent infection in the development of
AD (Ball 1982; Gannicliffe et al. 1986). When infected with HHV-1, the virus
infects nerve endings and translocates to sensory or autonomic ganglia where it
establishes latency and the viral genome remains in an episomal state (Whitley et al.
2011). If the immune system is compromised, as it is in HIV infection and to some
extent as a result of normal aging, HHV-1 is able to propagate freely to infect other
nerve cells, produce viral proteins, and activate inflammatory processes. This cas-
cade of events is thought to promote the formation of A plaques and the accumu-
lation of tau, suggesting a role for HHV-1 reactivation in the pathogenesis of AD
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(Sochocka et al. 2017). More recently, work using human-induced pluripotent stem
cell (hiPSC) technology reported a HHV-1 induced tissue model of sporadic AD
(Cairns et al. 2020). Whereas high levels of HHV-1 infection resulted in cell death,
low-level viral inoculations led to the development of large, multicellular, dense
AP + fibrillar plaque-formations (PLFs), upregulation of PSENI and PSEN2, reac-
tive gliosis, and neuroinflammation. AD genetic risk scores have also been shown to
interact with HHV-1 antibodies in affecting AD risk, suggesting a role for the host’s
genetic background in HHV-1-associated AD (Lopatko Lindman et al. 2019).
HHV-2, another member of the alphaherpesvirinae family alongside HHV-1 and
HHV-3, is another neurotropic virus that establishes lifelong latent infections.
Kristen et al. (2015) demonstrated that HHV-2 infection can lead to the prominent
accumulation of hyperphosphorylated tau, Ap40, and AP42 in human neuroblastoma
cells. Bubak et al. (2020) also reported a possible effect on AD pathogenesis of
HHV-3 — also known as the varicella zoster virus, which causes chicken pox in
children and shingles in adults. When HHV-3 was used experimentally to infect
quiescent primary human spinal cord astrocytes, the infection also produced intra-
cellular amyloid. This suggests that HHV-3 infection may increase toxic amyloid
burden and play a role in amyloid-associated disease progression.

To complicate matters further, co-infection with HHV-5, also known as human
cytomegalovirus (CMV) is common in people living with HIV. Interestingly, several
mechanisms have been put forth on how HHV-5 might promote HIV persistence.
Christensen-Quick et al. (2017) describe how latent HIV-infected cells can increase
through HHV-5 associated inflammation, altered trafficking, inhibitory signaling,
proliferation, or inhibition of the apoptosis of HIV-infected cells. HHV-5 can even
directly transactivate latent HIV by inducing ongoing HIV RNA expression. HHV-5
and other members of the betaherpesvirinae family — including HHV-6 and HHV-7
(roseola viruses) — also have a postulated role in AD. Barnes et al. (2015) found that
HHV-5 seropositivity was associated with an increased risk of AD and a faster rate
of decline in global cognition in a diverse population adjusted for age, sex, education
duration, and race while also observing that HHV-5 seropositivity was higher in
Black populations compared to White, possibly partially accounting for racial
differences seen in AD burden. Bu et al. (2015) reported a similar finding where
HHV-5 seropositivity was associated with AD risk, even after adjusting for other
risk factors and comorbidities.

3.4 Effects of Alzheimer’s Disease Genetic Risk in the
Context of HIV

Genetic susceptibility to neurodegenerative diseases may also play a significant role
in the effects of HIV on the brain. The apolipoprotein E4 (APOE4) polymorphism is
the greatest known genetic risk factor for late-onset AD (Raber et al. 2004; Lambert
et al. 2013) and the strongest genetic risk factor for any complex neuropsychiatric
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disease. The genotype, which impacts amyloid metabolism, has been repeatedly
associated with lower brain volumes and faster brain tissue atrophy rates, in indi-
viduals with and without cognitive impairment. Within the central nervous system,
APOE genotype is associated with the onset and amount of cerebral amyloid
angiopathy (CAA; Biffi and Greenberg 2011; Nelson et al. 2013). CAA is caused
by amyloid f build up on blood vessels in the brain and it is often associated with
hemorrhagic lesions, ischemic lesions, encephalopathy, and dementia. The cerebro-
vascular effects of APOE4 include accelerated breakdown of the blood brain barrier
(BBB), which has been shown to be more severe in APOE4 carriers with cognitive
impairment, independent of amyloid and tau (Montagne et al. 2020). In HIV+
individuals, the APOE4 genotype has been associated with faster disease progres-
sion (Burt et al. 2008), increased neurotoxicity associated with the HIV Tat protein
(Turchan-Cholewo et al. 2006), higher brain beta-amyloid deposits (Green et al.
2005; Soontornniyomkij et al. 2012), greater brain atrophy (Wendelken et al. 2016),
and increased risk of HAND (Corder et al. 1998; Valcour et al. 2004b; Spector et al.
2010; Andres et al. 2011; Chang et al. 2011). However, some studies have found no
effect of APOE4 risk on HAND (Morgan et al. 2013). The genotype may itself have
an age-related effect on degeneration, as more recent large-scale studies in younger
and middle-aged adults have found little evidence for APOE4’s role in explaining a
significant degree of population variance in brain morphometry. Lyall et al. (2020)
examined brain MRI and genetic data from over 8,000 individuals scanned as part of
a large public biobank database, the UK Biobank (Miller et al. 2016), and found a
statistically significant association between APOE4 genotype and greater WM
hyperintensity volumes — a marker of poor cerebrovascular health. However, they
found no evidence for associations with left or right hippocampal, total gray matter
(GM) or WM volumes, or WM DTI FA and MD. Interestingly, despite being such an
important risk factor, APOE4 genotypes may not play a significant role in preclinical
cognitive function for much of the adult lifespan (Jorm et al. 2007). Even so, in
people living with HIV, amyloid pathways — implicated in aging and AD — may also
be perturbed by HIV-related inflammation, BBB disruption, and neurotoxic proteins
and may accelerate pathogenesis (Milanini and Valcour 2017).

The increased life expectancy of HIV+ individuals in the cART era compared to
the pre-cART era is a direct result of successful viral suppression and immune
restoration in the majority of treated individuals. Yet, the aging process is now
exacerbating the neurological complications of HIV infection, and cognitive issues
are becoming one of the primary, unaddressed, morbidities associated with the
infection. Neuroimaging studies are beginning to shed light on age-related brain
alterations in the context of chronic HIV infection. A first step in disentangling
HIV-related neurological deficits from age-related neurodegenerative disorders and
late-life dementias is to map the typical course of brain aging throughout the
lifespan. Normative data from healthy populations provides a valuable reference to
understand how genetic and environmental risk factors, including HIV infection and
related comorbidities, contribute to altered or accelerated brain decline.
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4 Advanced Imaging Methods to Identify Biomarkers
of Aging, Alzheimer’s Disease and Related Dementias

Relative to HIV, a larger body of literature has shown how neuroimaging can play a
key role in the assessment and differential diagnosis of people with AD and related
disorders. Many ongoing initiatives are advancing imaging acquisition methods and
creating and testing new analysis methods to differentiate normal age-related brain
changesquo;s from immune and other neuropathological processes involved in
Alzheimer’s disease, Parkinson’s disease, and vascular causes of dementia.

4.1 A Biomarker Approach to Diagnosing Alzheimer’s
Disease

Recently, Jack et al. (2018) proposed a novel biological framework for understand-
ing Alzheimer’s disease and other dementias, by using biomarkers in the blood or
cerebrospinal fluid along with neuroimaging. Progress in identifying treatment
effects on AD had been stalled by a lack of objective biological markers of the
disease — clinical trials had typically enrolled patients based on clinical and cognitive
criteria, and inevitably these patients often had unknown combinations of vascular
pathology, varying degrees of abnormal accumulation of proteins such as amyloid
and tau in the brain, and regional volume loss indicative of cellular atrophy and overt
neuronal loss. In the new National Institute on Aging and Alzheimer’s Association
(NIA-AA) Research Framework, AD is now defined using objective measures of
underlying pathological processes in living persons using biomarkers. Biomarkers
are grouped into those assessing § amyloid deposition (“A”), pathologic tau (“T”),
and neurodegeneration (“N”). This so-called AT(N) classification system groups
different biomarkers (imaging and biofluids) by the pathologic process that each
measures. Amyloid-sensitive PET ligands and tau-sensitive PET tracers document
characteristic trajectories for the accumulation and spread of amyloid and tau in vivo
(Braskie et al. 2010; Protas et al. 2012). Operationally, the “positivity” of A, T, or N
biomarkers is defined using standard cut-offs, with some efforts to reconcile differ-
ences among various radiotracers using a norming approach called the centiloid
system (Klunk et al. 2015; Rowe et al. 2017). This method converts the uptake value
of any tracer into the same standardized units.

Biomarkers of typical AD have historically been tracked using PET scans or CSF.
There is existing evidence that changes in CSF may precede those detectable with
PET (Palmgqvist et al. 2016). Palmgvist et al. (2015) noted that Ap42/total tau (t-tau)
and AP42/hyperphosphorylated tau (p-tau), derived from CSF, were able to identify
individuals with cognitive impairment who converted to AD over a 3-year period
(area under the curve [AUC] 0.93-0.94). PET measures provided similar predictive
power, but the resulting brain maps could additionally localize regional disruptions
(AUC 0.92-0.93; anterior cingulate, posterior cingulate/precuneus, and global
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neocortical uptake). Understanding the patterns of effects and the trajectory of
decline for different brain regions and pathways will likely be essential for differ-
ential diagnoses and identifying subtypes of patients, who may respond differently to
various treatments. The most recent work in AD diagnostics has pursued the
development of plasma assays that can evaluate the levels of A, T, and N pathology
from a minimally invasive blood draw (Zetterberg and Burnham 2019), yet there is
still a need to identify biomarkers from non-invasive imaging methods to map
pathology and disease trajectory in the brain.

In AD, abnormal beta-amyloid (AP) protein deposits and neurofibrillary tangles
(NFTs) spread in a characteristic pattern in the brain, typically targeting the entorhi-
nal and temporal cortices at early stages and spreading as the disease progresses.
These changes, originally noted by Braak and Braak (1995) in post-mortem data, can
also be inferred to some extent using brain MRI, and the sequence of cortical atrophy
typically mirrors the underlying trajectory of pathology (Thompson et al. 2003). As
Jack et al. (2013) note, the spread of amyloid plaques in the brain can occur while
individuals are still cognitively normal, often along with reductions in plasma levels
of AP42; after a lag period, which varies across patients, neuronal dysfunction and
neurodegeneration become dominant pathological processes, evident from progres-
sive atrophy on brain MRI. Atrophy on MRI has been found to better correlate with
Braak NFT stage than AP (Jack et al. 2013). A recent longitudinal study of amyloid
positive individuals with mild cognitive impairment (MCI) or mild dementia found
that baseline tau PET, but not amyloid PET, predicted the rate of cortical atrophy and
that the spatial distribution of baseline tau and future atrophy was correlated (La Joie
et al. 2020).

Only recently have a small number of neuroimaging studies examined brain
amyloid and tau accumulation in HIV+ individuals using PET. Mohamed et al.
(2020) used [18F] AV-45 (florbetapir) PET to determine if beta-amyloid deposition
was increased in older HIV+ individuals compared to HIV- individuals. The pro-
portion of HIV+ participants in their 50s with elevated global amyloid uptake
(SUVR > 1.40) was significantly higher than the proportion in HIV- participants
(67% versus 25%, p = 0.04), and selected regional SUVR values were also higher.
However, these group differences were not seen in participants in their 60s; the
authors noted that the conclusions require replication, given the small sample size of
the study. In a subsequent study, Howdle et al. (2020) used a different amyloid
tracer — 11C-labeled Pittsburgh compound B — in conjunction with PET, to study
10 men with virally suppressed HAND, aged 46—68 years, and a matched group with
no cognitive deficits; the two groups had similar amyloid deposition, which was
lower than that in matched MCI and AD groups. Although studies with larger
samples are clearly needed, the current evidence suggests that brain amyloid burden
does not differ substantially, at the group level, in people with virally suppressed
HAND, relative to cognitively normal older controls. Such distinctions may be vital
for differentiating disease and identifying individuals with HAND who may also be
at risk for other age-related neurodegenerative disorders.
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Brown et al. (2014) also pointed to the importance of studying tau pathology in
people living with HIV. They examined the seven human studies over the preceding
14 years measuring p-tau and/or total tau (t-tau) in HIV-infected patients, either in
cerebrospinal fluid (CSF) or via post-mortem brain immunohistochemistry. In one
study they reviewed (Steinbrink et al. 2013), HAND severity as measured by the
Memorial Sloan-Kettering scale, HIV dementia scale and Mosaic test correlated
significantly with the total t-tau level in CSF but not p-tau levels. The authors
suggested that t-tau might be a non-specific marker of ongoing subcortical CNS
damage in the periventricular WM and basal ganglia. Recently available tau-sensi-
tive PET tracers may be valuable tools to provide additional evidence for or against
premature pathology in people living with HIV. These markers are of growing
interest given the role of tau as a future treatment target across multiple neurode-
generative conditions.

4.2 Uncovering the Integrity of the Blood Brain Barrier
with Dynamic Contrast-Enhanced MRI and Susceptibility
Imaging

In Alzheimer’s disease, the “two-hit” vascular hypothesis suggests that blood vessel
damage occurs first, impairing the blood brain barrier (BBB) which can lead to the
accumulation of neurotoxins and reduced brain perfusion; each of these, in turn,
promotes neuronal injury and increases in cerebral amyloid load (Zlokovic 2011).
Dynamic contrast-enhanced MRI (DCE-MRI) is an in-vivo method used to study
BBB breakdown. The extravasation of contrast agents in areas where the BBB is
disrupted enables the localization of affected tissues by increasing longitudinal
relaxation thereby increasing T1 signal intensity (Heye et al. 2014). In this way,
DCE-MRI has been able to measure subtle changes in BBB permeability in normal
aging, MCI, and AD (Sweeney et al. 2018). Recently, Montagne et al. (2020)
distinguished APOE4 carriers by assessing BBB breakdown in the hippocampus
and the medial temporal lobe independent of tau and amyloid accumulation. Inter-
estingly, DCE-MRI has also revealed impaired BBB in HAND patients in the basal
ganglia and anterior frontal WM, compared to controls (Chaganti et al. 2019).
Another by-product of BBB disruption is the leakage of blood into the brain
parenchyma, also known as microbleeds. Microbleeds can be visualized with
hemosiderin-sensitive sequences that take advantage of their paramagnetic nature
and susceptibility effects. Methods to image these include susceptibility weighted
imaging (SWI) or T2* MRI. These microbleeds are often observed in patients with
AD, MCI, or various types of cerebral small vessel diseases (CSVD), as well as those
at genetic risk for AD. Using T2* derived microbleeds to classify the presence of
CSVD, Moulignier et al. (2018) found HIV to be an independent risk factor for
CSVD, and CSVD prevalence was twice as high in people living with HIV versus
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matched seronegative controls. DCE-MRI and SWI will help researchers better
understand how viral infections disrupt the integrity of the BBB.

4.3 Components of Brain Tissue Microstructure Assessed In
Vivo with Multishell Diffusion MRI

To better understand the histopathological processes underlying age-related disor-
ders, there is a need for improved neuroimaging methods that examine brain tissue
microstructure in more detail. Previously, we discussed how dMRI, mainly DTI, has
expanded our understanding of the neurological consequences of HIV infection, and
how advanced modeling techniques, such as multi-tensor modeling with TDF, may
shed more light on the extent of WM affected. In addition to capturing multiple,
often crossing fiber bundles in WM voxels, the relatively low spatial resolution of a
single voxel in dMRI typically captures partial volumes from different tissue com-
ponents. This can include, for example, intracellular, extracellular, vascular, CSF, or
myelin compartments. Biophysical or multi-compartment modeling approaches go
beyond the standard tensor fitting and attempt to fit different diffusion models to
distinct tissue types. Quantifying various compartment contributions to the measured
diffusion signal aims to provide greater specificity, if not sensitivity, to underlying
pathology. For example, the perivascular spaces (PVS), known to expand with
neurodegenerative and inflammatory disorders (Wardlaw et al. 2020), have been
modeled in a two-compartment, bi-tensor model, with one tensor capturing the tissue
compartment and the other, the PVS, modeled as an anisotropic tensor with an axis
aligned to the tissue principal direction with a higher diffusivity (Sepehrband et al.
2019).

Multishell diffusion MRI acquisitions (i.e., with multiple b-values) are needed for
biophysical modeling approaches, as low b-value acquisitions are more sensitive to
non-restricted diffusion, compared to high b-values that are more sensitive to
restricted diffusion. Early models included the ball and stick model (Behrens et al.
2003), composite hindered and restricted model of diffusion (CHARMED; Assaf
and Basser 2005), and neurite orientation dispersion and density imaging (NODDI;
Zhang et al. 2012). NODDI is currently the most widely used “multi-compartment”
biophysical model, estimating brain microarchitecture assuming three compart-
ments: the intracellular restricted water diffusion in neurites (ICVF; modeled as
cylinders or sticks), the surrounding extracellular hindered diffusion (ECVF;
modeled as an anisotropic Gaussian “zeppelin”) and CSF free water (ISOVF; a
large isotropic sphere); the neurite orientation dispersion index (ODI) is also
extracted. While NODDI provides greater insight into the underlying tissue micro-
structure, the validity of biological interpretations of data derived from clinical
scanner acquisitions has been challenged (Novikov et al. 2018; Jelescu et al.
2020). As with results from all in-vivo estimations, findings should be interpreted
with caution. Replication studies as well as histopathological follow-ups would be
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needed to truly understand the biological underpinnings of observed in-vivo
associations.

Since the original formulation in 2012, tissue-specific modifications to the
NODDI model have been proposed. The original NODDI model was (1) designed
with fixed diffusivity values appropriate for the analysis of WM tissue and
(2) assumed one tissue response across the whole brain. As the spatial resolution
of diffusion MRI has improved over the years, the field can now attempt to fit multi-
compartment models in the gray matter, with modified assumptions and diffusivity
parameters (Fukutomi et al. 2018; Guerrero et al. 2019). Furthermore, as different
brain tissue types — WM, GM, and CSF - have different T2 relaxation times, a multi-
tissue NODDI model was recently proposed to incorporate tissue-specific responses
(Jeurissen et al. 2014) and improve microstructural volume fraction estimates
throughout the brain (Frigo et al. 2020).

Clinical datasets from aging populations are now being collected with multishell
dMRI, allowing researchers more specific insights into the microstructural effects of
disease. A recent review highlighting the use of advanced dMRI for studying
Alzheimer’s disease and Parkinson’s disease describes several works evaluating
multishell DKI and NODDI measures in older individuals with or at risk for
dementia (Kamagata et al. 2020). These lines of work have identified pathological
changes beyond those seen with standard DTI and volumetric methods. Decreases in
gray matter NODDI, ICVF, and ODI have been reported in AD patients compared to
controls, even after adjusting for differences in commonly used thickness estimates
of the cortex, suggesting NODDI provides information beyond volumetric measure-
ments; moreover, in patients, ICVF was a more sensitive marker for cognitive
impairment than cortical thickness (Parker et al. 2018). In another study, cortical
ODI outperformed cortical thickness and WM DTI FA in the prediction of chrono-
logical age (Nazeri et al. 2015). In another study evaluating both DTT and NODDI in
the gray matter of a mouse model of human tauopathy (rTg4510), only NODDI
neurite density index (i.e., ICVF) was correlated with histologic measurements of
hyperphosphorylated tau levels (Colgan et al. 2016). Using the more recent multi-
tissue multi-compartment approach, with gray matter specific parameters, Nir et al.
(2021) found associations between regional cortical dMRI measures and in vivo
PET-derived measures of amyloid burden; in those cognitively impaired, in addition
to lower ICVF and higher ISOVF (suggesting neuronal loss), lower ECVF was
associated with greater extracellular amyloid.

In this rapidly developing field, advanced dMRI acquisition protocols can be used
to estimate additional and more specific compartments in novel biophysical models.
In the gray matter, extra-neurite diffusion may combine water from the extracellular
space with water in cell bodies or soma. Soma and neurite density imaging (SANDI)
makes use of very high b-values (e.g., 10,000 s/mm?) and short diffusion times
(<20 ms) to divide the intracellular compartment into intra-neurite and intra-soma
compartments (Palombo et al. 2020). In another recent model, Garcia-Hernandez
et al. (2020) introduced a paradigm to characterize brain inflammation by modeling
time-dependent morphological changes in activated microglia and astrocytes in rats.
In this model, astrocytes consist of large round cells, modeled as large spheres, and



Neuroimaging Advances in Diagnosis and Differentiation of HIV,. .. 127

microglia are composed of small cell somas and thin cellular processes, modeled as
small spheres and sticks with dispersion. Using dMRI, they were able to detect
increases in cell body size of activated microglia coupled with retraction of cellular
processes/reduced dispersion, as well as increases in astrocyte cell body size.

Continued improvements in the speed and availability of these advanced diffu-
sion imaging protocols promise to yield better insights into the role of neuronal loss,
demyelination, and inflammation in neurodegeneration and neuroinflammatory con-
ditions and may be particularly well suited for establishing an in-vivo understanding
of the neuropathological processes underlying aging with HIV.

4.4 Neuroimaging and AI Methods to Assess Age-Related
Decline and for Differential Diagnosis

The growing use of standardized biomarkers that index separable biological pro-
cesses has also led to improved understanding of the mixed brain pathologies that
account for most dementia cases in community-dwelling older persons. As
Schneider et al. (2009) note in their assessment of the Rush Memory and Aging
Project, a longitudinal community-based clinical-pathologic cohort study, most
community-dwelling elderly people have brain pathology, and those with dementia
often have multiple brain pathologies including vascular dementia, Parkinson’s
disease, Lewy body dementia, limbic-predominant age-related TDP-43 encephalop-
athy (LATE), cerebrovascular pathologies, or other tauopathies such as fronto-
temporal lobar degeneration and corticobasal degeneration.

The diagnosis and subtyping of age-related diseases have been assisted by rapid
developments in machine learning methods and artificial intelligence (AI). Machine
learning — and more recently deep learning — can be used to identify and extract
features from multiple brain imaging modalities, along with genetic and clinical data,
to make inferences about a person’s health, prognosis, or likely treatment response.
All these applications of Al are rapidly developing.

Al methods now outperform many classical methods for extracting features from
brain MRI — in a recent study of stroke patients, Zavaliangos-Petropulu et al. (2020)
compared the accuracy of segmentations generated by a convolutional neural net-
work, called “Hippodeep,” relative to two well-accepted hippocampal segmentation
methods, in T1-weighted MRIs of stroke patients; the deep learning method
performed better than the standard methods in terms of producing high-quality
segmentations across multiple datasets.

Another such example is the use of machine learning algorithms to estimate a
person’s age from their brain scan, without any need for expert user input. As Cole
and Franke (2017) note in their review of these methods, various diseases and
disorders, including HIV, schizophrenia, and diabetes, have been shown to make
the brain appear older. The “brain age gap” — the discrepancy between a person’s real
age and that predicted from their imaging data by a machine learning algorithm — can
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be used to identify possible protective or deleterious factors for brain health as
people age.

In one study, Cole et al. (2018) performed a multicenter study of 134 virologically
suppressed people living with HIV and 78 neurological healthy matched controls. At
baseline, the HIV+ individuals had poorer global cognitive performance, lower gray
matter volume, higher white matter hyperintensity load, abnormal white matter
microstructure, and a greater brain age gap. Even so, the authors found no longitu-
dinal evidence that middle-aged individuals living with HIV, when receiving suc-
cessful treatment, were at increased risk of accelerated aging-related brain changes
or cognitive decline over 2 years.

Recent advances in deep learning, such as convolutional neural networks
(CNNs), have been shown to predict a person’s brain age or diagnosis from raw
MRI scans, without the need for human intervention (Lam et al. 2020). Another
future application of Al to brain aging research is to identify loci or patterns in the
genome that are associated with disease resilience or risk, with particular subtypes,
or with treatment response. Recent efforts are pooling neuroimaging, clinical and
next generation sequencing data to better predict patient outcomes and treatment
response, as well as identify new drug targets, by analyzing data from large deeply
phenotyped populations of older adults. The extension of these AI methods to HIV+
cohorts shows promise in identifying subtle and distributed effects of the virus on the
brain, as well as sets of predictors in the genome and environment that might
influence these patterns.

5 Heterogeneity Across HIV Studies and Discrepancies
in Findings

Across HIV neuroimaging studies, inconsistencies in the effect sizes, regional
distribution, and even direction of volumetric and microstructural brain associations
across studies limit the generalizability of the conclusions (O’Connor et al. 2017,
O'Connor et al. 2018). Sources of heterogeneity in findings from single cohort
studies include methodological variability as well as differences in study partici-
pants, including age, sex, and environmental, socioeconomic or lifestyle attributes of
the cohorts, and other differences in study inclusion and exclusion criteria. While
this is true for studies across multiple diagnostic conditions, studies of HIV are
further complicated by differences in viral load status, comorbidities and
co-infections, drug use, age at infection, mode of transmission, duration of infection,
treatment regimen and timing, and degree of neurocognitive impairment, among
other factors, which can all differ drastically across studies, and all influence the
perceived magnitude of effect that HIV infection has on the brain. For example, the
mode of transmission, whether via intravenous drug use or perinatal infection, may
play an important role in the profile of the disease. The pattern of brain deficits in
perinatally infected HIV+ children may differ from the pattern in those who acquired
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HIV in adulthood, for instance, due to HIV and potentially cART exposure during
the time of critical brain development and reorganization (Tardieu et al. 2000; Hoare
et al. 2014). On the other end of the lifespan, infected individuals surviving into old
age are faced with numerous comorbidities as previously discussed (Brew et al.
2009).

While the majority of biomedical research, including brain imaging, has been
performed in populations of individuals living in high-income countries near
research-based medical institutions, HIV disproportionately affects individuals in
low- and middle-income countries. Even outside of access to cART and treatment
compliance (Falagas et al. 2008), factors related to socioeconomic status play a role
in HIV prognosis (Hogg et al. 1994; Perry 1998). People are often exposed to several
cumulative risk factors, including comorbid illness, poor nutrition, adverse living
conditions, and educational disadvantages (WHO 2003; Hackman et al. 2010).
Childhood health and social factors, often associated with poverty, can impact
brain function and psychological health later in life (Duncan et al. 2010; Walker
et al. 2011; Mani et al. 2013; Blair and Raver 2016), and therefore may affect HIV
prognosis.

It is not then surprising that, for example, both hypertrophy (Castelo et al. 2007)
and hypotrophy (Jernigan et al. 2005) have been reported in the basal ganglia of
HIV+ individuals or that there is disagreement whether brain changes are always
linked to the degree of immunosuppression (e.g., nadir or current CD4+ count) or
specific cognitive domain deficits (Chiang et al. 2007; Gongvatana et al. 2009;
Cohen et al. 2010; Becker et al. 2011; Jernigan et al. 2011; Ances et al. 2012).
Ultimately, the inconsistent findings in many single cohort neuroimaging studies
may be explained by variations in study design including differences in the inclusion
and exclusion criteria for enrolling participants, variable MRI acquisition protocols
and analysis techniques, limited power to detect differences in small samples, or
incomplete consideration of the many confounds associated with the heterogeneous
HIV-infected population.

To address variations in methods and boost statistical power, the HIV Working
Group was established within the Enhancing Neuro Imaging Genetics through Meta-
Analysis (ENIGMA) consortium to harmonize data analysis from neuroimaging
studies around the world. By pooling datasets from independent studies of diverse
HIV cohorts worldwide, well-powered ENIGMA-HIV studies may determine
sources of brain differences that are otherwise difficult to disentangle and assess
whether these factors are specific to one cohort or likely to generalize to HIV patients
globally. It is important to not only identify biomarkers that are consistently related
to disease burden and functional impairment, but also distinguish disease modulators
and brain effects that may differ. Understanding common neuropathogenic pathways
of HIV infection across international populations could ultimately help lead to
improved therapeutic targets and surrogate markers to evaluate treatment effects in
clinical trials.

In one of the largest coordinated brain imaging studies of HIV+ individuals
worldwide, the ENIGMA HIV Working Group recently pooled data from 1,203
HIV+ individuals across Africa, Asia, Australia, Europe, and North America, to find
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associations between subcortical brain volumes and two plasma markers routinely
collected to monitor immune function and treatment response (Nir et al. 2020). Brain
volume associations with both plasma CD4+ counts and detectable viral loads
largely implicated the limbic system, extending beyond the classically implicated
regions of the basal ganglia. Lower CD4+ counts were associated with smaller
hippocampal and thalamic volumes, in addition to larger ventricles, while a detect-
able viral load was also associated with smaller hippocampal volumes. Sensitivity
analyses stratifying the data by cART-status revealed limbic associations were
driven by individuals on cART. However, in the subset of individuals who were
not on cART, CD4+ associations with basal ganglia volumes, specifically putamen
volumes, were significant (Fig. 4). These findings may represent a generalizable
brain signature of HIV infection in the cART era and suggest that these regions
remain an important target of cART era HIV research, especially given their
heightened vulnerability to age-associated atrophy and neurodegeneration.

6 Future Directions in HIV and Aging Research
and Clinical Implications

The neuroHIV community is set to gain an enormous set of computational and
neuroimaging tools, already vetted in the AD community. As people living with HIV
are aging and at increased risk for more complex pathology and cognitive impair-
ment, adopting more advanced neuroimaging techniques — such as multishell diffu-
sion imaging and dynamic contrast-enhanced MRI - may help identify
complications unique to chronic infection and those compounded by aging.
NeuroHIV researchers can now make use of recent advances in statistical and Al
methods that model variation, determine subtypes, and predict patient-specific
trajectories in individuals living with HIV. Well-powered studies are now possible
by bridging efforts across international studies, but efforts are still needed to expand
on the limited number of longitudinal studies of individuals aging with chronic
infection. As the neuroHIV field works towards understanding the complex rela-
tionship between disease modifying risk factors and cognitive impairment in people
living with HIV, identifying pathways of brain disruption may suggest targets for
therapeutic intervention. Neuroimaging can be used alongside other biomarkers to
both objectively monitor progressive neurodegeneration and evaluate treatment
efficacy and response. Although more research is urgently needed, the clinical utility
of neuroimaging in assessing cognitive decline and dementia risk in people aging
with chronic HIV infection is very promising.
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Fig. 4 T-values for associations between subcortical volumes and (a) CD4+ count, or (b) detect-
able viral load in a cohort of people living with HIV. Bar graphs show 7-values for associations
across all HIV+ participants, and separately in the subset of cART+ participants, cCART- partici-
pants, males, and females. Structures for which association results indicated an uncorrected
significance level of p < 0.05 are marked with a *, while regions that survive Bonferroni correction
across multiple comparisons (p < 0.05/8) are indicated with **. Viral load in those not on treatment
(cART-) at the time of scanning was not assessed due to the limited number of individuals in this
subgroup with undetectable viral load (n = 8). In the brain plots, 7-values are shown for subcortical
structures for which association results indicated an uncorrected significance level of p < 0.05
across all HIV+ participants; those with p > 0.05 are shown in gray (Reproduced from Nir et al.
2020)
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Abstract The prevalence of cognitive impairment or learning difficulties in
HIV-infected children is high despite access to antiretroviral treatment (ART).
Several biological mechanisms, including latent HIV reservoir persistence in the
brain, local inflammation within the central nervous system (CNS), disruption of
neuronal function and integrity, and ongoing infiltration of activated HIV target cells
to the CNS during brain development, may each dampen efficacy of ART. Devel-
opment of therapeutics to target these mechanisms will be crucial, and potential
candidates may include chemokine receptor antagonists. Separately, psychosocial
approaches to support caregiving may leverage neuroplasticity and support brain
development during critical developmental windows in spite of perinatal HIV
infection. Multipronged approaches that encompass both approaches are crucial
for optimizing neurodevelopmental outcomes in these extraordinarily vulnerable
children. Dynamic neuropsychological assessments, such as what can be obtained
with the use of computerized cognitive games intervention, may prove more sensi-
tive to the brain/behavior benefits of ART. Dynamic neuropsychological outcomes,
neuroinflammatory biomarkers, and brain development neuroprotective factors
(BDNFs) may each be used to evaluate brain/behavior integrity of children in
response to new treatment options.

Keywords Antiretroviral - Caregiving - Cognitive rehabilitation -
Neurodevelopment - Neurocognitive - Monocyte - Perinatal HIV

1 Neurocognitive and Neurologic Manifestations
of Perinatal HIV Infection and Advances in Behavioral
Interventions

Perinatal HIV results in a spectrum of mild to severe cognitive impairments and
neurologic abnormalities. The most severe form of HIV-related neurological disease
is HIV encephalopathy, which may be progressive or static and involves loss of or
failure to attain developmental milestones, cognitive impairment, microcephaly, and
neurologic abnormalities (Belman 1992; Wiley et al. 1990). With the advent of
combination antiretroviral therapy (ART), the rate of HIV encephalopathy substan-
tially declined (Patel et al. 2009; Chiriboga et al. 2005); however a constellation of
language, neurocognitive and motor impairments, and behavioral and psychiatric
problems have remained common in perinatally HIV-infected children (Nozyce et al.
1994a; Cohen et al. 2015; Malee et al. 2011), even among subsets who are long-term
treated and virologically and immunologically stable (Jeremy et al. 2005). In some
select cohorts, untreated and surviving children and adolescents do not have any
apparent CNS impairment (Gay et al. 1995; Drotar et al. 1997; Dollfus et al. 2010;
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Bagenda et al. 2006). However, in a detailed study of long-term slow progressors,
defined by survival with no or limited ART for the first §8—12 years of life on the basis
of their ability to remain asymptomatic and maintain a robust CD4+ T cell count, the
proportion with low scores on neuropsychological testing and white matter micro-
structural damage, was substantial (Hoare et al. 2012a).

1.1 Extent and Nature of Cognitive Impairments
in Perinatally HIV-Infected Children

In carefully followed birth cohorts of perinatally HIV-infected children, the rates of
cognitive and motor neurodevelopmental delays are high and range from 26 to 36%
and 30 to 36%, respectively (Gay et al. 1995; Drotar et al. 1997; Chase et al. 2000).
Likewise in cross-sectional studies, the prevalence of cognitive impairment or learn-
ing difficulties in HIV-infected children is quite high (16-42%) despite access to
ART (Cohen et al. 2015; Jeremy et al. 2005; Wood et al. 2009). In a South African
study that applied the HIV-associated neurocognitive disorders (HAND) criteria
(Phillips et al. 2016), often used to characterize neurocognitive impairment in
HIV-infected adults (Antinori et al. 2007), the prevalence of neurocognitive disorders
was 44% (Hoare et al. 2016). Interpretation of these and other (reviewed by Laughton
et al. 2013; van Wyhe et al. 2017) observational cohort studies is limited because of
differences in socioeconomic environments between HIV-infected children and
controls, differences in caregiver status among children, differences in ART regi-
mens, and duration of treatment. In low- and middle-income countries in particular,
HIV-infected children often have higher malnutrition or poor weight gain, predictive
of significant motor, language, and other developmental delay (Benki-Nugent et al.
2017; Puthanakit et al. 2010; Ferguson and Jelsma 2009; Smith et al. 2006).

In addition, appropriate comparison groups are challenging to define.
HIV-infected children face a myriad of psychosocial challenges including poverty,
chronic parental illness, stigma, social isolation, and orphanhood (Donald et al.
2014), each of which could substantially impact their neurodevelopmental trajectory
and which limit comparisons to HIV-unexposed uninfected cohorts. In turn, com-
parisons to HIV-exposed uninfected cohorts are limited because perinatal HIV and
antiretroviral exposure may also cause risk of neurodevelopmental impairment (Tran
et al. 2016; Le Doare et al. 2012). For studies that focus on HIV-infected children in
sub-Saharan Africa, where most HIV-infected children reside, culturally relevant
neurocognitive assessments with local norms for comparison have generally not
been available. Nevertheless, existing estimates of neurocognitive impairment are
sobering and suggest that perinatally HIV-infected children may face a multitude of
challenges in school achievement and attainment of economic independence and
high quality of life.
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1.2 Preliminary Findings Using Diffusion Tensor Imaging
(DTI) to Evaluate Neuronal Injury in Perinatal HIV

A recent systematic review of neuroimaging studies in perinatally infected
HIV-infected children found that the relationship between cognitive impairment
and CNS damage in HIV as seen by neuroimaging remains incompletely understood
due to the paucity of neuroimaging studies in pediatric HIV (Hoare et al. 2014).
Dr. Hoare’s team has conducted detailed DTI studies which have found evidence of
white matter damage in both slow progressors and ART-treated children (Hoare
etal. 2011, 2012b, 2015). “Slow progressors” (SP) are typically defined as children
or adolescents who were vertically infected with HIV but who survived and
remained asymptomatic for several years with no or minimal ART. Hoare and
colleagues compared asymptomatic HIV-positive children (8-12 years) with
matched controls on a neuropsychological battery as well as DTI in a masked region
of interest analysis (ROI) focusing on the corpus callosum, internal capsule, and
superior longitudinal fasciculus. The SP group performed significantly worse than
controls on the Wechsler Abbreviated Scale of Intelligence Verbal and Performance
1Q scales and on standardized tests of visual-spatial processing, visual memory, and
executive functioning. “Slow progressors” had lower fractional anisotropy (FA),
higher mean diffusivity (MD), and radial diffusivity (RD) in the corpus callosum
(p = <0.05) and increased MD in the superior longitudinal fasciculus, compared to
controls. A correlation was found between poor performance on a test of executive
function and a test of attention with corpus callosum FA and a test of executive
function with lowered FA in the superior longitudinal fasciculus. These findings
suggest that demyelination as reflected by the increase in RD may be a prominent
disease process in pediatric HIV infection.

Associations were explored between a number of clinical variables and DTI
measures in 50 ART-treated children aged 6-15 years. FA, MD, RD, and axial
diffusion (AD) were derived from 48 cerebral white matter regions. Significant
effects of clinical variables were found with white matter integrity in a number of
brain regions (Hoare et al. 2015). Decreased FA, a measure of neuronal damage, was
associated with being on second-line ART, low hemoglobin, and younger age in the
fornix, cerebellar peduncles, fronto-occipital fasciculus, and cingulum. Children
with increased MD, a measure of neuronal damage, in the corpus callosum, fornix,
fronto-occipital fasciculus, and superior longitudinal fasciculus, were younger and
had reduced albumin and hemoglobin and increased total protein and viral load.
Decreased AD, a measure of axonal damage, was associated with increased viral
load and total protein, decreased albumin and hemoglobin, younger age, poorer
fronto-striatal cognition, and being on second-line ART in the corpus callosum,
superior longitudinal fasciculus, cerebellar peduncle, and sagittal stratum. Increased
RD, a measure of myelin loss, was associated with younger age, low current CD4
count, low albumin and hemoglobin, and higher viral load and total protein in the
superior fronto-occipital fasciculus, the corpus callosum, and the cerebellar pedun-
cle. The current findings underline the possible association of first-line treatment
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failure on white matter brain dysfunction in pediatric neuroAIDS and the importance
of future interventions to improve adherence (Hoare et al. 2014), perhaps including
cognitive training.

1.3 Dynamic Versus Static Neuropsychological Assessment
of Neurocognitive Function

Sternberg and Grigorenko argue that dynamic assessment is more sensitive to brain/
behavior integrity than traditional static assessment (Sternberg and Grigorenko 2002).
Dynamic assessment uses a cognitive ability test to measure active learning ability
across numerous learning sessions. Static assessment uses the same test to measure
neuropsychological function in a single testing session. In dynamic assessment, chil-
dren learn skills needed for a given type of test item during testing through teaching and
feedback on performance. Dynamic assessment then notes improvements in cognitive
performance in response to multiple learning sessions. By evaluating brain/behavior
learning as part of testing, dynamic assessment evaluates a higher level of positive
biocultural plasticity and brain integrity. Dynamic assessment does this by evaluating
the child’s ability to adapt and improve from feedback and learning (Sternberg 2004;
Sternberg et al. 2002). In a cross-cultural assessment in Tanzania, conventional tests for
working memory and analogous reasoning (e.g., Raven’s Progressive Matrices) did not
adequately assess the full range of cognitive skills children could demonstrate —
whereas dynamic assessment did (Sternberg et al. 2002).

1.4 Brain Training and Neuroimaging Evidence Support
the Need for Dynamic Assessment

Duncan E. Astle and colleagues published the first conclusive evidence that com-
puterized cognitive rehabilitation training (CCRT) in children strengthens cortical
connective pathways for working memory, as well as the attentional processes
targeted by CCRT (Astle et al. 2015). Using magnetoencephalography (MEG),
they confirmed that the right hemispheric frontoparietal seed network is considerably
strengthened in resting state after 24 sessions of CCRT for visual-spatial working
memory. Placebo (active) controls did not show strengthening. The degree to which
these neural connections were strengthened significantly correlated with improved
CCRT working memory performance from beginning until completion of 24 ses-
sions of CCRT training. When dynamic assessment detects improved neuropsycho-
logical performance over multiple CCRT sessions, we propose we are seeing a
reflection of the integrity of neurocognitive function. On this basis we believe
dynamic measures can provide more valid and sensitive assessments in children
affected by HIV. We propose that CCRT can be used as a dynamic assessment tool,
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readily available and easily implemented in resource-constrained settings by
community health workers and clinical officers and nurses on tablets and
smartphones for “real-time” cognitive assessment monitoring (or surveillance) for
HIV disease progression and treatment.

In school-age Ugandan children with HIV, computerized cognitive rehabilitation
training (CCRT) significantly enhanced global cognitive ability and executive func-
tioning as measured by the Kaufman Assessment Battery for Children (second ed.)
(KABC-II) and the maze learning measure of the CogState computerized program of
cognitive ability (see www.cogstate.com) (Boivin et al. 2010a, 2017). In a separate
test, Boivin and colleagues evaluated the neuropsychological benefits of Brain
Powered Games (BPG), a set of games developed for a tablet-based mobile network
platform and which has an African village motif (Novak et al. 2017). In a prelim-
inary study with Ugandan school-age HIV-infected children in an impoverished
rural setting, this novel game package elicited significant improvements on measures
of attention and processing speed from the Test of Variables of Attention (TOVA;
see www.tovatest.com) and on cognitive ability processing speed for learning on the
CogState battery (Giordani et al. 2015). One study found substantial deficits in
attention, memory, and visual spatial processing speed in perinatally HIV-infected
children (Hoare et al. 2012b). These are the very domains of neurocognitive devel-
opment in African children that have been most effectively improved through CCRT
(Bangirana et al. 2013).

1.5 CCRT Positive Neuroplasticity Intervention Model

According to Mahncke et al., CCRT is effective because it is designed to redress
the four principal causes of negative plasticity: reduced schedules of activity, noisy
processing, weakened neuromodulatory control, and negative learning (Mahncke
et al. 2006a, b). To evaluate CCRT treatment benefit for each of these negative
neuroplasticity factors, CCRT intervention could be used to evaluate the
corresponding neuropsychological benefits and MRI and DTI correlates
corresponding to these with our South African study cohort. To illustrate,
Dr. Hoare and her team documented a correlation between poor performance on
executive function and attention test, with corpus callosum fractional anisotropy
(FA) (Hoare et al. 2015). They also observed that poorer executive function was
related to lower FA in the superior longitudinal fasciculus. These findings suggest
that demyelination as reflected by the increase in RD may be a prominent disease
process in pediatric HIV infection (Hoare et al. 2014, 2012b). We anticipate that
integrity of white matter in these regions will specifically mediate neuropsycho-
logical benefits as they pertain to each of the four principal neuroplasticity
domains described in Mahncke and colleagues (Ackermann et al. 2016; Jankiewicz
et al. 2017). In other disease contexts, brain development neuroprotective factors
(BDNFs) may be a marker for resilience in neurodegenerative disease and
improved response to behavioral interventions to enhance neurocognitive function.
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BDNF might also be sensitive to positive neuroplasticity in neurocognitive
rehabilitation intervention with computer cognitive games for children with HIV
(Angelucci et al. 2015; Kuster et al. 2017).

1.6 Threats to Quality of Caregiving in African HIV-Affected
Children

Enhanced access to antiretroviral (ARV) medications for children in the developing
world, coupled with advances in the treatment of HIV and AIDS with new ARV
drugs, has changed the prognosis for infected children from a uniformly deadly
disease early in childhood to one in which survival well into adolescence is not
uncommon (Armstrong et al. 2003). Programs such as the UN Global Fund and the
US President’s Emergency Plan for AIDS Relief (PEPFAR) have dramatically
enhanced access to ARV treatment for HIV-infected children in participating Afri-
can countries such as Uganda (O’Hare et al. 2005). As a result, pediatric HIV illness
is increasingly becoming a subacute, chronic disease (Bass 2005; Cohen 2005).
HIV-infected African children are now able to survive longer, but they remain at
significant risk developmentally because of the progressive encephalopathy of this
disease at the neuronal level (Okamoto et al. 2007). Therefore, it is important to
consider strategies for enhancing their cognitive and psychosocial development in
the face of HIV disease encephalopathy and neurocognitive impairment. This is
especially true given that the CNS effects of the disease are compounded by limited
medical services for comorbid and opportunistic infections, compromised parental
caregiving in the home, and a lack of social/educational support outside the home
(Bose 1997).

Over 90% of pediatric HIV infections and AIDS deaths occur in Africa (Foster
and Williamson 2000), and more than 11 million children have lost at least one
parent to AIDS (UNAIDS 2006). In Uganda, about one million children are orphans
with one or both parents dead (UNICEF definition), and a new child is orphaned
every 14 s (Ronald and Sande 2005). When considering how to best address the
global public health burden of the developmental effects of HIV on children, the
African context is clearly paramount. In rural areas of sub-Sahara Africa, the family
must rely upon labor-intensive subsistence agriculture to provide for the nutritional
needs of the family. Because of this, maternal HIV disease and illness can severely
disrupt not only the nurturing capacity of the mother for her children but also food
security for the entire family. Chronic nutritional hardship can severely undermine
early childhood development (Foster and Williamson 2000; Boivin et al. 1995).
Because of this, the AIDS epidemic can also have devastating consequences for
non-infected children of HIV-infected parents.

As evidence of the emotional impact of HIV on the Ugandan child, a study of
Ugandan AIDS orphans in a rural district found that compared to non-orphans,
AIDS orphans had greater risk for higher levels of anxiety (odds ratios (OR) = 6.4),
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depression (OR = 6.6), and anger (OR = 5.1). These children also had significantly
higher scores on individual items in the Beck Youth Depression Inventory, indica-
tive of clinical depressive disorder. These include vegetative symptoms, feelings of
hopelessness, and suicidal ideation (Atwine et al. 2005). Maternal HIV infection can
lead to stigmatization, abandonment, isolation, and uncertainty about future care for
the African child. Furthermore, these sources of emotional trauma can diminish
immuno-resilience through psychoneuroimmunological processes. These processes
can accelerate the progression of CNS infection and further disrupt the health and
neuropsychological development of the HIV-infected child (Balbin et al. 1999).
These findings support the need for caregiving interventions with HIV-infected
children that extend beyond provision for basic medical and nutritional care only.
These findings support the urgent need for programs that can minister to the
emotional and psychosocial needs of HIV-affected children.

1.7 Quality of Home Environment, Caregiving,
and the Developmental Effects of HIV

A 2-year follow-up study of HIV-infected school-age children concluded that there
tended to be a decrease in positive social self-concept over time. However, parental
support exerted a stress-buffering effect for depression in both infected and
non-infected children of HIV-infected mothers, and this benefit extended to
improvements in both psychosocial adjustment and cognitive ability (Forehand
et al. 2002; Kotchick et al. 1997). The importance of parenting quality for infants
born to HIV-infected mothers was also documented in a longitudinal attempt to
describe the development of infants of mothers with HIV. Higher mental ability,
motor, and adaptive behavior scores were associated with more consistent caregiv-
ing, especially if typified by positive attention and less negative control. Better
language ability was associated with more positive attention of the child by care-
givers (Holditch et al. 2001). We have replicated these findings with Ugandan
preschool-age children born to mothers with HIV in an impoverished rural setting
(Bass et al. 2016).

In a 4-year longitudinal study of child psychosocial adjustment and parenting,
non-infected children ages 6-11 with HIV-infected mothers were compared to
children whose mothers were not infected. Although the patterns of psychosocial
adjustment across assessments over time were similar for the two groups, children of
HIV-infected mothers were more depressed. Also, parenting style was related to the
strength of mother-child relationship and subsequent psychosocial adjustment of
the child irrespective of the maternal infection group (Forehand et al. 2002). Thus,
even in the absence of HIV infection for the child born to an infected mother,
compromised caregiving from HIV can significantly diminish the cognitive and
behavioral development of the child over the long term (Mellins et al. 1994).
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Others have also concluded that because both parenting quality and consistency
of the primary caregiver influenced developmental outcomes, interventions with the
mothers of these infants need to focus both on improving the quality of parenting and
reducing the frequency of changes in the primary caregiver (Forehand et al. 2002).
This is especially true in African countries like Uganda where financial and medical
support for maternal HIV is usually not readily accessible. In such settings, the
health and nurturing capability of the mother are much more tenuous in buffering the
HIV child from the developmental effects of the disease (Nozyce et al. 1994a, b).

1.8 Caregiver Training Intervention to Enhance Early
Childhood Development Affected by HIV

Evidence is provided by Tardieu that the cognitive and psychosocial need of HIV
school-age children can be further exacerbated when coupled with immunological
deficiencies in early childhood. While 22 out of 33 HIV-positive French
schoolchildren had normal school achievement and normal IQ, almost half had
speech and/or language delay or articulation disorders (Tardieu 1998; Tardieu and
Janabi 1994; Tardieu et al. 2000). Furthermore, over half of the children had visual-
spatial and time orientation test deficits, and 29% of the children and 42% of the
parents had emotional and psychosocial disturbances of intermediate to high sever-
ity. For the study group as a whole, cognitive test performance was predictive of
school performance, and CD4+ lymphocyte levels in early childhood were predic-
tive of both.

More recent findings from the PACTG pediatric AIDS clinical trials group with
489 HIV-infected children aged 4 months to 17 years also observed that their overall
poorer cognitive and neuropsychological functioning was associated with higher
viral loads (Jeremy et al. 2005). However, Coscia found that for 43 HIV-infected
children between the ages of 2.5 and 12 years, quality of home environment
mediated the relationship between socioeconomic status (SES) and overall cognitive
ability performance (Coscia et al. 2001). In fact, SES and quality of home environ-
ment were much more significantly related to IQ than degree of illness and health
status for the children. Quality of home environment was defined by the organization
of the environment, play materials, parental involvement, variety of stimulation, and
parental attitudes toward the provision of a cognitively stimulating environment.
Furthermore, the impact of quality of home environment on IQ was stronger for
children who were more ill as determined by health status and CD4 counts (Coscia
et al. 2001). This was especially the case for the younger children. To us these
findings suggest that clinical stability of young HIV-infected children might best be
considered as a factor that moderates the impact of quality of home environment on
cognitive and psychosocial development for HIV-infected children.

In rural areas of sub-Sahara Africa, the family must rely upon labor-intensive
subsistence agriculture to provide for the nutritional needs of the family. Because of
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this, maternal HIV disease and illness can severely disrupt not only the nurturing
capacity of the mother for her children but also food security for the entire family
(Caruso 2006; Fabiani et al. 2006; Orach and De Brouwere 2006). Chronic nutri-
tional hardship can severely undermine early childhood development (Foster and
Williamson 2000; Boivin et al. 1995). Because of this, the AIDS epidemic can also
have devastating consequences for non-infected children of HIV-infected parents.
The Mediational Intervention for Sensitizing Caregivers (MISC) model developed
by Professor Pnina Klein has been used to enhance the development of Ugandan
children affected by HIV (Boivin et al. 2017, 2013a, b; Bass et al. 2017). Through
their efforts, Boivin and colleagues documented that MISC parent/caregiver
training improves cognitive and psychosocial development in HIV-infected and
HIV-exposed uninfected children in low-resource rural districts in central and in
eastern Uganda.

1.9 A Brain/Behavior Model for the Benefits of MISC
in Early Childhood Development

One to five years of age is a critical developmental period for children, during which
time they develop the dynamic capacity to benefit from new learning experiences.
There is a general consensus from developmental research that adult-child interac-
tions are of central importance in this process (Bonnier 2008). Farah and colleagues
observed a relationship between parental nurturance and memory development. This
relationship was consistent with the animal literature on maternal buffering of stress
hormone effects on hippocampal development (Farah et al. 2008). Rao et al.
observed that parental nurturance at age 4 predicts the volume of the left hippocam-
pus in adolescence, with warmer and more loving nurturance associated with smaller
hippocampal volume. Also, the association between parental nurturance and hippo-
campal volume disappears at 8 years of age. They concluded that this supports the
existence of a sensitive developmental period for brain maturation, especially before
4 years of age (Rao et al. 2009). The caregiver provides for secure emotional
attachments in a nurturing environment, creating learning experiences that allow a
child’s neurocognitive ability to blossom (Feuerstein 1980; Vygotsky 1978). Effec-
tive mediational behaviors by caregivers were found to be significantly related to
children’s social-emotional stability and the willingness to explore and learn about
the world around them (Feurerstein 1979, 1980). While the role of effective care-
giving in fostering optimal neurocognitive development during sensitive periods in
early childhood has been studied in a wide range of cultural settings and across
various populations of children with special needs, evaluation of interventions to
improve caregiving has not been done in low-resource non-Western settings. Nor
have they been done with HIV African children. Caregiver training can help the
caregiver interact with their child in a way that promotes development and growth
even in the face of adversity.
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1.10 Theoretical Foundation of MISC Training

The MISC approach has a clear and well-developed theoretical foundation. Unlike
models based on simple direct learning through stimulating the senses with an
enriched environment (Grantham-McGregor et al. 2007, 1983, 1987, 1980; Klein
2001; Klein and Rye 2004), MISC is a mediational approach based on Feuerstein’s
theory of cognitive modifiability (Feuerstein 1979, 1980). The fundamental premise
of this approach is that mediated learning best occurs interactively, when the
caregiver interprets the environment for the child. To do so, the caregiver must be
sensitive to the child’s cognitive and emotional needs, interests, and capacities. As
such, MISC has a strong emphasis on the importance of the social/interactive/
emotional domains as integrally linked to intellectual and cognitive development.

MISC learning is accomplished by training caregivers in mediational processes as
focusing (gaining the child’s attention and directing them to the learning experience
in an engaging manner); exciting (communicating emotional excitement, apprecia-
tion, and affection with the learning experience); expanding (making the child aware
of how that learning experience transcends the present situation and can include past
and future needs and issues, therefore extending beyond the immediate need of the
moment); encouraging (emotional support of the child to foster a sense of security
and competence); and regulating (helping direct and shape the child’s behavior in
constructive ways with a goal toward self-regulation).

Most of the MISC training of caregivers is devoted to helping parents become
aware and develop practical strategies for focusing, exciting, expanding, encourag-
ing, and regulating the child as learning opportunities arise in the course of natural
everyday caregiver/child interactions (Klein 1985, 1996, 2001; Klein and Rye
2004). It begins by trying to understand and highlight the caregivers’ objectives
for child-rearing and their goals for the ideal child and ideal parent. It asks parents/
caregivers what outcomes they hope to achieve. This process raises parental aware-
ness regarding their own attitudes about child-rearing, perception of the child,
perception of themselves as caregivers, awareness of the child’s emotional and
cognitive needs, and awareness of the impact of parental/caregiver interactive
behavior. Because of the facilitative nature of the program, it does not rely on
outside resources or materials and can be implemented with most children in a
variety of contexts where caregiver/child interactions naturally take place.

The Ugandan ethnic groups within which we evaluated MISC caregiver training
for HIV-affected households traditionally highly value children and emphasize the
importance of the effective and loving nurture of children for the future betterment of
families and communities (Minde 1975). The cultural emphasis on the nurturing of
children is a good fit for the MISC, which is a method for sensitizing mothers to the
positive aspects of their current child-rearing interactions. Similarly to what Klein
found in Ethiopia, our findings with HIV-affected caregivers and their children
indicated that the principles of MISC are simple and can be easily understood by
caregivers and associated with their own child-rearing goals (Klein and Rye 2004).
As a result, caregivers noted how MISC principles can be readily translated into
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actions within the cultural and contextual constraints of everyday living in each of
their families (Klein 2001; Klein and Rye 2004).

2 Cellular and Molecular Mechanisms of Inflammation
and Neuronal Injury in Perinatal HIV and Implications
for Therapeutics

During infancy and early childhood, dramatic changes in brain volume and structure
occur, including neuronal proliferation, migration, myelination, synaptogenesis,
apoptosis, and pruning (Tau and Peterson 2010). Although the precise cellular and
molecular mechanisms of HIV neuropathogenesis are not known, data from both
HIV-infected children and adults suggest that many of these crucial developmental
processes may be compromised in an HIV-infected developing child. HIV infection
can often result in more rapid disease progression (Richardson et al. 2003) and
higher rates of neurologic disease in children than in adults (Mintz 1994). Develop-
mental host factors including differences in immune maturity and function avail-
ability of HIV target cells may in part explain these differences.

2.1 Viral Entry to the CNS

Perinatal HIV infection may occur in utero, during delivery or postpartum, through
exposure to breast milk. The precise timing of infiltration of HIV to the fetal or
neonatal brain is not known; however, HIV can traverse the blood-brain barrier
within days of infection in adults (Valcour et al. 2012). Likewise, in thesus macaque
neonates inoculated with SIV within 24 h of birth, HIV DNA was detectable in brain
parenchyma within 3-8 days of infection (Westmoreland et al. 1999). In a histologic
and molecular study of fetal brain tissue provided by HIV seropositive women, HIV
DNA was detected by PCR, but immunohistochemistry failed to detect gp41 (Kure
etal. 1991). In this study of fetal tissue, there were no pathologies typical of perinatal
HIV, such as inflammatory infiltrates or calcification (Kure et al. 1991). The earliest
events following viral entry across the blood-brain barrier and whether there are
entry mechanisms unique to perinatal HIV acquisition are not known.

Peripheral blood T lymphocytes and monocytes, the main target cells for HIV, are
both posited to be potential cellular vehicles for seeding the brain (Spudich and
Gonzalez-Scarano 2012). However, several lines of evidence support the importance
of monocytes and monocyte-derived cells as the key drivers of HIV replication,
persistence, and neuronal injury in the CNS. Lymphocytes are less abundant than
monocyte-derived cells in the brain, and HIV has generally been detected in
macrophages and other cells of the macrophage lineage in postmortem brain tissue
in adults (Wiley et al. 1986; Thompson et al. 2011). Brain viral isolates replicate well
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in cultured macrophages (Spudich and Gonzalez-Scarano 2012). HIV-infected
monocyte-derived macrophages produce neurotoxic factors in vitro (Giulian et al.
1990; Pulliam et al. 1991). In both adult and pediatric histopathology studies, HIV
proteins indicative of HIV replication are detected primarily in microglia and
macrophages and to a lesser extent in astrocytes (Wiley et al. 1990; Kure et al.
1991; Spudich and Gonzalez-Scarano 2012; Vallat et al. 1998; Blumberg et al. 1994;
Vazeux et al. 1992).

2.2 Mediators of HIV Replication, Persistence, and Neuronal
Injury in the CNS

Early postmortem studies of pediatric HIV reported profound brain tissue damage
and atrophy, with typical lesions including inflammatory infiltrates consisting of
glia, microglia, lymphocytes, and mononuclear cells, calcification of tissue and of
blood vessels, multinuclear cells, and both focal areas with poor myelination and
diffuse myelin pallor (Kure et al. 1991; Blumberg et al. 1994). In a postmortem
comparison of adults and children who had died of AIDS, CNS disease was more
common in infants and children than in adults and was less often associated with a
CNS opportunistic infection (Kure et al. 1991). Paradoxically, HIV protein was
detected less often in infants and children than adults with comparable encephalop-
athy (Kure et al. 1991) and was not detectable in some infants despite of signs of
CNS disease (Kure et al. 1991; Vazeux et al. 1992). In macaque neonates, the level
of HIV DNA positive cells was lower than in adults with comparable inoculum and
time since infection (Westmoreland et al. 1999). Mechanisms underlying these
apparent differences remain unclear.

Importantly, early during infection, inflammatory markers are detectable in CSF
commensurate with detection of HIV (Valcour et al. 2012) and in the brain (Sailasuta
et al. 2012; Lentz et al. 2009). Neurons are generally not considered to support viral
replication. Rather, low-level virus replication is believed to generate and amplify a
neurotoxic inflammatory cascade involving small molecules, cytokines, and
chemokines which may trigger neuronal damage, dysfunction, and cell death
(reviewed by Spudich and Gonzalez-Scarano 2012). Apoptotic neurons associated
with NF kappa B positive monocytes/macrophages have been observed in situ in the
cerebral cortex and basal ganglia in postmortem tissue specimens collected from
HIV-infected children with encephalopathy (Gelbard et al. 1995; Dollard et al.
1995). In addition, HIV proteins, including gp120 and Tat, are neurotoxic in vitro
and in vivo and may exert neurodevelopmental damage even in the absence of
inflammatory mediators (Moran et al. 2014). Recently, intra-hippocampal injection
of Tat delayed neurodevelopmental milestones in rat neonate pups (Moran et al.
2014). Notwithstanding general agreement that neurons are not permissive for HIV
infection, it is noteworthy that HIV DNA has been isolated from neural progenitor
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cells, which are crucial for neurogenesis, in pediatric brain tissue (Schwartz et al.
2007), suggesting these cells may be permissive for HIV infection. In addition,
neuronal damage in neonates may occur rapidly: SIV-infected neonate macaques
had substantially reduced hippocampal pyramidal neurons within 6-18 weeks of
infection (Curtis et al. 2014). Early histopathological studies of postmortem brain
tissue provided by perinatally HIV-infected children reported presence of HIV DNA
and proteins in astrocytes (Vallat et al. 1998; Blumberg et al. 1994; Tornatore et al.
1991; Saito et al. 1994). The question of whether astrocytes support viral replication
or play an important role in HIV neuropathogenesis has been controversial but has
recently received more attention (Zayyad and Spudich 2015).

2.3 Brain as a Latent Reservoir in Perinatal HIV

HIV may be detected in the brains of individuals with undetectable virus in blood
and CSF (Desplats et al. 2013), and case reports demonstrate neurologic deteriora-
tion and detection of HIV RNA in CSF despite long-term virologic suppression,
referred to as “CSF escape” (Canestri et al. 2010; Peluso et al. 2012). Likewise in
children, worsening of cognitive function (Tamula et al. 2003) and appearance of
encephalopathy (Innes et al. 2017) can occur despite virologic suppression, and in
four children with encephalopathy, HIV RNA remained undetectable in CSF (Innes
et al. 2017).

Careful analysis of HIV genetic sequences in HIV-infected individuals has been
used to characterize compartmentalization or sequestered virus replication in specific
anatomic sites, tropism for specific viral entry constraints, and other selective
pressures. The appearance of a compartmentalized population of viral variants in
CSF suggests local HIV replication in CNS and has been associated with
HIV-associated dementia (HAD) (Ritola et al. 2005; Harrington et al. 2009). HIV
sequences for Env, Nef, and the LTR promotor that are specific for the brain
compartment have been observed (Gray et al. 2016; Churchill and Nath 2013).
Integrated HIV provirus is detectable in perivascular macrophages, microglia, and
astrocytes, each of which is long-lived cell population with half-lives of 3 months,
years to lifelong, and months to years, respectively (Gray et al. 2016). However, both
macrophage-tropic and T-cell tropic Env sequences have been observed in CSF in
adults (Schnell et al. 2011), suggesting the existence of a CNS T-cell compartment as
well (Zayyad and Spudich 2015). In a detailed study of CNS viral variants in
HIV-infected children in Malawi, very young infants (age 0—6 months) often had
equilibration of viral variants in blood and CSF, whereas compartmentalized virus
was more often observed in older infants and appeared at 13.5 months on average
(Sturdevant et al. 2012).
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2.4 Virologic Factors Can Potentially Impact
the Pathogenesis of the CNS

When comparing subtype A to subtype D in perinatally infected school-age Ugan-
dan children who were treatment-naive, children infected with subtype A did more
poorly neuropsychologically (Boivin et al. 2010b). However, there were not signif-
icant neuropsychologically differences by subtype for school-age Ugandan children
who were on ARV treatment from early childhood, with good viral suppression
(Bangirana et al. 2017). The same was true for neurodevelopment in preschool-age
Ugandan children perinatally infected with HIV (Ruisenor-Escudero et al. 2018). In
a study of children with HIV from Myanmar, subtypes B and C were associated with
reduced brain volumetrics (Ortega et al. 2013; Paul et al. 2018).

2.5 Biomarkers for Inmune Activation and Neuronal Injury
in the CNS

Soluble markers for immune and inflammatory response to HIV and neuronal injury
mediated by HIV can be quantified in CSF, offering substantial utility for under-
standing consequences of HIV reservoir, replication, and immune response in
adults (Price et al. 2013); however studies in children have been scant and are
challenging due to ethical issues involved in collection of CSF. In one study of
23 ART-experienced children participating in a clinical trial, MCP-1 and matrix
metalloproteinase were most often detected; other markers evaluated included
RANTES, MIP-1-alpha, and MIP-1-beta (McCoig et al. 2002). In adults, the mac-
rophage activation marker neopterin, which is a small molecule produced only by
activated macrophages (Hagberg et al. 2010), is a key marker for immune activation
as a result of HIV and HIV-associated dementia, disease progression, and HIV in
CSF; other key markers include monocyte chemokine protein 1, CXCL10, and beta-
2-microglobulin (reviewed by Price et al. 2013).

Studies of monocyte cell populations and soluble markers of monocyte activation
in the blood compartment could provide some insight on the relation between
circulating monocyte/macrophage cell populations and potential trafficking of HIV
to the brain and subsequent neuronal injury. One study examined monocytes in
relation to CNS disease in young HIV-infected children and found that children with
HIV encephalopathy had higher peripheral monocyte concentration and percentages
than those without CNS disease (Sanchez-Ramon et al. 2003). In contrast, in older
Thai and Cambodian HIV-infected children newly starting ART and participating in
the PREDICT study, children with better neurocognitive outcomes had higher
frequency of certain monocyte subsets (Ananworanich et al. 2015). This unexpected
finding was hypothesized to reflect protective mechanisms in untreated children
(Ananworanich et al. 2015).
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The CD14 and CD163 molecules are both monocyte markers and are shed in
response to activation of the innate immune system (Weaver et al. 2007; Moller
2012). In a postmortem study of individuals who also had provided antemortem
blood and CSF, HIV-infected individuals with higher plasma soluble (s)CD163 had
lower markers of synapto-dendritic damage and higher markers of microglial acti-
vation (Bryant et al. 2017). HIV-infected adults with higher plasma sCD14 had
evidence of cerebral atrophy (Ryan et al. 2001). Both sCD14 and sCD163 have been
associated with poor neurocognitive outcomes in HIV-infected adults (Lyons et al.
2011; Kamat et al. 2012; Royal et al. 2016; Burdo et al. 2013a; Imp et al. 2016).
Soluble CD163 may have unique utility in ART-treated individuals. Multiple studies
have found high sCD163 was associated with poor cognitive outcomes despite of
virologic suppression (Burdo et al. 2013a, b; Imp et al. 2016; Cassol et al. 2013).
Benki-Nugent and colleagues found that in Kenyan HIV-infected infants, high levels
of sCD163 prior to ART were associated with earlier age at attainment of develop-
mental milestones (Benki-Nugent et al. 2019), a result that mirrored evidence of
protective immune function in the PREDICT cohort (Ananworanich et al. 2015). In
the Kenyan study, infants who maintained high sCD163 after starting ART went on
to have worse neurodevelopmental outcomes, including later age at attainment of
developmental milestones and worse cognitive outcomes at school age (Benki-
Nugent et al. 2019). These seemingly contradictory findings suggest that high
sCD163 may be a marker for immune function that is initially protective but that
may also be detrimental if prolonged activation occurs.

2.6 Developmental Differences in Monocyte Turnover
and Function in the Neonatal Window and Implications
Jor Perinatal HIV

Intriguingly, multiple studies suggest that there are age-related differences in mono-
cyte turnover and function and these differences may help explain more rapid
disease progression in perinatally HIV-infected infants and adults (Merino et al.
2017). In healthy neonates, monocytes had significantly higher cytokine and toll-like
receptor expression in response to lipopolysaccharide than both older infants and
adults (Yerkovich et al. 2007). Monocyte/macrophages isolated from cord blood had
greater susceptibility to HIV infection than did monocyte macrophages isolated from
adults (Sperduto et al. 1993). In this study, differences in the capacity for cord
monocytes/macrophages to proliferate may have explained higher susceptibility to
viral infection. In a comparison of monocyte BrdU incorporation in uninfected
neonate, infant, and adult macaques, monocyte turnover was substantially higher
in neonates and infants than in adults (Sugimoto et al. 2017). In infant animals,
monocyte turnover further increased following SIV infection and remained signif-
icantly higher than in newly infected adult animals (Sugimoto et al. 2017).
SIV-infected infant macaques with higher monocyte turnover and immigration of
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CD163+ monocytes to tissues had more rapid disease progression than infants with a
less rapid disease course (Sugimoto et al. 2017). The authors posited that differences
in turnover during the neonatal window were due to relative immaturity of the
neonate immune system, which, in turn, compromised cell susceptibility to infection
and led to increased demand for emigration of newly differentiated monocytes
(Sugimoto et al. 2017).

3 Conclusion: Multipronged Approaches for Optimizing
Neurodevelopmental Outcomes in Perinatal HIV

Following the scale-up of combination ART supported by PEPFAR, survival of
perinatally HIV-infected children in sub-Saharan Africa has dramatically improved.
While initial focus was rightly placed on improved survival, there is increasing need
to focus on the quality of life for African children living with HIV. Cognitive,
psychiatric, and behavioral (neuropsychological) disorders are emerging as a
major concern in ART-treated perinatally infected children as they progress into
adolescence (Laughton et al. 2013; Mellins et al. 2013; Mellins and Malee 2013).
Boivin and colleagues recently confirmed such findings in African children with
HIV at six study sites in four different countries using the same validated neuropsy-
chological and behavioral assessment protocols (Boivin et al. 2018; Chernoff et al.
2018). Such problems can seriously undermine academic and social achievement
and therefore require urgent attention.

3.1 Mixed Evidence for Benefit of ART Alone

In spite of combination ART, mild to moderate neurocognitive and fine motor
deficits are evident in many studies of HIV-infected children, particularly in those
with a prior diagnosis of encephalopathy (Jeremy et al. 2005; Smith et al. 2006,
2012; Boivin et al. 2018; Blanchette et al. 2002; Puthanakit et al. 2013). However,
some observational studies have suggested limited benefit of ART. In a retrospective
analyses of US children, children treated with ART regimen containing a protease
inhibitor had modest improvement in cognition mean scores (Jeremy et al. 2005),
and children who achieved virologic suppression by 5 years of age had better 1Q
scores than those with later age at suppression (Crowell et al. 2015). In this latter
study, CNS penetration effectiveness (CPE) ranking did not impact IQ score out-
come (Crowell et al. 2015). In Kenyan infants, Benki-Nugent and colleagues found
that HIV-infected children receiving protease-inhibitor-based versus non-nucleoside
reverse transcriptase inhibitor-based ART had earlier attainment of developmental
milestones (Benki-Nugent et al. 2015).
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Only a few studies have prospectively followed HIV-infected children from the
time of ART initiation and measured neurodevelopmental outcomes. These longi-
tudinal cohort studies suggest a mixed picture for benefit from ART, with some
evidence for significant improvements but most data suggesting only modest or
limited benefit in certain domains, or that benefits may be limited to prevention of
further cognitive decline. In the largest study, Thai and Cambodian HIV-infected
children (N = 139) who initiated ART at a median of 9 years and without a history of
an AIDS-defining illness had no improvement in neurocognitive function after
3 years of follow-up on ART (Puthanakit et al. 2013). In the Democratic Republic
of the Congo, children who were HIV diagnosed at median age of 44 months had
significant 1-year improvement in motor and cognitive function after starting ART
(Van Rie et al. 2009). However, South African children who started ART at a mean
of 60 months experienced no improvement in neurodevelopmental outcomes (Eley
et al. 2006). In Kenya, hospitalized children who initiated ART at a median of
20 months had gains in fine and gross motor skills but no improvement in either
language or social functioning (Gomez et al. 2018). In these latter studies that were
focused on early childhood and infancy, children had severe immunosuppression at
the time of starting ART (Eley et al. 2006; Gomez et al. 2018), suggesting some
benefits, in spite of symptomatic disease. Importantly, children treated from a very
early age (<12 weeks of age) and without advanced disease at the time of initiation
of ART had lower visual perception scores but otherwise generally similar
neurodevelopmental scores versus HIV-uninfected children at 5 years post start of
ART (Laughton et al. 2018).

3.2 New Treatment Strategies

Given rapid HIV entry and commensurate inflammation following HIV acquisition
and rapid brain development during infancy, ensuring access to early and effective
ART during infancy is likely the most critical step optimizing neurodevelopmental
trajectories in HIV-infected children. In addition, new treatment options may also
confer particular benefit. Dolutegravir (DTG), an integrase inhibitor approved for
children over 6 years of age, has good CNS penetration, exceeding that of ritonavir-
boosted lopinavir (Letendre et al. 2008, 2014) and a higher threshold for resistance
than raltegravir. Neuropsychiatric symptoms may occur with treatment with
integrase inhibitors, including DTG, possibly relating to the high penetrance into
the CNS (Kheloufia and Boucherie 2017). Maraviroc (MVC), a CCR-5 inhibitor,
prevents HIV attachment to CCR-5 expressing macrophages and CD4+ T-cells.
MVC has a CPE of “3,” equivalent to EFV and LPV/r. MVC achieves total CSF
concentrations 3x >0.57 ng/ml, the level required to inhibit viral replication
(Yilmaz et al. 2009). As noted above, randomized and one-arm studies in
HIV-infected adults suggest that MVC may regulate the monocyte compartment in
blood and may elicit neurocognitive benefits. Outside of HIV, recent work in mice
suggests that CCR-5 inhibition also increases brain plasticity and learning
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independent of effects on HIV and inflammation (Zhou et al. 2016). Intracranial
injections with MVC in mice reduced CCL3-mediated CCRS5 activation which
otherwise diminished memory performance on maze tasks (Marciniak et al. 2015).

3.3 Concluding Remarks

We propose that the use of dynamic neuropsychological assessments, such as what
can be obtained with the use of computerized cognitive games intervention, will
prove more sensitive to the brain/behavior benefits of new ART treatment strategies.
This is especially true during critical periods of brain development (e.g., the first
1,000 days during gestation and in infancy). Dynamic CCRT-based neuropsycho-
logical outcomes can better evaluate the value-added benefit of new ARV treatment
options in children, such as MVC and DTG. These new ARV treatment options and
dynamic neuropsychological outcomes can be correlated with new and more sensi-
tive neuroinflammatory biomarkers such as sCD163, sCD14, and neopterin. Such
potentially more sensitive biomarkers can be used along with such standard mea-
sures in pediatric HIV research such as viral load, CD4, CD8, CD4 activation, and
CDS activation measures in serum and CSF. Finally, BDNFs might also be sensitive
to positive neuroplasticity in neurocognitive rehabilitation intervention with com-
puter cognitive games for children with HIV (Angelucci et al. 2015; Kuster et al.
2017).
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Abstract Although sex differences in brain function and brain disorders are well
documented, very few studies have had adequate number of women to address
sex-related factors contributing to HIV-associated brain dysfunction. Compared to
men living with HIV (MLWH), women living with HIV (WLWH) may be at greater
risk for cognitive dysfunction and decline due to biological factors (e.g., hormonal,
immunologic) and issues common in underserved communities including poverty,
low literacy levels, mental health and substance abuse, barriers to health-care
services, and environmental exposures. To address this issue, we review relevant
cross-sectional and longitudinal findings from the Women’s Interagency HIV Study
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(WIHS), the largest study of the natural and treated history of WLWH, as well as
other studies focusing on cognitive complications of HIV in women. We provide
evidence that WLWH are more cognitively vulnerable than MLWH and that there
are differences in the pattern of cognitive impairment. We next discuss factors that
contribute to these differences, including biological factors (e.g., inflammation,
hormonal, genetic) as well as common comorbidities (mental health, substance
use, vascular and metabolic risk factors, coinfections and liver function,
non-antiretroviral medications, and genetic markers). These findings demonstrate
the importance of considering sex as a biological factor in studies of cognitive
dysfunction and suggest avenues for future research.

Keywords Cognition - HIV - Neurocognitive function - neuroHIV - Women

In recent years, the field of neuroscience has emphasized the critical importance of
biological sex in understanding healthy and abnormal brain function and recognizes
that contrary to popular sentiment, sex differences in brain function and brain
disorders are considerable (Cahill 2006). Our understanding of the influence of
biological sex and gender-related factors in HIV-associated central nervous system
(CNS) dysfunction is limited because few studies have focused on women living with
HIV (WLWH) (Durvasula et al. 2001; Wojna et al. 2006; Cohen et al. 2001; Mason
etal. 1998; Stern et al. 1998; Richardson et al. 2002, 2005; Maki et al. 2009). Yet, this
subgroup comprises approximately 25% of HIV cases (Centers for Disease Control
and Prevention 2017) in the USA and half of global cases (UN Women 2018).

CNS dysfunction including cognitive complications of HIV remains high, with
estimates that 30 to 50% of individuals living with HIV will exhibit some form of
neurocognitive impairment (NCI) during their lifetime (Grant 2008) even if they
remain virally suppressed (VS) (Cysique et al. 2014). Notably, these estimates are
based on studies either entirely or predominantly comprised of men. Few early
studies had adequate numbers of women to sufficiently address questions about
cognitive complications of HIV, but rates of NCI among women was estimated to be
42% (Richardson et al. 2002). WLWH may be at greater risk for cognitive NCI than
men living with HIV (MLWH) due to poverty, low literacy levels, low educational
attainment, substance abuse, poor mental health, barriers to health-care services, and
adverse environmental exposures (Maki and Martin-Thormeyer 2009). Similarly, as
in healthy women, WLWH are likely to show a different pattern of cognitive test
performance than their male counterparts because of biological factors such as sex
steroid hormones (e.g., estrogen, testosterone).

The Women’s Interagency HIV Study (WIHS), the largest multisite longitudinal
study of the natural and treated history of WLWH and at-risk HIV-uninfected (HIV—)
women, would have been the ideal cohort in which to understand cognitive complica-
tions of HIV in women earlier in the epidemic (mid-to-late 1990s and on). WIHS is a
cohort that is representative of AIDS and HIV cases reported among women in the US
(Barkan et al. 1998). Until 2009, the cognitive outcomes in the WIHS were limited to an
abbreviated longitudinal cognitive battery. Initial neurocognitive studies conducted in
the WIHS were limited by sample size (Richardson et al. 2002, 2005; Maki et al. 2009)
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or the number of neuropsychological tests (Rubin et al. 2014; Meyer et al. 2013). Until
20009, the cognitive outcomes in the WIHS were limited to an abbreviated longitudinal
cognitive battery. The abbreviated battery only included measures of processing speed
(Symbol Digit Modalities Test (SDMT)), attention (Trail Making Test (TMT) Part A),
and executive function (TMT Part B). In the 2005 pilot study, the two measures
administered were the Hopkins Verbal Learning Test (HVLT-R), a measure of learning
and memory, and the Stroop Color-Word Test, a measure of attention/concentration
(Word Reading Trial 1, Color Naming Trial 2) and executive function (Color-Word
trial 3). In 2009, the WIHS Neurocognitive Working Group (NCWG) implemented the
largest comprehensive evaluation of cognitive function in women living with HIV and
controls to date and began to pursue a set of research aims directed at the uniqueness of
an all-female HIV-infected cohort. The battery was explicitly designed to assess seven
cognitive domains — executive function (TMT Part B, Stroop Color-Word trial 3),
processing speed (SDMT, Stroop Color Naming Trial), attention and working memory
(Letter Number Sequencing (LNS) control and experimental conditions), learning
(HVLT-R total learning), memory (HVLT-R delayed free recall), language (Controlled
Oral Word Association Test (COWAT) and category fluency), and motor function
(Grooved Pegboard (GPEG)). In September 2011, the efforts of the NCWG were
realized when the first cross-sectional dataset in approximately 1,400 WIHS partici-
pants became available and provided an unparalleled opportunity to begin to under-
stand how HIV influences cognition in women. Findings from this all-female cohort
have yielded novel and important findings regarding cognitive complications in
WLWH. The purpose of this chapter will be to discuss these findings as well as
highlight other studies focusing on the cognitive complications of WLWH outside of
the WIHS.

1 Are WLWH More Cognitively Vulnerable Than
MLWH?

Converging evidence suggests that WLWH may be more vulnerable to NCI than
MLWH. Although not all studies demonstrate differences between males and
females (Burlacu et al. 2018; Behrman-Lay et al. 2016), studies do find either that
females show greater NCI than males overall or that females and males differ in the
pattern of NCI (Royal et al. 2016; Robertson et al. 1996, 2014; Heaton et al. 2015;
Failde-Garrido et al. 2008; Keutmann et al. 2016; Hestad et al. 2012; Maki et al.
2018). For example, in the two longest-running multisite, longitudinal studies of
HIV progression in the United States (US), the WIHS and the Multicenter AIDS
Cohort Study (MACS), performance was consistently worse among WLWH versus
MLWH even after adjusting for HIV-related clinical characteristics (e.g., current and
nadir CD4 count, viral load, ARV use). These differences were evident in measures
of executive function (TMT Part B), attention (TMT Part A, psychomotor speed
(SDMT), and motor function (GPEG) in a sample of 1,420 individuals (Maki et al.
2018). A recent large cross-sectional study of 1,361 people living with HIV (PLWH;
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204 WLWH) and 702 HIV — (214 women) community-based individuals in the HIV
Neurobehavioral Research Program (HNRP) demonstrated that the association
between HIV seropositivity and a higher likelihood of NCI was stronger in
women than men (Sundermann et al. 2018). A greater female vulnerability to NCI
was also seen in among substance-dependent PLWH (Keutmann et al. 2016; Fogel
et al. 2017; Martin et al. 2016).

2 Pattern of Cognitive Impairment Among Women Living
with HIV

Cross-sectional results from the comprehensive cognitive test battery were first
reported in a sample of 1,521 (1,019 WLWH) WIHS women (Maki et al. 2015).
In this sample, 80% were >40 years of age, 21% self-identified as Latina or Hispanic
and more than 60% as African American, and 45% were living below the federally
defined poverty level. Unique to women, the greatest cognitive vulnerabilities in
WLWH were on measures of verbal learning, memory, and attention (Fig. 1).
Moreover, WLWH demonstrated impaired semantic clustering, a key component
of verbal learning and memory reliant on the prefrontal cortex (PFC) (Becker and
Lim 2003; Baker et al. 2001). The effect sizes for HIV serostatus were small (<0.20
standard deviations) and were smaller than effects of educational quality, chrono-
logical age, poverty, and depressive symptoms. These data suggested that memory,
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Learning | —_—e——— confidence
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Attention- —_— (CI not crossing
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Speed-| —o——
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Fig. 1 Among HIV-infected women, verbal learning and memory and simple attention are more
sensitive to HIV than standard measures of executive function
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Fig. 2 Learning, memory, and attention remain a long-standing issue among WLWH. Att/WM,
attention/working memory; EF, executive function; A, group difference in slopes at p < 0.05;
sxkp < 0.001; #xp < 0.01; p < 0.05; T(Norman etal. 2011); HVLT, Hopkins Verbal Learning Test

learning, and attention may be the cognitive domains most susceptible among
WLWH. Interestingly, these findings contrast with studies in male-dominant HIV
cohorts (MACS, CHARTER) where deficits are most prominent in executive func-
tion, complex attention, and learning (Heaton et al. 2011; Cysique et al. 2004).

In 2017, the first longitudinal analyses in the WIHS were published in WLWH to
HIV— women at three time points over 4 years (Rubin et al. 2017c). WLWH showed
persistent vulnerabilities in verbal learning, memory, attention/working memory,
and executive function over time, while motor declined over time (Fig. 2).
A functional magnetic resonance imaging (fMRI) study in WIHS implicated adverse
alterations in the hippocampus (HI) and PFC with learning and memory deficits on
the HVLT (Fig. 3). The data shown in Figs. 1 and 2 include a mixed group of VS and
unsuppressed individuals. Our WIHS work (Rubin et al. 2017c) demonstrates that
NCI persists in WLWH with consistent viral suppression on continuous ARV
therapy.

3 Inflammatory Contributors to NCI Among WLWH

Similar to other studies (Burdo et al. 2013; Royal et al. 2016), evidence from WIHS
indicates that cognitive vulnerabilities in VS WLWH are associated with soluble
markers of monocyte-driven inflammatory markers (e.g., sCD163, sCD14) (Imp
et al. 2017), as well as with more general markers of systemic low-grade inflamma-
tion (Rubin et al. 2017a), including interleukin (IL)-6, C-reactive protein (CRP),
soluble tumor necrosis factor receptor (TNFR) I, matrix metalloproteinase (MMP)-9,
but most significantly variability in CRP which had much stronger associations
across cognitive domains in WLWH compared to HIV— women. S100 calcium-
binding protein A9 (S100A9) has also been found to be decreased in Hispanic
WLWH demonstrating NCI (Colon et al. 2016). Such findings show the importance
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Fig. 3 (a) During encoding, WLWH showed decreased HI activity vs. HIV— women. Decreased
HI activity was associated with lower HVLT performance across groups (1’s > 0.54). (b) During
recognition, HIV+ women showed increased HI activity vs. HIV— women. Increased HI activity
was associated with lower HVLT performance across groups (r’s < —0.62)

of peripheral markers of inflammation as a key mechanism contributing to NCI
in WLWH.

4 Common Comorbidities Among WLWH and Cognitive
Correlates

Other factors that may contribute to the female-specific cognitive vulnerability in
HIV and/or exacerbate the pattern of domain-specific NCI include mental health,
substance use vascular and metabolic factors, female-specific risk factors (meno-
pause), coinfections and liver function, non-ARV medications, genetic, and
HIV-related factors.
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Fig. 4 Anxiety and stress
are associated with greater
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4.1 Mental Health Comorbidities

Mental health risk factors and disorders are strongly associated with cognitive
function in WLWH. In a series of cross-sectional epidemiological studies in the
WIHS, we examined associations between post-traumatic stress, anxiety, perceived
stress, depression, and cognitive function. Post-traumatic stress, anxiety, perceived
stress, and depression were each associated with deficits in verbal learning and
memory as well as attention and semantic clustering (Rubin et al. 2014, 2015a,
2016a; Maki et al. 2015). Notably, high levels of perceived stress and elevated anxiety
were associated with decreased verbal learning and memory only among WLWH
(Fig. 4) (Rubin et al. 2014, 2015a). In a longitudinal investigation of mental health
factors and NCI in the WIHS, higher perceived stress and PTSD were associated with
a greater cognitive decline in verbal fluency performance compared to those with
lower stress and PTSD only among WLWH (Rubin et al. 2017b). Consistent with the
cross-sectional analyses, regardless of time, perceived stress and PTSD were nega-
tively associated with verbal learning and memory only among WLWH. Irrespective
of time or HIV serostatus, depression, perceived stress, and PTSD were associated
with lower processing speed, executive function, and global neuropsychological
function. A longitudinal study in South Africa found less improvement over time in
executive function (e.g., Wisconsin Card Sorting Test, Stroop) and fluency
(COWAT, category fluency) among WLWH exposed to trauma compared to
women not exposed to trauma (regardless of serostatus) (Spies et al. 2017).

HIV and mental health factors individually and in combination impair cognition
in WLWH through effects on PFC. Among WLWH, those with higher levels of
stress showed more PFC atrophy (including inferior frontal, middle frontal, and
superior frontal gyri) and deactivation in the medial PFC and posterior cingulate
cortex compared to those with lower stress (Rubin et al. 2015b, 2016b). Importantly,
PFC atrophy and deactivation were associated with less semantic clustering; atrophy
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was also associated with worse verbal memory (Rubin et al. 2015b, 2016¢). These
studies point to the PFC as a region of particular vulnerability among WLWH
particularly to mental health factors.

4.2 Substance Use Comorbidities

In the WIHS, the lifetime prevalence of any substance use disorder is 58%. Rela-
tively few studies have examined the association between substance use and cogni-
tion among WLWH. Opioids, stimulants, and alcohol exacerbate the neurotoxic
effects of HIV including acceleration of disease progression and increases in the risk
of NCI (Nath et al. 2001; Carey et al. 2006). In the WIHS, WLWH who reported
using crack, cocaine, and/or heroin in the past 6 months demonstrated lower
performance on learning and memory compared to WLWH women who reported
never using these substances (Meyer et al. 2013). There were no differences in
memory performance by illicit substance use among the HIV— women. No interac-
tions between illicit drug use and HIV serostatus were found on measures of
attention or behavioral inhibition. Cocaine-associated deficits in verbal learning
and memory among WLWH may in part be driven by alterations in PFC regions.
In an fMRI study in WLWH, both current and former use of cocaine was associated
with decreased activation in medial PFC during the encoding phase of a verbal
memory task (Meyer et al. 2014). During the recognition phase of the verbal
memory task, WLWH nonusers showed greater activation than current and former
cocaine users in prefrontal regions (left dorsal medial PFC, right dorsal lateral PFC,
anterior PFC). Other work in substance-dependent individuals shows greater impair-
ment in risky decision-making and visual memory in WLWH compared with
MLWH and HIV — individuals (Martin et al. 2016; Keutmann et al. 2016).

4.3 Vascular and Metabolic Risk Factors

The increasing effectiveness of ARVs has led to the aging of the HIV population
and, with it, the increasing presence of age-related diseases including cardiovascular
and cerebrovascular comorbidities. These comorbidities often result in the
dysregulation of multiple systems including negative consequences for brain struc-
ture and function. In an early cross-sectional WIHS study, carotid lesion and carotid
intima-media thickness (CIMT) were associated with lower performance on the
Stroop interference trial but not with performance on the SDMT. Another WIHS
study found an association between ultrasound-based measures of carotid artery
stiffness and cognitive decline in TMT Parts A and B and SDMT (Huck et al. 2018).
Specifically, greater baseline carotid stiffness was associated with greater decline on
all outcomes over a median of 8.5 years, but these associations did not differ by
HIV serostatus. In another early WIHS study, body mass index (BMI), waist
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circumference (WC), and waist-to-hip ratio (WHR) were examined in relation to
cognition and showed some stronger relationships with cognition in WLWH com-
pared to HIV— women (Gustafson et al. 2013). On TMT A and B and SDMT, being
underweight (BMI < 18.5 kg/m?) was associated with worse performance compared
to having a normal BMI in WLWH but not in HIV— women. For WLHV but not
HIV— women, being obese (body mass index 30 kg/m? or higher) was associated
with better performance on TMT Part A compared to having a normal BMI. In
WLWH only, higher WC was associated with better performance on the Stroop
Color-Word Trial and SDMT. Higher leptin levels were associated with lower
performance on TMT Part A in both WLWH and HIV— women (Gustafson et al.
2015). Three gut hormones (ghrelin, amylin, gastric inhibitory peptide) were exam-
ined to better understand the mechanisms underlying the obesity-cognition associ-
ation (McFarlane et al. 2017). In general, lower gut hormone levels were associated
with lower cognitive performance. Gastric inhibitory peptide and ghrelin were
associated with cognitive performance among WLWH, whereas only ghrelin was
associated with cognitive performance among HIV— women.

A number of WIHS studies have also examined the link between insulin resis-
tance (IR) and cognition. In the initial cross-sectional study, insulin resistance as
measured using the homeostasis model assessment (HOMA) was associated in the
overall sample with Stroop Color Naming and not TMT Parts A and B, SDMT, or
other Stroop trials (Valcour et al. 2012). There was also an interaction between
HOMA-IR and HIV serostatus on the Stroop Color-Word Trial such that among
those with average HOMA-IR, WLWH demonstrated worse performance than
HIV— women. A follow-up study of HOMA in relation to performance on the
comprehensive cognitive test battery (Valcour et al. 2015) revealed an association
between increasing HOMA and worse performance on the LNS control condition
(attention), HVLT-R recognition, and phonemic fluency across serostatus groups.
Interactions were also noted on three measures of attention — LNS control condition,
Stroop Word Reading, and Color Naming trials — with worse performance in
WLWH versus HIV in women as HOMA values increased. In two non-WIHS
studies conducted in Hispanic WLWH, levels of soluble and cell-associated insulin
receptor levels, IR substrate-1 (IRS-1) levels, and IRS-1 tyrosine phosphorylation
were assayed in plasma and CSF in association with NCI (Gerena et al. 2012). IR
secretion was higher in WLWH than HIV— women, and higher IR secretion was
associated with increasing NCI severity. Further, higher binding of free insulin to the
soluble insulin receptor was also associated with NCI (Gerena et al. 2015).

4.4 Female-Specific Reproductive Risk Factors

Despite the wealth of literature on normative changes in women’s health across the
menopausal transition, very little is known about the natural history of menopause in
WLWH (Bull et al. 2018), particularly with regard to cognitive changes. In a cross-
sectional WIHS study, the menopause stage was not associated with cognitive
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functioning on HVLT-R and Stroop (Rubin et al. 2014). However, across serostatus
groups, depressive symptoms were associated with worse learning, memory, atten-
tion, and executive function, and anxiety symptoms were associated with worse
learning and memory. Vasomotor symptoms were also associated with worse
attention. Notably, there was an interaction between HIV serostatus and anxiety
symptoms on verbal learning such that elevated anxiety was associated with worse
verbal learning in WLWH only. Thus, menopause symptoms are associated with
cognitive performance in WLWH.

4.5 Coinfections and Liver Function

Hepatitis C (HCV) infection is relatively common in WLWH and the WIHS cohort.
There are inconsistent findings regarding the association between HCV infection and
cognition. In an early WIHS study (n = 200), WLWH who were HCV positive
demonstrated greater odds of NCI compared to women not infected with either
(Richardson et al. 2005). In a later WIHS study, HCV was not associated with
cognition in 1,338 women (Crystal et al. 2012). However, in a smaller non-WIHS
sample of WLWH, hepatitis C virus coinfection was associated with lower motor
function, processing speed, attention, working memory, and planning (Giesbrecht
et al. 2014). Given the significant overlap between HCV and liver fibrosis, a follow-
up study examined the association between liver function and cognition (Valcour
et al. 2016). Liver fibrosis (APRI) was associated with worse performance in
learning, executive function, memory, psychomotor speed, fluency, and fine motor
skills in the overall sample. The severity of fibrosis measured via Fibroscan was
associated with worse performance in attention, executive function, and fluency.
These associations held after controlling for HCV and HIV status, and the associa-
tions were not moderated by these factors.

4.6 Non-ARV Medications

The use of non-ARV medications with adverse cognitive effects (NC-AE medica-
tions) is more common among WLWH compared to HIV— women (Radtke et al.
2018). Non-ARV medications are associated with worse cognition in the WIHS
overall, but HIV serostatus did not moderate these associations (Rubin et al. 2018b).
However, for women taking anticholinergic-acting medications, HIV serostatus
differences were most pronounced (WLWH < HIV—) in global, learning, fluency,
and motor function. For women taking anxiolytics/anticonvulsants or opioids, HIV
serostatus differences were also more pronounced (WLWH < HIV—) in learning
and processing speed, respectively.
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4.7 Genetic Markers

To date, our understanding of the genetics of NCI is based primarily on male-
dominant studies. To date, only two studies have been conducted in WLWH that
have looked at genetic markers. One study in the WIHS examined the association
between catechol-o-methyltransferase (COMT) Vall58Met genotype and working
memory as well as PFC function in WLWH (Sundermann et al. 2015). The COMT
Vall58Met (rs4680) single nucleotide polymorphism (SNP) influences executive
function and PFC function through its effect on dopamine metabolism. Both HIV
and the Val allele of the Vall58Met SNP were associated with compromised
executive function and inefficient PFC function. Among Val/Val but not
Met allele carriers, WLWH performed worse than HIV— women on a measure of
working memory. Val/Val carriers also showed greater PFC activations during
performance of an n-back working memory task compared to HIV— Val/Val
carriers. However, HIV— Met allele carriers demonstrated greater PFC activation
versus WLWH Met allele carriers. Together the findings suggested that suboptimal
dopamine levels associated with the Val/Val COMT genotype leads to working
memory deficits and inefficient PFC function in WLWH. A study in Hispanic
women examined apolipoprotein E (ApoE) allele status, HIV serostatus, and CSF
APOE protein levels in relation to spatial learning and memory (measure of HI
function) (Morales et al. 2012). The ApoE gene produces a protein responsible for
the metabolism and transport of lipoproteins and cholesterol. The presence of the e4
allele is a well-known risk factor in Alzheimer’s disease and has been linked to NCI
in some (Valcour et al. 2004; Wendelken et al. 2016) but not all (Morgan et al. 2013)
studies in older PLWH (>50 years of age). In the small sample of 20 WLWH and
16 controls approximately 40 years of age, the e4 allele was associated with
cognitive performance on a standard neuropsychological test battery among HIV —
but not WLWH (Morales et al. 2012). However, the e4 allele was associated with an
experimental measure of spatial learning and memory (Memory Island task) in
WLWH but not HIV— women.

5 Summary

Overall, findings from WIHS and other studies suggest that WLWH demonstrate
persistent NCI despite ARV and that WLWH may be more cognitively vulnerable
compared to MLWH. Two brain regions that appear to be particularly susceptible to
HIV infection and female sex and may contribute to the prominent deficits in verbal
learning and memory observed in WLWH are PFC-HI regions. Additional work is
needed to understand brain regions that are susceptible to other domain-specific
impairment that persists among WLWH including attention/working memory and
executive function. Similar to MLWH, inflammation is a key contributor to NCI
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among WLWH. There are many factors (e.g., mental health, substance use) that
contribute or exacerbate cognitive complications among WLWH.

Assessing sex differences in the context of HIV may help to elucidate novel
therapeutics for CNS dysfunction in PLWH. We cannot assume that WLWH and
MLWH will respond similarly to the same treatment or that the mechanisms
underlying cognitive problems are the same for each sex (Rubin et al. 2017d,
2018a). Such results underscore the need to at least stratify cognitive analyses by
sex to determine whether the patterns are the same between WLWH and MLWH or
whether they qualitatively differ between the sexes (sex-dependent) or are present in
one sex and not the other (sex-specific).

6 Future Directions

From the review above, we propose three key directions for future research. Argu-
ably, the most critical research gap is a sufficiently powered cohort study of
neuropsychological test performance in men and women living with HIV and
matched controls. We were able to identify parallel neuropsychological measures
between the WIHS and the MACS and had sufficient power to examine sex
differences in HIV-seropositive participants versus HIV-seronegative controls
(Maki et al. 2018). However, critical measures, including verbal memory, differed
between the two cohorts so it is unknown whether WLWH show vulnerabilities in
those measures as well. With the merging of the WIHS and the MACS into the
MACS-WIHS Combined Cohort Study (MWCCS), we are now poised to directly
compare a sufficiently large sample of men and women in a longitudinal prospective
cohort study. With an estimated sample size 4,400 former MACS/WIHS recruits and
1,600-1,700 new recruits, the MWCCS will be unique in providing sufficient
statistical power to determine whether such factors as depression, substance abuse,
and trauma, as well as vascular, metabolic, and menopause-related risk factors,
contribute to sex differences in cognitive performance. Similarly, the MWCCS
will be able to draw on GWAS data to investigate genetic contributions to sex
differences in cognitive function.

The second key direction is a longitudinal multimodal neuroimaging study
comparing WLWH and MLWH in relation to seronegative controls. We are under-
taking such a study in the Baltimore and Washington DC sites of the MACS-WIHS
Combined Cohort Study (MWCCS). Building on our cross-sectional neuroimaging
studies, we are using both task-based and resting state fMRI in HIV+ virally
suppressed (HIV + VS) men and women and HIV-uninfected individuals to identify
the neural circuitry contributing to deficits in two targeted domains — declarative
memory and cognitive control. We are also using [11C]DPA-713 (DPA) PET to
assess HIV-related alterations in chronic neuroinflammation and NCI. We are also
assessing structural MRI and diffusion-weighted MRI. Imaging assessments will be
conducting annually for 3 years. The longitudinal design allows an assessment of the
reproducibility of key findings over time and the sensitivity of these neuroimaging
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measures to changes in cognitive performance. Such work will inform our
understanding of the mechanisms linked to neurological comorbidity and to provide
novel, more sensitive neuroimaging biomarkers to guide testing of new cognitive
therapies for HIV+ individuals.

While it is critical to extend sex differences research in neuroAIDS in the USA, a
third and critical question is whether any differences observed in American cohort
studies are generalizable to international cohorts, including those in sub-Saharan
Africa. Gender differences in factors such as mental health have been posited to
contribute to differential cognitive impairment in WLWH compared to MLWH in
sub-Saharan Africa, but sample sizes are limited to fewer than 210 people total
(Royal et al. 2016; Hestad et al. 2012).
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Abstract Human Immunodeficiency Virus Type-I (HIV) is a health disparities
issue that affects culturally and linguistically diverse (CALD) and underrepresented
minority populations to a greater degree than non-Hispanic white populations.
Neurologically speaking, CALD populations experience worse HIV-related health
outcomes, which are exacerbated by inadequate neurocognitive measures, poor
normative samples, and the complex interplay of sociocultural factors that may
affect test interpretation. Although cross-cultural neuropsychologists are working
diligently to correct this gap in the literature, currently, studies examining neuro-
cognitive outcomes among CALD populations are sparse. The most well-studied
CALD groups are of African American/Black and Latinx adults in the US, and the
chapter therefore focuses on these studies. There is more limited work among
other populations in the US, such as Asians, Native Hawaiians, Pacific Islanders,
and American Indians/Alaskan Natives, and even fewer studies for many CALD
populations outside of the US. For example, HIV neuropsychology data is rare or
nonexistent in the First Peoples of Australia and Indigenous People of Canada. It
is often not adequately reported in Europe for the migrant populations within
those countries or other world regions that have historically large multicultural
populations (e.g., South America, Caribbean countries, Asia, and Africa). Therefore,
this chapter reviews HIV-related health disparities faced by CALD populations
with focus on North American research where it has been specifically studied,
with particular attention given to disparities in HIV-Associated Neurocognitive
Disorders (HAND). International data was also included for research with focus
on First Peoples of Australia and Indigenous People of Canada. The chapter also
examines other sociocultural and health factors, including global and regional (e.g.,
rural versus urban) considerations, migration, and gender. Further, guidelines
for incorporating sociocultural consideration into assessment and interpretation of
neurocognitive data and HAND diagnosis when working with HIV-positive CALD
populations that would be relevant internationally are provided.

Keywords Culture - Health disparities - HIV - HIV-associated neurocognitive
disorder - Racial/ethnic

1 Introduction

Human Immunodeficiency Virus Type-I (HIV) disproportionately affects culturally
and linguistically diverse (CALD) populations (e.g., African American and Latinx),
who are frequently medically underserved and lack representation in research.
Further, HIV-Associated Neurocognitive Disorder (HAND) continues to affect a
large portion of HIV-positive adults, despite significant advances in antiretroviral
treatments. Given the disproportionate nature in which CALD populations are
affected by HIV, it is essential to consider sociocultural influences of neurocognitive
dysfunction related to HIV. Accurate neurocognitive assessment and interpretation
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among CALD populations present a particular challenge in the context of HIV
infection because of the influence of culture on neurocognitive function. Despite
these challenges, it is essential to strive for culturally responsive evaluations and
interventions in CALD HIV-positive populations to best serve those most dispro-
portionately affected by HIV.

This chapter aims to critically analyze the health disparities in epidemiology and
neurocognitive assessment relevant to HAND according to the Frascati criteria
(described below)." Importantly, this chapter will include information and literature
regarding health disparities, epidemiology, and sociocultural factors central to
neurocognitive assessment and diagnosis of HAND. Throughout this chapter, we
will review the literature relevant to diagnosing HAND in CALD populations. This
chapter will further present a critique of the literature and propose future directions
for research regarding neurocognitive assessment and HAND in CALD populations.

The majority of literature covered in this chapter has been conducted among
CALD populations in the US — primarily among African American/Black or Latinx
adults — but international research is also discussed to the extent possible. After
reading the chapter, readers should be more familiar with the integration of socio-
cultural factors in CALD populations that influence HAND diagnosis.

2 Health Disparities in HIV

Despite significant advancements in HIV treatment and care, HIV-related health
disparities remain prevalent, especially among underrepresented minority
populations. HIV-related health disparities are associated with disproportionate
rates of infection as well as higher rates of morbidity, mortality, and adverse
opportunistic infections (Cargill and Stone 2005; Chu and Selwyn 2008; Earnshaw
et al. 2015). As a result, HIV-related health disparities often lead to worse health
outcomes which may increase risk for HAND, particularly among those from CALD
populations due to greater disease burden and severity (Chu and Selwyn 2008;
McArthur et al. 2010). Research in cultural neuropsychology emphasizes the
importance of HIV-related health disparities in the treatment and evaluation of
HIV-positive adults. Therefore, we will provide an overview of salient health
disparities relevant to HAND as well as current findings and recommendations for
the diagnosis of HAND in CALD groups, including African American/Black,
Latinx, Native Hawaiian/Other Pacific Islanders, and American Indian/Alaskan
Native populations.

"Note: All subsequent references to HAND refer to the neurocognitive diagnosis using the Frascati
criteria.
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2.1 African American/Black and Latinx Populations

African American/Black and Latinx populations are disproportionately affected by
HIV in the United States (US). They comprise approximately 30% of the total US
population, but account for 70% of those currently living with HIV in the US
(Centers for Disease Control and Prevention 2017). Increased risk of infection, as
well as higher rates of transmission, are observed among African American/Black
and Latinx populations, compared with their non-Hispanic white counterparts (Gant
etal. 2017; Laurencin et al. 2018). Regarding treatment and care, African American/
Black and Latinx HIV-positive adults report experiencing more barriers accessing
treatment and poorer quality healthcare (Cargill and Stone 2005; Laurencin et al.
2018; Oramasionwu et al. 2009). They also demonstrate lower rates of optimal
medication adherence and viral suppression (Cargill and Stone 2005; McArthur
et al. 2010; Centers for Disease Control and Prevention 2017; Laurencin et al.
2018; Oramasionwu et al. 2009; Johnson et al. 2003; Rivera Mindt et al. under
review). As a result, African American/Black and Latinx HIV-positive adults often
exhibit greater risk and rates of both HIV-related comorbid conditions and non-HIV-
related disorders, many of which have also been associated with increased risk of
neurocognitive impairment and/or HAND (Barbaro and Klatt 2002; Goodkin et al.
2017; Goulet et al. 2007; Office of Minority Health 2017). Taken together, the health
disparities and significantly worse health outcomes among African American/Black
and Latinx HIV-positive adults have significant implications for public health and
policy.

2.2 Asian/Native Hawaiian/Other Pacific Islanders

Rates of HIV among Asian populations in the US are low. In 2016, Asians
represented 6% of the US population, but only 2% of new HIV diagnoses (Centers
for Disease Control and Prevention 2017), and incidence has remained stable since
2010 (Centers for Disease Control and Prevention 2018b). Nevertheless, there are
important caveats regarding HIV epidemiology in this population. Incidence among
this diverse group is variable. From 2011 to 2015, rates of gay and bisexual
HIV-positive Asian men increased by 35% (Centers for Disease Control and Pre-
vention 2018b). Rates are also rising in Native Hawaiians and Other Pacific
Islanders, who represent only 0.2% of the population (Centers for Disease Control
and Prevention 2018c¢). From 2011 to 2015, HIV diagnoses among Native Hawaiian/
Other Pacific Islanders increased by 51% overall and 50% among gay and bisexual
men (Centers for Disease Control and Prevention 2018c). Moreover, HIV-positive
Asian American and Native Hawaiian/Other Pacific Islanders have limited
healthcare access and utilization. In 2014, only 57% of HIV-positive Asian American
adults received HIV-related medical care, while 51% reached viral suppression,
and just 46% were retained in care (Centers for Disease Control and Prevention
2018b, c). These factors not only bias prevalence and incidence estimates, but also
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worsen prognosis, including neurocognitive outcomes. In sum, while overall HIV
prevalence and incidence may be low in the Asian American population, these
numbers fail to capture subgroup health disparities and suboptimal healthcare.

2.3 American Indians/Alaskan Natives

Epidemiologic studies among American Indians/Alaskan Natives likely underesti-
mate HIV rates, highlighting the importance of community-based participatory
research (Walker et al. 2015; Bertolli et al. 2004). Regardless, HIV remains a
significant public health issue for American Indians/Alaskan Natives (Centers for
Disease Control and Prevention 2018a). While prevalence rates estimate that Amer-
ican Indians/Alaskan Natives constitute 1% of all HIV-positive adults in the US
(Centers for Disease Control and Prevention 2017), incidence rates from 2010 to
2016 rose among American Indians/Alaskan Natives from 46 to 81% among
Two-Spirit® American Indians/Alaskan Natives (Centers for Disease Control
2018a). American Indians/Alaskan Natives may be at increased risk for HIV given
elevated rates of other STDs, condomless sex, and intravenous drug use in these
communities (Eng and Butler 1997; Cohen et al. 1997; McClelland et al. 2001;
Nelson et al. 2011), as well as an increased likelihood to be younger, less educated,
unemployed, and of lower socioeconomic status (Johnson et al. 1989; Vernon 2007).

Stark clinical disparities in HIV are reported among American Indians/Alaskan
Natives and demonstrate the deleterious implications of barriers to healthcare access
and utilization. Among HIV-positive American Indians/Alaskan Natives in 2014,
only 60% received medical care for HIV. Of those that received such care, only 48%
reached viral suppression and 43% were later retained in care (Centers for Disease
Control 2018a). Furthermore, American Indians/Alaskan Natives had the poorest
HIV survival rates of any US racial/ethnic group from 2010 to 2015 (Centers for
Disease Control and Prevention 2015). Marginalization of Two-Spirit American
Indians/Alaskan Natives may partially contribute to existing clinical disparities in
HIV. Thirty-four percent of Two-Spirit American Indians/Alaskan Natives report
being denied medical care, and 65% report avoiding seeking care due to fear of
discrimination (Fitzgerald et al. 2012). Current screening, treatment, and follow-up
practice in American Indians/Alaskan Natives are suboptimal, and clearly demon-
strate the need to integrate clinical care of Two-Spirit American Indians. Given the
aforementioned disparity in HIV clinical outcomes and their negative effects upon
neurocognitive sequelae, the paucity of research surrounding the prevalence of
HIV-associated neurocognitive disorders among American Indians/Alaskan Natives

>Two-Spirit A/AN American Indian/Alaskan Native identity herein is utilized as an umbrella term
referring to a third, unique gender and LGBT Native-specific identity. The Two-Spirit identity has
been formally recognized by the National Congress of American Indians (Resolution #MSP-15-
047, 2015).
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is remarkable (Centers for Disease Control 2018a; Mitsch et al. 2017). To our
knowledge, no studies to date have specifically examined HAND among
HIV-positive American Indians/Alaskan Natives populations, presenting a signifi-
cant gap in the literature. For an outstanding overview of neurocognitive assessment
and intervention considerations in this population, please see Verney et al. (2016).

2.4 First Peoples of Australia

The available epidemiological data on HIV in First Peoples of Australia (Aboriginals
and Torres Strait Islanders) suggest pronounced health disparities in Australia,
similar to those seen among American Indians/Alaskan Natives of the United States.

There were an estimated 582 people living with HIV in Australia at the end of 2017
who were reported to be Aboriginal and Torres Strait Islander at the time of HIV
diagnosis (McGregor et al. 2018). The proportion of undiagnosed HIV infection is
higher in Aboriginal and Torres Strait Islander people (14%) than in the Australian-
born non-Indigenous population (10%). HIV prevalence among Aboriginal and Torres
Strait Islander people was estimated to be 0.11% in 2017 versus 0.07% among
Australian-born non-indigenous people in 2017. HIV incidence rates rose by 33%
among First Peoples of Australia from 2012 to 2016. While this concerns a small
number of people, this contrasts with a 22% decline in HIV incidence rates among
non-Indigenous Australians (Australian Federation of AIDS Organisations 2018). It
should be noted that trends in the proportion of HIV notifications classified as newly
acquired need to be interpreted with caution as they could reflect increases in regular
testing, rather than actual changes. Furthermore, given that trends in HIV notification
rates are based upon small numbers of remote and focally located Indigenous
Australians, it remains likely that these statistics are representative of local prevalence
and underestimate national HIV prevalence of Indigenous Australians. Rates of HIV
transmission greatly differ by gender and route of infection between First Peoples of
Australia and non-Indigenous Australians (Wright et al. 2005), such that 53% of newly
diagnosed cases of HIV were female among First Peoples of Australia and 41% of
these cases were attributed to heterosexual contact or intravenous drug use (Australian
Federation of AIDS Organisations 2018; Giele 2004). This starkly differs from newly
diagnosed cases of non-Indigenous Australians, of which 92% were male and only
21% were attributed to heterosexual contact or intravenous drug use (Australian
Federation of AIDS Organisations 2018; Giele 2004). Also, even if HIV is relatively
rare in indigenous Australians, at the individual level, HIV infection would add a
significant health burden to those infected given disproportionately worse morbidity
and mortality outcomes among First Peoples of Australia compared to non-Indigenous
Australians. For example, this is reflected in Hepatitis C infection rates among First
Peoples of Australia. In 2017, age-standardized rates of hepatitis C notification were
four times as high among the Aboriginal and Torres Strait Islander population (168.1
per 100,000) as in the non-Indigenous population (38.4 per 100,000). Rates of
hepatitis C diagnosis among Aboriginal and Torres Strait Islander people have
increased by 15%, from 146.4 per 100,000 in 2013 to 168.1 per 100,000 in 2017,
but there has been a 7% decline in the last year, from 180.4 per 100,000 in 2016
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(Welfare AloHa 2019). With regard to mortality, life expectancy between First
Peoples of Australia is 7.8 years shorter than non-Indigenous Australians (Welfare
AloHa 2019).

Disparate HIV clinical outcomes exist between First Peoples of Australia and
their non-Indigenous counterparts. For example, HIV-positive First Peoples of
Australia possess a higher likelihood to have increased barriers to healthcare ser-
vices, an advanced disease stage at diagnosis, progression to AIDS after diagnosis,
and one or more comorbid conditions (Wright et al. 2005). Furthermore, one study
suggests a high likelihood that HIV-positive First Peoples of Australia forego
treatment with combination antiretroviral therapy (cART; 45% were untreated)
due to fear of disclosure and/or discrimination, poverty, heavy alcohol use, and/or
a need to maintain collectivistic social norms (Newman et al. 2007). Given these
disparities, culturally tailoring treatments in a way that will engage HIV-positive
First Peoples of Australia is of utmost importance. To the best of our knowledge,
there has been no specific study on HAND among First Peoples of Australia.
However, given the lack of cART uptake among HIV-positive First Peoples of
Australia and their overall worse HIV clinical outcomes, HAND may affect this
population to a greater degree than non-Indigenous HIV-positive Australians. Fur-
thermore, gender disparities in HAND may be evident given increased intravenous
drug use among female First Peoples of Australia.

2.5 Indigenous People of Canada

Indigenous People of Canada have been subjected to systematic discrimination and
historical oppression including genocide, forced migration from sacred lands, resi-
dential schooling, and pronounced disparities in HIV (Jaworsky et al. 2016). These
adverse events are thought to partially explain striking rates of HIV among Indig-
enous People of Canada. Indigenous People of Canada comprised nearly 80% of
newly diagnosed cases in Saskatchewan and were twice as high as the national HIV
rate in Canada (Ministry of Health Population Health Branch 2016). HIV transmis-
sion rates among Indigenous People of Canada also associate strongly with physical
and sexual abuse in residential schools (Jackson and Reimer 2008). After consider-
ing sociocultural factors, HIV disproportionately affects Indigenous Peoples
of Canada such that higher prevalence of HIV is observed among Indigenous
illicit drug users, homeless youth, and female sex workers compared to their
non-Indigenous peers (Duncan et al. 2011). Robust disparities are also observed in
HIV clinical outcomes. For example, those of Aboriginal ancestry in British
Columbia were found to be twice as likely to be virally unsuppressed from 1997
to 2010. Further, the Canadian Observational Cohort (CANOC) study found that
HIV-positive Indigenous People of Canada experienced shorter life expectancy
compared to their non-Indigenous counterparts (Patterson et al. 2015). Collectively,
this literature suggests that the HIV epidemic continues to grow among Indigenous
Peoples of Canada, and highlights the need for culturally responsive prevention and
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care interventions that leverage Elders and other key leaders in community-based
participatory research (Flicker et al. 2015).

3 HAND in Culturally Diverse Populations
3.1 HAND Diagnosis

With advances in cART, the severity of HAND decreased over the past few
decades, but prevalence estimates of HAND remain high, ranging from 25 to 78%
of HIV-positive adults (Cysique and Brew 2011; Heaton et al. 2010; Marquine et al.
2018; Rivera Mindt et al. 2008a; Sacktor et al. 2016; Wojna and Nath 2006).
Currently, the gold standard for HAND diagnosis is the Frascati Criteria, which
requires impairment in a minimum of two domains (out of at least five domains) that
is not better explained by another condition (Antinori et al. 2007; Tierney et al.
2017). However, a new international working group has been tasked with improving
the methods used to diagnose HAND in CALD populations. This is critical because
although several studies include diverse populations of HIV-positive adults, many of
these studies often report only basic demographic information (e.g., age, years of
education, gender, and race/ethnicity; Heaton et al. 2010; Molsberry et al. 2018).
These studies do not account for other sociocultural factors (see details below) that
are well described in the literature as affecting performance on neurocognitive
assessments. This is concerning because of the increasing rates of HIV-positive
adults from CALD populations both in the US and abroad. Thus, the need for
improved culturally sensitive HAND diagnostic criteria that take into consideration
relevant sociocultural factors are critical because CALD populations may be at
higher risk for HAND than non-Hispanic white HIV-positive adults (Marquine
et al. 2018; Rivera Mindt et al. 2014).

HAND in HIV-Positive African American/Black Adults The pervasiveness of
neurocognitive impairment and HAND in African American/Black HIV-positive
individuals is at least partially dependent on the use of appropriate normative data.
When applying demographically corrected norms based on African American/Black
samples, Antinori et al. (2007) found that the prevalence of neurocognitive impair-
ment for African American/Black HIV-positive adults was 44%. In contrast, the use
of non-Hispanic white normative data for African American/Black people resulted in
a striking 71% prevalence of neurocognitive impairment. These findings suggest
that there may be significant variability in HAND prevalence estimates for CALD
populations depending on the quality of the normative data used, such as those
seen in African American/Black adults. Therefore, results must be interpreted
with caution. Though research findings on rates of HAND in this population
have been somewhat equivocal, findings generally suggest that HIV-positive
African American/Black adults exhibit similar rates of HAND compared to their
non-Hispanic white counterparts when demographically appropriate normative data
are applied (Heaton et al. 2010, 2011; Robertson et al. 2007). These findings suggest
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that being African American/Black is not associated with an increased risk of HAND
or neurocognitive impairment. Nonetheless, higher rates of comorbid conditions
have been found among HIV-positive African American/Black adults (Marquine
et al. 2016; Rawlings and Masters 2008). Therefore, it is possible that this group may
be at heightened risk for neurocognitive impairment, especially as they age. Based
on these findings, future research examining the impact of comorbid conditions on
the aging process and the risk of HAND development may be particularly necessary
for HIV-positive African American/Black adults since they may exhibit unique
vulnerabilities to the adverse effects that comorbid conditions have on neuro-
cognitive functioning (e.g., metabolic syndrome and renal disease).

HAND in HIV-Positive Latinx Adults Minimal research regarding neuro-
cognitive function in Latinx HIV-positive adults has been conducted, despite the
health disparities that exist in the prevalence of HIV (Centers for Disease Control
and Prevention 2016). Recent studies indicate that Latinx HIV-positive adults living
in the US experience increased rates of HAND in comparison to non-Hispanic white
and African American/Black HIV-positive adults (Marquine et al. 2018; Rivera
Mindt et al. 2014). Between 54 and 78% of Latinx HIV-positive adults experience
HAND, with the highest prevalence found in Puerto Rican HIV-positive adults
(Marquine et al. 2018; Rivera Mindt et al. 2008a; Wojna and Nath 2006). Further,
the longitudinal CNS HIV Antiretroviral Therapy Effects Research (CHARTER)
Study found that Latinx ethnicity was the only race or ethnicity that predicted
neurocognitive decline over time (Heaton et al. 2015). Importantly older Latinx
HIV-positive adults appear to be at greater risk for HAND than both younger Latinx
HIV-positive adults and non-Hispanic white HIV-positive adults (Rivera Mindt et al.
2014). The limited but meaningful research conducted among Latinx HIV-positive
adults demonstrates the increased risk for and prevalence of HAND in these
populations and requires further investigation to better serve these populations
disproportionately affected by HIV.

HAND in HIV-Positive Asian/Native Hawaiian/Other Pacific Islanders HAND
research in US Asian, Native Hawaiian, and Other Pacific Islanders populations is
sparse. To date, only one large-scale study, the Hawaiian Aging with HIV-1 Cohort
Study, included Asians/Other Pacific Islanders in a representative manner (Valcour
et al. 2004a). Unfortunately, although 32% of the sample was Asian/Other Pacific
Islanders, Native Hawaiian representation in the sample was not reported. Further,
the use of mainland US-based, non-Hispanic white normative data from the Multi-
center AIDS Cohort Study (MACS; Selnes et al. 1991) suggests that caution is
warranted regarding the generalizability of the neurocognitive implications for this
study (Valcour et al. 2004a). Later studies using the same cohort (Shimizu et al.
2011; Valcour et al. 2004b, 2006) have similar limitations with respect to the
application to CALD populations. This is especially problematic because, unlike
Valcour et al.’s (2004a) study, both Valcour et al.’s (2006) study and Shimizu
et al. (2011) found a significant association between minority status and poorer
neurocognitive outcomes.

Per global reports, HIV affects 8.3 million people in Asia-Pacific countries, all of
whom are at risk for HAND (Zhou et al. 2005). Over the last 15 years, research in
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these regions highlighted the fact that Asian/Other Pacific Islanders populations
are significantly burdened by HAND; see Ian et al. (2016) for a review. Rates of
neurocognitive impairment and/or HAND vary widely among Asia-Pacific regions.
Estimates range from 12% in the Asia-Pacific NeuroAIDS Consortium (APNAC;
Wright et al. 2008), 26% in a South Korean cohort, 29% memory impairment in
HIV-positive adults from Hong Kong (Au et al. 2008), 48% in a Chinese cohort of
HIV-positive adults (Wang et al. 2013), to 61% in a South Asian (Indian) sample
(Gupta et al. 2007). Wang et al. (2013) also identified several HAND risk factors,
including older age, female gender, lower education, longer duration of cART, and
taking Efavirenz for 2 years or more.

Among these HIV-positive Asian/Other Pacific Islanders/Native Hawaiian
populations healthcare barriers (e.g., limited cognitive screening and treatment)
often exacerbate neurocognitive and psychological impairment. Moreover, host
and viral trait variation within and across these populations confound HAND
estimates and prognosis. Unlike in the US and Europe, where HIV viral clade B
predominates, clades A, C, and D dominate in Asia, with clade D demonstrating
greater neurovirulence (Gopukumar et al. 2008; Sacktor et al. 2009). In addition,
Asian populations are particularly susceptible to co-occurring infections. Neuro-
tropic infections (e.g., toxoplasmosis, cryptococcus, and malaria) can result in
residual neurocognitive impairment that may be difficult to differentiate from
HAND (Sacktor et al. 2001). Hepatitis C is also common in HIV-positive Asian
populations, which may negatively impact disease progression, cART responsive-
ness, and neurocognition (Letendre et al. 2010; Zhou et al. 2007). While Gupta et al.
(2007) found no difference in neurocognitive dysfunction among HIV-positive
adults with and without Hepatitis C, Heaton et al. (2008) observed higher rates of
neurocognitive impairments in those with comorbid HIV and Hepatitis C compared
to those HIV, but not Hepatitis C.

HAND in “Non-White’” HIV-Positive Adults Other studies investigating dispar-
ities in HAND between racial and ethnic groups have taken a broader approach by
grouping all CALD participants together in a “non-white” group to conduct com-
parisons with a non-Hispanic white reference group. Cysique et al. (2011) conducted
one such study to create normative data to predict neurocognitive change in both
non-Hispanic white and CALD HIV-positive adults from the CHARTER study and
the greater San Diego area. Their large sample consisted of a diverse group of both
HIV-positive and HIV-negative adults (N = 296; 42% African American). Results
demonstrated that membership in the “non-white” or CALD group was significantly
predictive of neurocognitive change across six assessment periods (Cysique et al.
2011). However, a more recent CHARTER study contradicted this, finding that
“non-white” ethnicity was not associated with neurocognitive impairment in
HIV-positive adults with neurocognitive decline over a 3-year period (Brouillette
et al. 2016). Therefore, grouping CALD participants together in one “non-white”
group may mask subgroup variations and limit the external validity of the results,
further highlighting the importance of using appropriate normative data for each
CALD population.
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3.2 Risk for Misdiagnosis of HAND in CALD Groups

The Frascati criteria are well validated for the diagnosis of HAND (Blackstone et al.
2012; Weber et al. 2013), yet as Woods et al. (2004) highlighted, as case complexity
increases, the diagnostic validity of the Frascati criteria decreases. In such complex
cases (e.g., multiple comorbid conditions, substance use, and low literacy), the term
Neuropsychological Impairment-Other is used to indicate that the underlying etiol-
ogy of the observed neurocognitive impairment is difficult to discern (Woods et al.
2004). The increased risk of such comorbid conditions among CALD populations,
coupled with the limited utility of many neurocognitive tools and normative sam-
ples, suggests that the term Neuropsychological Impairment-Other may be more
appropriate and/or prevalent in these groups compared to their non-Hispanic white
counterparts. Therefore, special considerations for the evaluation of HAND in
CALD HIV-positive adults are presented below.

Comorbidities According to the Frascati criteria, comorbid conditions that
affect neurocognitive function should be considered, and no diagnosis of HAND
should be given if the impairment is better explained by another condition (Antinori
et al. 2007). However, clinical judgment is necessary to make this diagnostic
determination, which can greatly reduce interrater reliability, which is highlighted
by a National NeuroAIDS Tissue Consortium (NNTC) study. The NNTC employs a
standardized protocol for diagnosing HAND among a diverse group of HIV-positive
adults. The authors found that, among HIV-positive participants with few or no
confounding comorbidities, there was a high degree of interrater reliability in HAND
diagnosis (k = 0.83), but interrater reliability dropped (x = 0.23, p < 0.001) among
those with more comorbidities. Additionally, there was an inverse relationship
between the interrater reliability and number of participant comorbidities (Woods
et al. 2004). The increased prevalence of conditions that are associated with
neurocognitive impairment among CALD populations (e.g., Hepatitis-C, stroke,
diabetes, poorly managed heart disease; Brickman et al. 2008; Foley et al. 2010;
Office of Minority Health 2016) make the results of the NNTC study particularly
salient for CALD populations. Accounting for comorbid conditions when inter-
preting observed patterns in a CALD patient’s (or participant’s) neurocognitive
profile will likely help to improve diagnostic formulations and differential diagnosis.

Construct Validity Because tests do not always measure the same construct across
cultures, careful test selection is critical for the evaluation of HIV-positive CALD
populations, particularly in international assessments (Helms 1992; International
Test Commission (ITC) 2013). Numerous factors can systematically confound
performance on neurocognitive measures across cultures, including gender roles,
test-wiseness and test taking attitude, and the concepts of time and speed (Ardila
2005; Manly 2008; Rivera Mindt et al. 2010). Therefore, to reduce the probability of
misdiagnosing HAND, ensuring that test selection is based on measures with
established construct validity for the population or person being evaluated is essen-
tial to the assessment and diagnostic process.
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Normative Data Currently, the lack of established normative data for the assess-
ment of CALD individuals presents an ethical issue of neurocognitive evaluation
and test interpretation (Rivera Mindt et al. 2010). While the field of neuropsychology
increasingly recognizes the importance of age, education, gender, and race/ethnicity
normative corrections to better understand a person’s performance relative to his/her
peers (Rivera Mindt et al. 2008a; Manly et al. 2002, 2004), many of these demo-
graphically corrected normative samples do not adequately represent CALD
populations (Manly et al. 2002, 2004; Dotson et al. 2009). Fortunately, cross-
cultural neuropsychologists have aimed to correct this and there is a growing body
of published normative datasets for CALD populations, which are reviewed in
greater detail in Rivera Mindt et al. (2019).

Given the increasing number of HIV-positive CALD people and the health
disparities observed in these populations, the issue of appropriate demographically
corrected normative samples is particularly salient when assessing HIV-positive
adults for HAND (Manly and Echemendia 2007; Ponton et al. 1996). Therefore,
selection of measures with appropriate normative samples may increase the ability to
diagnose HAND in CALD populations in the US. Outside of the US, selecting tests
that have been previously normed on HIV-negative locals will also increase the
accuracy of HAND diagnosis, as has been done in several studies (e.g., Ferrett et al.
2014; Ruffieux et al. 2010). Despite best efforts, ideal tests and normative datasets
may not always be available. Therefore, those individuals who work with CALD
HIV-positive populations should be informed of current literature in cross-cultural
neurocognitive assessment, as clinical judgment is an essential component of under-
standing both clinical and research findings, particularly when appropriate normative
data is limited. Further, any and all limitations regarding test selection, normative
corrections, and data interpretations should be discussed throughout an assessment
report when assessing CALD HIV-positive patients and/or throughout a manuscript
when assessing CALD HIV-positive research participants (Rivera Mindt et al.
2010).

4 Sociocultural Assessment Considerations

Sociocultural considerations are a crucial facet of culturally responsive assessment,
particularly as populations continue to grow more culturally and linguistically
diverse. Despite a strong body of literature demonstrating sociocultural influences
on neurocognition, sociocultural factors are seldom included in neurocognitive
assessments. While a myriad of sociocultural factors may affect neurocognition,
some notable and well-researched sociocultural considerations include quality of
education, acculturation, socioeconomic status, discrimination and social adversity,
and language. Qualitative information should also inform an assessment with a
CALD patient, particularly for those who are less acculturated to majority culture
or unfamiliar with the structure of Western standardized tests, wherein the use of
traditional standardized tests may be inappropriate.
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4.1 Quality of Education

Current demographic corrections for education are based on the years of education a
person receives. However, this incorrectly assumes that similar educational experi-
ences are received across schools, regions, and racial/ethnic populations. In contrast,
quality of education may serve as a more meaningful metric when assessing educa-
tional experience, particularly among CALD populations. Quality of education is
often operationalized as performance on single word reading tests, such as the Wide
Range Achievement Test — Third Edition (WRAT-3; Wilkinson 1993) Reading
Subtest or the Wechsler Test of Adult Reading (WTAR; Wechsler 2001). The
application of single word reading tests as a proxy for quality of education is
validated in prior research (Manly et al. 2002), and highlights the vital role of quality
of education in neurocognitive performance of HIV-positive adults.

Quality of education has consistently been shown to mitigate differences in
neurocognitive performance between African American/Black and Latinx adults,
compared to their non-Hispanic white counterparts in HIV-positive and HIV-
negative populations (Rivera Mindt et al. 2014; Manly et al. 2002; Ryan et al.
2005; Sisco et al. 2015). Given that half of African American/Black and Latinx
HIV-positive adults may have reading levels below what is expected based on their
years of educational attainment, and these underrepresented minorities also have
fewer years of education compared to their non-Hispanic white peers, the application
of reading level as a proxy for quality of education can significantly reduce rates of
impairment among African American/Black and Latinx HIV-positive adults (Ryan
et al. 2005). These findings underscore the utility of word reading measures as
proxies for quality of education among HIV-positive adults, especially individuals
with lower educational attainment, to better assess neurocognitive performance.
Furthermore, the National Institute of Health (NIH) Toolbox can serve as a resource
for addressing this issue by providing a number of tests for use with patients who are
illiterate, such as the NIH Toolbox Picture Vocabulary Test (Weintraub et al. 2013).

4.2 Acculturation

Acculturation, the process through which exposure to another culture facilitates
behavioral and psychological change, is another important sociocultural consider-
ation (Zea et al. 2003). Most acculturation measures are unidimensional, only
assessing acculturation to the majority culture. However, some measures (e.g., the
Abbreviated Multidimensional Acculturation Scale) take into account acculturation
to both the majority and minority cultures. Numerous acculturation measures have
been developed for specific racial/ethnic populations. The African American Accul-
turation Scale is unidimensional scale for use with Black/African American
populations (Landrine and Klonoff 1995). Acculturation measures for Latinx groups
include the Bidimensional Acculturation Scale for Hispanics, Short Acculturation
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Scale for Hispanics, Acculturation Rating Scale for Mexican Americans, and the
Abbreviated Multidimensional Acculturation Scale (Zea et al. 2003; Cuellar et al.
1995; Marin and Gamba 1996; Marin et al. 1987). For US Asian immigrant
populations, the Suinn-Lew Self-Identity Acculturation Scale is widely used, includ-
ing in prior research with HIV-positive Asian-American populations (Chen et al.
2014; Suinn et al. 1987). While normative data to date does not incorporate
acculturation, prior research suggests that lower acculturation to the majority culture
is associated with worse neurocognitive performance across a number of cognitive
domains (Arentoft et al. 2012; Manly et al. 1998). Therefore, acculturation should
still be taken into account when working with CALD patients, especially if a
participant obtains low scores across a number of tests.

4.3 Socioeconomic Status

Socioeconomic status refers to one’s access to economic resources and their
social standing in relation to others. The rates of socioeconomic disadvantage are
especially high among HIV-positive adults, resulting in higher rates of morbidity
and mortality (Cunningham et al. 2005; Ibrahim et al. 2008; Rabkin et al. 2004).
These incongruities also significantly contribute to health disparities among CALD
populations (Oakes and Rossi 2003; Shavers 2007). Though a gold standard
measure of socioeconomic status does not presently exist, one of the most widely
used measures is the Hollingshead Index of Social Prestige (Cirino et al. 2002;
Hollingshead 1975). In diverse HIV-positive adults, positive associations were
found between socioeconomic status and neurocognitive domains of processing
speed, verbal fluency, learning, memory, attention, and executive functioning
(Arentoft et al. 2015). These findings also indicated that adult socioeconomic status
was a significant predictor of HAND and that neurocognitively normal participants
had higher overall socioeconomic status (Arentoft et al. 2015). The limited research
literature on socioeconomic status at the individual level suggests that socio-
economic status may significantly impact neurocognitive performance among
HIV-positive adults (Arentoft et al. 2015).

Socioeconomic status at the community and neighborhood level is generally
estimated using median income within each zip code. Among HIV-positive adults,
utilizing such broad proxy measures of socioeconomic status to assess the potential
relationship between neurocognitive performance has rendered conflicting findings.
While Latinx HIV-positive adults typically have lower median socioeconomic status
compared to non-Hispanic white groups, using median income by zip code yielded
no significant associations between socioeconomic status and domain-specific or
global neurocognitive functioning (Rivera Mindt et al. 2008a). Nonetheless, the
association between lower socioeconomic status and worse health-related outcomes
is well documented among HIV-positive adults (e.g., delayed access to care; Krieger
et al. 2005). Lower socioeconomic status at the neighborhood level has been
associated with delayed access to HIV care globally, highlighting the pervasiveness
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of these disparities among HIV-positive adults (Joy et al. 2008). Additional research
is necessary to improve the specificity of community-level estimates of socioeco-
nomic status in an effort to better understand the relationship with neurocognitive
functioning among HIV-positive adults.

4.4 Discrimination and Social Adversity

CALD populations also experience high rates of discrimination and social adversity,
which are associated with adverse health outcomes. Prior research has shown
that greater perceived racial/ethnic discrimination is associated with poorer
neurocognitive test performance, which may be due to elevated stress resulting
from perceived threat (Thames et al. 2013). Social adversity is also linked to poorer
learning and memory performance and mental health conditions such as depression
(Shonkoff et al. 2012; Williamson et al. 2017). Social adversity has also been linked
to structural neural changes among a sample of African American HIV-positive
adults, indicating reduced hippocampal and amygdala volume relative to HIV-
negative controls (Thames et al. 2018). However, the impact of social adversity as
it relates to HAND in HIV-positive Latinx populations has not yet been examined.

4.5 Language

The number of bilinguals and multilinguals in the US continues to grow as CALD
populations comprise a greater proportion of the US population. Twenty percent of
the US population was bilingual in 2010, though this rate is now likely higher
(US Census Bureau 2013). Unfortunately, few measures and guidelines exist for
the assessment of a bilingual or multilingual patient. Whenever possible, multilin-
gual clinicians and psychometrists with appropriate cultural and linguistic compe-
tency should perform evaluations with bilingual and multilingual patients. The use
of interpreters should be avoided unless no preferred alternatives are available, as
interpreters can disrupt the integrity of the assessment (Rivera Mindt et al. 2008b).
Judd et al. (2009) provide a comprehensive review of ethical and professional
guidelines for working with bilingual clients and using interpreters when a bilingual
or multilingual clinician is not available.

When working with a bilingual or multilingual patient, a comprehensive review
of proficiency in each language should be performed to determine whether the
assessment should be conducted in one language versus another, or perhaps both
languages if the patient is sufficiently balanced between the two with regard to
fluency. Prior research has found language dominance to be associated with global
and domain-specific neurocognitive performance in a sample of HIV+ Latinx
bilinguals (Miranda et al. 2016). Language dominance assessment is crucial, as
CALD patients are already at an elevated risk of being misdiagnosed as cognitively
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impaired when years of education are used as a metric, as poor test performance with
a bilingual may reflect a linguistic artifact (i.e., less fluency in the language in which
they were tested). Please refer to Rivera Mindt et al. (2008b) for more detailed
information for working with bilingual patients.

A number of studies have found that bilingual participants are disadvantaged
on measures of verbal fluency relative to monolinguals, as monolinguals have a
hyperproficiency in one language (Bialystok and Luk 2012; Gollan et al. 2002,
2008). However, in other neurocognitive domains (e.g., executive functioning),
other studies have found bilinguals to perform better relative to their monolingual
counterparts (e.g., Bialystok et al. 2004). Further, bilingualism was believed to be
neuroprotective to age-related cognitive decline, though recent research in the US
has not shown support for this effect (Yeung et al. 2014; Zahodne et al. 2014).

4.6 Qualitative Approach

A standard neurocognitive evaluation based solely on quantitative data may not be
appropriate or sufficient for the evaluation of CALD HIV-positive adults due to a
number of sociocultural and linguistic factors (Rivera Mindt et al. 2010). When
standard measures are not preferred or are unavailable in the patient’s primary
language, numerous qualitative considerations should be factored into the evalua-
tion. Employing a process approach to the standard neurocognitive evaluation may
clarify a participant’s testing approach, test-taking strategies, and response to testing
limits (Milberg et al. 2009). Additionally, an adjunctive process approach may aid
neuropsychologists in determining whether participants are able to complete the
assigned task, despite reaching the standard time limit for the measure.

For additional information, an exhaustive review of professional considerations
when working with Latinx populations is available from Judd et al. (2009). More-
over, Rivera Mindt et al. (2010) discuss a number of professional considerations
relevant to the development of cultural competency, diversification of neuropsy-
chology, and the importance of appropriate referral sources that are better equipped
to work with the population of interest.

5 Regional to Global Considerations and Special
Populations in HAND

5.1 Urban vs. Rural Disparities in HIV

US-Based Research Despite the fact that the vast majority of HIV-positive adults
in the US live in urban centers, the disparities in HIV prevalence in CALD
populations living in rural areas are similar to those in urban areas (Centers for
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Disease Control and Prevention 2016). According to the CDC, most CALD
populations living in rural areas have higher prevalence of HIV in comparison
to non-Hispanic whites (Centers for Disease Control and Prevention 2016). The
disparity in HIV prevalence between non-Hispanic white and CALD populations in
rural areas may be due to systemic inequality experienced by rural CALD
populations in access to health care, HIV prevention education, and social support
(Dreisbach 2009).

Rural health disparities in the US extend beyond HIV health disparities and
include increased rates of smoking and alcohol consumption (Dreisbach 2009;
Hartley 2004; Meit et al. 2018). The stigma and discrimination that CALD
HIV-positive adults experience in urban areas may be intensified in rural areas,
further accentuating health disparities in HIV. Critically, neurocognitive evaluations
and other medical services important for HIV care are lacking in rural areas
(O’Bryant et al. 2011). Moreover, on average, HIV-positive adults in rural areas
made fewer doctors’ visits per year than their urban and suburban counterparts, and
African American/Black HIV-positive adults in rural areas were less likely to receive
cART (Wilson et al. 2011). To the best of our knowledge, there is no research
examining disparities in HAND diagnosis among CALD HIV-positive adults in
rural areas, with the majority of research on neurocognitive health in rural
HIV-positive adults discussing disproportionately high rates of depression
(O’Bryant et al. 2011; Sheth et al. 2009; Vyavaharkar et al. 2011).

International Research Internationally, most research examining neurocognitive
function in rural areas shows results similar to those conducted in Western urban
areas. In a sample of rural Chinese HIV-positive adults, Heaton and colleagues
(Heaton et al. 1995, 2008) found rates of neurocognitive impairment comparable to
those observed in urban and rural American HIV-positive adults. Unfortunately,
there was no urban Chinese HIV-positive comparison group. A study conducted
among rural Zambian HIV-positive adults found rates of neurocognitive impairment
similar to those observed in the rural Chinese sample (Heaton et al. 2008;
Birbeck et al. 2011). In a different sample of HIV-seronegative Chinese adults,
urban dwellers evidenced better neurocognitive performance in fluency, memory,
and processing speed than rural dwellers (Gupta et al. 2011). The limited research
conducted examining rural and urban differences between HIV-positive adults
internationally points to a need for more research in this important area.

Despite the importance of international HAND research, several limitations must
be considered, including the fact that there are few studies examining both urban
and rural HIV-positive adults from the same country or culture, limiting the gener-
alizability of HAND in international populations. Further, most neurocognitive
measures are developed, standardized, and normed according to Western neuropsy-
chological standards; thus, they may not sufficiently translate to international set-
tings. In the context of international HIV research conducted in rural areas,
researchers and clinicians must also consider that different clades (i.e., strains) of
HIV exist in different areas and that particular clades are more neurotropic than
others (Heaton et al. 2008). For this reason, international HAND research findings
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cannot always be applied to US HIV-positive populations or vice versa. Another
consideration in applying international HAND research to US HIV-positive
populations is that culture affects neurocognitive functioning (Rivera Mindt et al.
2014; Manly et al. 1998, 2004), and culture cannot be parsed out of HAND research.
Regardless, international research is helpful to contextualize neurocognitive differ-
ences in rural and urban HIV-positive adults. Additional international research
should include measurements of access to health care and various sociocultural
factors (e.g., stigma, discrimination, and education) that are related to neurocognitive
function in HIV.

5.2 Gender Inequalities and HAND

Inequalities in the US HIV prevalence remains greater among US men than
women (Centers for Disease Control and Prevention 2017), but reports of HAND
prevalence by gender are variable. In fact, few studies investigated gender differ-
ences in neurocognition among HIV-positive adults in the US, but those that have
are often marked by null results (Heaton et al. 2011; Tozzi et al. 2007). Despite this,
there is a strong, widespread consensus that HIV-positive women face greater
psychiatric and psychosocial comorbidities than men (Basso and Bornstein 2000;
Farinpour et al. 2003; Lichtenstein et al. 2002; Maki and Martin-Thormeyer 2009;
Ramjee and Daniels 2013). This stems, in part, from the fact that women in the
US/developed countries experience many of the same inequalities as in developing
countries. This is critical in the context of HIV and HAND, as psychosocial and
cultural stressors can contribute to disease exposure and related neurocognitive
impairment.

Consistent with findings from developing countries (Spies et al. 2016, 2017),
HIV-positive women in the US experience disparately high rates of post-traumatic
stress disorder, which is known to compromise neurocognition, namely learning,
memory, and motor functioning (Machtinger et al. 2012; Rubin et al. 2016; Vance
et al. 2016). Indeed, gender inequality and related psychosocial variables in devel-
oped and developing countries contribute to HAND burden. Of note, African
American/Black women are particularly impacted by HIV and HAND. In 2016,
African Americans/Black women made up 61% of the new HIV diagnoses among all
US women (Centers for Disease Control and Prevention 2018d), and this population
shows greater neurocognitive impairment and decline relative to their HIV-negative
counterparts (Cysique and Becker 2015, 2017).

Inequalities Internationally Internationally, women are disparately affected by
HIV, yet they have been underrepresented in the literature (Maki and Martin-
Thormeyer 2009; Ramjee and Daniels 2013; Joint United Nations Programme on
HIV/AIDS (UNAIDS) 2017). Challenges typically associated with developing
countries that increase HIV risk (e.g., poverty and income inequality) disproportion-
ately affect women globally. Relatedly, women experience high rates of domestic
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and gender-based violence that increase HIV risk (Ramjee and Daniels 2013).
Regardless of a gender disparity in disease prevalence, societal and cultural pres-
sures on women, both in the US and in the developing countries, may exacerbate the
adverse consequences of HIV, including HAND (Ramjee and Daniels 2013).

Extant literature in developing countries is also limited. One noteworthy study in
Zambia found a large effect of HIV on neurocognition among HIV-positive women,
but not HIV-positive men (Hestad et al. 2012). However, the authors attributed this
difference to the sociocultural conditions (e.g., gender inequality, sexual violence,
stigma, and discrimination associated with being an HIV-positive woman) and
healthcare barriers (e.g., transportation and traditional gender role responsibilities).
Such a strong interaction between gender and HIV signifies the importance of
studying sociocultural factors in developing countries, as they may exacerbate the
neurocognitive and psychosocial consequences of HIV, particularly among women.
Indeed, in sub-Saharan Africa, gender-based violence is particularly pervasive
and represents one of the leading risk factors of HIV infection among women
(Andersson et al. 2008). In addition to risk of physical exposure to HIV, the
experience of gender-based violence is associated with post-traumatic stress disor-
der, adverse childhood events, depression, anxiety, and more, all of which may
contribute to the neurocognitive effects of HIV (Spies et al. 2017). While gender
differences in HAND prevalence in sub-Saharan Africa are unclear (Hestad et al.
2012; Joska et al. 2010), it is undeniable that HIV-positive women endure consid-
erable psychosocial, structural, and sociocultural stressors that have neurological and
neurocognitive consequences (Ramjee and Daniels 2013; Spies et al. 2016, 2017). It
is notable that most of the research on gender inequality and HAND in developing
countries has been conducted in African countries; therefore, future research should
expand the focus to other countries.

5.3 Migration and HAND

Environmental considerations, including lack of access to education and medical
care, make immigrants, migrants, and refugees vulnerable to HIV infection (Inter-
national Organization for Migration (IOM) The UN Migration Agency (TUMA)
2017). Minimal research has been conducted on HAND and neurocognitive function
in HIV among HIV-positive immigrants, migrants, or refugees. One recent study
found that migrants experience worse HIV-related health outcomes than
non-migrants, as well as increased stigma and poorly tailored care (Ross et al.
2018). However, this study did not examine neurocognitive function. Research on
neurocognitive function in HIV-negative migrant populations identified ambiguous
findings regarding the “healthy immigrant” phenomenon (Gonzalez et al. 2009;
Haan et al. 2011; Hill et al. 2012a, b; Nguyen et al. 2002).

Researching these vulnerable populations is challenging but vital to better under-
stand HAND in this population, particularly given the current global migration
crisis, the known neurocognitive effects of HIV, and the inconclusive findings
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regarding the impact of immigration on neurocognitive function. One particular
challenge in conducting additional research may be due to the difficulty in
conducting evaluations in languages other than English and the availability of
appropriate norms for these specific populations. Neuropsychologists must take
care to provide culturally responsive care to immigrants, migrants, and refugees by
using bilingual neuropsychologists and the best available norms when possible.
Further guidance regarding conducting ethical and culturally responsive
neurocognitive evaluations among CALD and immigrant, migrant, and refugee
populations whose first language is not English is available in Sect. 4 of this chapter.

6 Clinical Implications, Translational Aspects, and Future
Directions

This chapter outlined health disparities relevant to HIV-positive CALD populations
in the US (i.e., African American/Black, Latinx, Asian/Other Pacific Islanders, and
American Indian/Alaskan Native populations in the US) and internationally (i.e.,
First Peoples of Australia and Indigenous People of Canada) as well as among
women, immigrants, and migrants. Sociocultural and psychosocial factors impacting
neurocognitive function as well as psychometric considerations in the evaluation of
HAND among CALD populations were discussed. Many of these CALD
populations, particularly African American/Black populations, appear to be at
greater risk of comorbid conditions that increase the risk of neurocognitive dysfunc-
tion. Research in the US indicates that HIV-positive Latinx adults of Caribbean
descent are more likely to be diagnosed with HAND than their counterparts who are
non-Hispanic white, non-Hispanic African American/Black, and Latinx of Mexican
descent. Among Asian and Other Pacific Islanders, research on HAND is limited and
variable, both in the US and globally. However, international studies suggest
relatively low rates of HAND among HIV-positive adults in China and South
Korea, but relatively high rates of HAND in India. With respect to Native Hawaiian
and American Indian/Alaska Native populations, HAND research is sparse.
Overall, this chapter highlights the profound gap in the literature investigating
HAND in CALD populations, as well as the difficulty in conducting studies with
these populations that are methodologically appropriate. These limitations include a
lack of adequate information regarding demographic characteristics of the sample
(e.g., country of origin and acculturation), underreporting of HAND/neurocognitive
function by race/ethnicity, inadequate normative corrections, omission of sociocul-
tural assessments, and small sample sizes. Despite these limitations, the prevalence
of HAND health disparities in certain CALD populations is clear, especially the
increased risk of comorbid conditions that may confound and/or exacerbate HAND.
Although this chapter did not review HIV-positive pediatric populations, the
authors wish to recognize that HAND is a prominent issue for children in
non-Westernized countries, and sub-Saharan African countries, in particular.
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Because this chapter could not cover this important topic in the HAND literature, the
authors refer readers to Bovin, Giordani, and the American Academy of Pediatric
Neuropsychology (Boivin and Giordani 2013).

Clinical Implications and Translational Aspects To address these current gaps in
the literature, we summarized sociocultural considerations that may help contextu-
alize neurocognitive function among CALD populations to better determine if
observed test performance is better explained by HIV-related impairment, sociocul-
tural and/or linguistic factors, comorbid conditions, or a combination of the three.
Current literature indicates that quality of education, acculturation, socioeconomic
status, discrimination, social adversity, and language (e.g., multilingualism) are
among the most salient factors affecting neurocognitive function. Further, both
quantitative and qualitative assessment of these characteristics may aid in the
diagnostic process of evaluating HAND in HIV-positive CALD populations. There-
fore, the following guidelines are recommended for both clinical- and research-based
neurocognitive evaluations with HIV-positive CALD examinees (i.e., clinical
patients or research participants).

* Prior to the evaluation, ascertaining as much demographic and medical informa-
tion as possible is essential so that the examiner (i.e., a clinician or researcher) can
better prepare to see the examinee. If the examiner is unfamiliar with the cultural
background of the client, the examiner should determine whether he or she is the
most appropriate person to conduct the evaluation, consult with colleagues who
might be more knowledgeable about the culture, language, and salient sociocul-
tural/historical events. Together, this information can better guide the evaluation.

* Prior to the evaluation, research and prepare the most appropriate measures that
address the referral or research question and are validated for use in populations
similar to the examinee. This includes finding the best tests and normative data for
a particular client based on the cultural, demographic, and medical backgrounds.

e A thorough discussion of a person’s qualitative and quantitative educational
background is essential to any clinical or research evaluation. To the extent
possible, ascertain educational quality, consider the geographical context of the
person’s schooling (e.g., rural, urban, and suburban; historical sociocultural
environment of their schooling), the academic strengths and/or weaknesses
experienced during school, and overall performance as a student.

* An objective measure of premorbid function (e.g., a word reading test) should be
administered during the evaluation to ascertain the examinee’s quality of
education.

* Assessing a person’s linguistic background is crucial to the evaluation. When
possible, assessing multilingual participants in multiple languages can help
contextualize their familiarity with each language. Understanding in which lan-
guage a patient/participant received formal education, the language they currently
speak most frequently, and their comfort in each language are essential topics to
be covered when an examinee is multilingual. Further, directly asking a patient/
participant which language they would prefer to use during the evaluation is
important. If the examiner does not speak that language, a referral is likely most
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appropriate. For more information on considerations and suggestions for

conducting neurocognitive evaluations with bilingual examinees, please refer to

Rivera Mindt et al. (2008b).

e Whenever possible, formal measures of sociocultural background (e.g., accultur-
ation and SES) should be included in the assessment of participants from diverse
cultural backgrounds, particularly those who are living in a country different than
the one where they were born. For resources and guidance on available measures,
please refer to Rivera Mindt et al. (2010, 2019).

* Providing accurate diagnoses for examinees becomes more difficult as case
complexity increases (e.g., medical comorbidities, low literacy, multilingual
patients, and high substance use). Therefore, consulting with colleagues with
expertise in evaluating these populations can provide valuable and fresh perspec-
tives on these case considerations.

— Use caution not to over-pathologize an examinee when cultural or linguistic
differences may limit the interpretability of particular measures and/or the
evaluation.

— Similarly, use caution so a diagnosis is not missed because a low pattern of
scores was attributed solely to cultural and linguistic differences of the
examinee.

— Synthesizing neurocognitive data with other data sources (e.g., demographic,
sociocultural, medical, psychiatric/substance use, and functional) is imperative
to identifying a converging pattern of evidence to support the appropriate
HAND diagnosis.

* For clinical cases, reports should address the neuropsychological impairments/
weaknesses observed during testing in a culturally-tailored manner. The
biopsychosociocultural factors that may impact neurocognitive function (e.g.,
taking prescribed medications, ensuring that they are receiving adequate treat-
ments, social support groups to better cope with chronic illness, stress, other
needs, referral to a social worker) should also be considered. However, it is
important to keep in mind that recommendations are only as effective as they
are realistic. Therefore, providing names and contact information for specific
services that might be able to best address the current needs of the patient is
critical.

* In research settings, anticipating and listening to the needs of your participants
may help establish and/or improve rapport. For instance, providing lunch/snacks
may help participants focus on the evaluation if they do not have regular access to
food, while providing a list of resources that might be useful to participants (e.g.,
HIV support groups) may assist participants in accessing much needed care.

 In the patient report and/or research publication, all limitations of the evaluation
from a sociocultural perspective (e.g., language, poor fit of norms with individual
or sample, SES, and acculturation) should be clearly documented. The way in
which these limitations were addressed during the evaluation, interpretation, and
diagnostic formulation should be stated.

Future Directions Future research is urgently needed to address the methodolog-
ical issues highlighted by this review, as well as assurance of demographically
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representative samples to reflect the current global HIV epidemic in the twenty-first
century. This chapter serves as a call to action for all HAND researchers to include
demographically representative samples and important demographic and sociocul-
tural characterization of their sample (e.g., race/ethnicity, language fluency, country
of origin, education quality, acculturation, SES, and social adversity), and for editors
to request this information when reviewing manuscripts. Further, HAND/
neurocognitive characteristics should be reported by race/ethnicity and the use of
standardized, well-validated, and best available measures and normative datasets
should always be used when evaluating CALD populations. Given the importance of
sociocultural factors on neurocognitive function, the inclusion of objective socio-
cultural measures is also important in future studies. For those studies that do include
CALD populations, oversampling is recommended to provide adequate power to
better characterize HAND in these populations. Similarly, within-group differences
research for each CALD population is necessary, rather than studies comparing these
groups to HIV-positive non-Hispanic white adults. Finally, the authors wish to
remind and emphasize to readers that each CALD population (e.g., Latinx and
African American/Black) is, in fact, a diverse group of individuals who should not
be thought of as one group. They are, by definition, from different cultural and
linguistic backgrounds, and therefore HAND characterization within these various
populations may be as diverse as the term. By understanding this when assessing
patients or research participants, clinicians and researchers alike may better contex-
tualize neurocognitive findings and inform treatment in a culturally responsive
manner for these underserved and overburdened CALD populations.
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Abstract There is a paucity of information on neurocognitive dysfunction in
individuals with HIV in resource-limited regions, despite the fact that these areas
have the greatest burden of infection. HIV-associated neurocognitive disorder
(HAND) remains a common complication of HIV despite the use of effective
antiretroviral therapy (ART). HAND is a major cause of morbidity of HIV+ indi-
viduals and is estimated to be the most prevalent form of neurocognitive impairment
worldwide in young adults. This finding has drastic implications for the productivity
and social engagement of young adults in the development of industry, education,
and healthcare, which is particularly relevant in low-income countries. Building an
infrastructure to examine the neurological and neuropsychological characteristics of
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HIV+ individuals in resource-limited settings (RLS) can advance the understanding
of the unique contributing factors of HIV-1 clades in these regions of high preva-
lence, improve neurological monitoring, explore the CNS HIV reservoir, and
provide key information on prevention/interventions to help manage/improve these
neurological and neuropsychological complications.

Keywords ART - HIV - HIV-associated neurocognitive disorder - Low income
countries - Resource limited settings

1 Introduction: Global Epidemiology of HIV
and HIV-Associated Neurological Disorders

Globally, 36.7 million people were living with HIV at the end of 2016. The epicenter
of the epidemic is in sub-Saharan Africa, where almost 70% of the world’s HIV+
population resides, and nearly 1 in every 25 adults (4.2%) is living with HIV.
Southeast Asia has the second highest regional concentration of people living with
HIV (WHO 2016). In addition to the burden of disease, these regions also have the
highest concentration of low-income (GNI per capita $1,025 or less) and low-
middle-income (GNI per capita between $1,026 and $4,035) countries (World
Bank 2017). Furthermore, over half of the global burden of dementia occurs in
low- and middle-income countries, with statistics indicating it will only increase
with the growing population (Ferri et al. 2005).

HAND is the term used to describe the spectrum of neurocognitive dysfunction
caused by HIV infection, which includes asymptomatic neurocognitive impairment
(ANI), mild neurocognitive disorder (MND), and HIV-associated dementia (HAD).
The graded classification, according to Frascati criteria, is based on abnormal
performance on neuropsychological testing and the presence or absence of a
patient’s impairment in daily functions related to cognitive impairment (Antinori
et al. 2007). The changes in memory, attention, motor skills, behavior, and other
complications of cognitive impairment are direct results of HIV infection and
subsequent impact on the CNS.

In 2015, the WHO recommended that all people living with HIV should receive
ART, regardless of their CD4 count based on the results of the START study
demonstrating the benefits of early ART initiation (INSIGHT 2015). However,
despite the use of effective ART, HAND remains a common complication of HIV
and a major cause of morbidity where 15-55% of HIV+ individuals from the United
States are affected with HAND (Heaton et al. 2010). With proper adherence to
ARTs, there has been a significant decrease in the incidence of the most severe
manifestation of HAND (HIV-associated dementia), but in most studies, this has
been counterbalanced by an increase in the prevalence of more mild stages of HAND
(Heaton et al. 2011). There is a similar range in the prevalence in RLS, with studies
showing 15-69% of individuals with HIV on ART are diagnosed with HAND
(Table 1). However, there is limited longitudinal, standardized data collected on



227

Neurocognitive Complications of HIV Infection in Low-Income Countries

uonEIO YA PAISI[ SAPMS oy1oads pue (L007) T 19 IUIT (L]0T) [9AST SWoou] Jueg PHOM ‘(€107) Te 10 qIqeH woxy padepy

(S107) ouruo)y

o‘d 09 S[PpIA Joddn ON pUE 0S00UO1], %0T9¢ [fzerg
(%esT
o) 9¢ S[PPIA Joddn ON (1107) T8 30 Bysof ‘AVH) S'9L| BV ymog
o) €8 S[PPIA Joddn ON (0107) T8 10 W[me] %EE8E BUBMSIOq
(syyuowr 9
o) 99 MO ON 10]) %EY' €l AVH %9S°S1 AVH MBI
v ¥9 S[PpI om0 ON (8100) Te @ HOMY | (%0 ‘AVH) %69 eAuoy|
oV 9 M07] SOA | (8100) I8 1 pewues %0E°61 BlUBZUE],
o) <9 S[PpPI JOMO] ON | (9107) Te 1 eqnqey] %09 v¢ elquiez
0 65 M0 ON (L102) Te 10 9]2g %0E € erdorpyg
awv L9 Mmog SIOA (%S ‘AQvH) %TS | (%S1 “‘AVH) %65 epuesn
SIURUIQUIOD3I IO (%6'C
pue s YD “1°D V 0¢ S[PpPI JOMO] ON (L107) T8 10 Jnsnx ‘AVH) %S'1T eLILTIN
SJUBUIQUIODAI IAYJ0
pue s IO “1°D °V LE S[ppItl 1oMO7] $9X | (6007) 'Te 10 IysuwelN %L1 %69°SC UOOISWE?)
SIUBUIQUIOOAT
19yio pue (8100
S.AYD AV 1048D LE a[pprur xoddp S9A e 10 edlrpA | (%0 ‘AVH) %8'TT eIsKe[ey
SIUBUIQUIODAL
1ayio pue (S100)
SA¥D AV 10490 €l I[PpI JOMO] SOA LOseT] pue Liesensy (%61 ‘AQVH) %1S BISaUOpUL
(9002)
J 6 I[PPI JOMO] S9A Te 30 rwompdax %95 eIpuf
1V 69 S[PpI JOMO] S9A (81027) 'Te 10 Uy %S1 | (AIH 9mo®) %97 pue[rey],
(L00T 'Te 32 1oUrT) | 9 2Fe1dA00 (L10T ueg elep uonen) | LYV U0 ‘ANVH | IL¥Vv-oid ‘ONVH Anuno)
adAigns 1-ATH LIV PHOA\) SMIBIS | pazi[ewiou Jo oudeAdld Jo QouseAdld
[euo13ar jueurioq Qwoour Anuno) s
paredwo)

s3umes paywl[-e01nosar ur 2dA1qns [-ATH pue NVH JO 20ud[eadld [ dqelL



228 A. Vecchio et al.

the prevalence and severity of HAND in RLS, which are the regions most affected
by HIV. Furthermore, RLS still have unequal access to ART, which leads to more
advanced cases of HIV and thus increased risk of severe manifestations of HAND.

Another factor to consider is that the prevalence of HIV type 1 (HIV-1) clades
varies by region, and their unique neurovirulence factors may have functional
implication on onset and progression of HAND. HIV-1 is characterized by genetic
diversity and can be divided into three classes, the most common of which is Group
M (major), which has nine major clades (A-D, F-H, J, and K) (Liner et al. 2007).
Studies in sub-Saharan Africa, where clades A, C, and D predominate, have
suggested that clade differences lead to disparate frequencies of HAND. A study
in Uganda, where the prevalence of HAD was as high as 31% among antiretroviral-
naive HIV+ individuals (Wong et al. 2007), showed that antiretroviral-naive HIV+
individuals with subtype D were more likely to develop HAD and at a faster
progression than those with subtype A (Sacktor et al. 2009). However, a subsequent
study among HIV + individuals with subtypes D and A with less immunosuppression
failed to show a difference in the risk of HAD (Sacktor et al. 2014). Most recently, a
longitudinal study of neurocognitive impairment in HIV+ individuals in rural
Uganda with both moderate and severe immunosuppression found that those with
subtype D infection had more severe neurocognitive impairment than those with
subtype A infection regardless of level of immunosuppression (Sacktor et al. 2019).
These studies are unique from those in North America, where subtype B is
predominant.

2 Neurocognitive Complications of HIV-1 in the ART Era:
Prevalence and Persistence in Resource-Limited Settings

The neurological complications of HIV have evolved with the introduction of ART
and subsequent prolonged life expectancy. There has been a shift from neurological
conditions related to low CD4 cell counts with opportunistic infections to virally
suppressed patients with prolonged inflammation and neuronal damage. This change
followed the introduction of ART, which halts viral replication, decreasing viral load
in plasma and CSF and restoring the systemic immune function. The use of ART
has beneficial effects on improving and even preventing the most severe forms of
HAND, but the mild-to-moderate stages (such as MND and asymptomatic cases
(AND) remain prevalent and clinically relevant. The impact on the daily lives of
individuals with HIV can be economically and socially devastating in low-income
countries, as discussed below.

There have been country-specific studies to estimate the burden of HAND on and
off ART (Table 1). Several prospective studies from sub-Saharan Africa using the
International HIV Dementia Scale were included in a systematic review and a meta-
analysis to demonstrate the significant burden of neurocognitive impairment on and
off ART in high HIV-prevalent areas (Habib et al. 2013). While there is a range in
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the prevalence across the countries, the overall results of the studies indicate an
improvement of neurocognitive performance following ART. The high burden of
HAND also highlights the need for standardized neurological testing in these
regions. Several factors could account for the variability among these studies,
including the presence of preexisting clinical infrastructure to assess HAND and
the quality of routine HIV care available to patients. Although there has been an
increase in standardized HAND research in RLS, limited existing research infra-
structure and research funding results in reduced quantity and reach of longitudinal
HAND studies compared to high-income regions (Robertson et al. 2009; Kalula and
Petros 2011). Studies in North America and Europe represent populations with
distinct cultures, HIV-1 subtypes, age of highest risk, gender distribution, access
to ART, and education status. These differences make it difficult to apply the
significance of their results to the African, Asian, and South American settings.

While the increasing availability and initiation at earlier HIV disease stages of
ART in sub-Saharan Africa may result in less prevalent and less severe HAND in the
future, it is important to note that guidelines to initiate ART at less severe stages of
immunocompromise in RLS are relatively recent. As such, most HIV+ individuals in
RLS - including those with currently virally suppressed HIV infection and high CD4
counts — have a history of severe immunocompromise at some point in their
infection. Existing evidence suggests both current and prior immunosuppression
increase HAND risk. For example, a study of an HIV+ cohort in Uganda measured
the impact of low CD4 count on HAD. It found that every 100 cells/pL decrement in
CD4 cell count was associated with a 60% increase in the odds of having HAD
(Wong et al. 2007). Furthermore, many prior studies have shown that a history of
severe immunocompromised (e.g., low CD4 cell nadir) is also associated with an
increased risk of HAND and more severe HAND stages (Saylor et al. 2016).
Taken together, this evidence reiterates the importance of preventing severe
immunocompromise, namely, by initiating individuals with HIV on ART at earlier
stages in infection to decrease the risk of HAD.

Widespread availability and earlier initiation of ART in RLS had led to a shifting
demographic with an increasing number of older HIV+ adults due to the increased
life expectancy of HIV+ individuals on ART. Counterintuitively, this may actually
lead to increases in HAND prevalence as older age is itself a risk factor for HAND.
For example, a Ugandan study found each additional 10 years of age conferred a
greater than twofold risk of HAD, and a South African cohort also found an
association between older age and increased risk of HAND (Joska et al. 2012).
These findings are potentially confounded by the increased prevalence of cerebro-
vascular events with older age (Heaton et al. 2012). They require further investiga-
tion as to whether prolonged HIV inflammation plays a synergistic role in
atherosclerosis and whether the increasing rates of neurocognitive impairment are
due to HAND alone or in combination with vascular cognitive impairment.

The first multinational neurological clinical trial to study HAND exclusively in
RLS, the International Neurological Study (AIDS Clinical Trial Group (ACTG)
AS5199), found substantial neuropsychological and neurological improvement fol-
lowing the initiation of first-line ART in previously ART-naive individuals with
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Fig. 1 Neurocognitive impairment over time following art initiation (the International Neurolog-
ical Study (ACTG A5199))

HIV. Nearly a third of the ART naive participants had abnormal neurological exams
at the beginning of the study (Fig. 1), with significant country variation from 8%
in Peru to 74% in Thailand. With the initiation of ART, the estimated odds of
impairment were reduced by over 10% for every 24 weeks on ART (Robertson et al.
2018). Neuropsychological test battery improvement, except for semantic verbal
fluency, was sustained over 3 years of follow-up while on ARTs, with no differences
between treatment regimens detected (Robertson et al. 2012). This further indicates
the importance of sustained effective ART in lowering the risk of HAND.

Although ART has decreased the incidence of HAD and moderated the symp-
toms of MND and HAD in most HIV+ individuals, neurocognitive impairment
persists despite long-term administration of ART, as shown in Fig. 1 from the
International Neurological Study. Current ART regimens have not been shown
to fully reverse milder forms, even though they achieve virological suppression
(Robertson et al. 2012; Heaton et al. 2011; Tozzi et al. 2007).

3 HAND in Low-Income Countries: Socioeconomic
and Public Health Factors

While HIV/AIDS is a global epidemic with an objective pathology, the illness varies
across regions with influences by the social context of HIV, socioeconomic status,
capacity of health systems, and gender inequalities. These factors have a negative
impact on the course of the infection, contributing to immune dysregulation and
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subsequent increased risk of neuronal injury. The social inequality and political
instability in low-income countries foster factors that influence HIV care and
comorbidities that may potentiate neurological inflammation including coinfections,
vitamin deficiency, low rate of educational attainment, and psychiatric illness.

3.1 Low Linkage to Care and Poor Health Status

According to the Global Health Workforce Alliance, 1.5 million additional
healthcare workers are needed in sub-Saharan Africa to meet basic healthcare
needs. Chronic management of HIV exaggerates the deficiency of skilled healthcare
workers, clinics, and testing facilities. Access to the limited health centers may be
impeded by relatively expensive transport, dangerous roads or access routes, and
other obstacles associated with a lack of infrastructure. Even if the patients manage
to arrive at the health center, there is the risk that they are not stocked with ART or
the most up-to-date ART regimens based on delivery and/or funding. Thus, HIV+
individuals in RLS may present later in the disease course with more advanced
neurocognitive impairment and/or interruptions in therapy due to inconsistent
follow-up visits.

The interplay of impoverished conditions and the management of HIV can be
exemplified by the epidemic in Lesotho, which has nearly a quarter of the general
population infected with HIV (Table 2). The mountainous country has limited road
infrastructure, making travel difficult, centralizing advancements in education and
medicine, and restricting access to healthcare facilities. Most of the population live
in rural communities with high unemployment rates, low education attainment, and
cultural practices (e.g., lack of medical circumcisions) that perpetuate the spread of
HIV. The geographical restrictions, poverty, and stigma provide challenges to
increasing HIV testing and expanding updated treatment coverage. The prevalence

Table 2 Lesotho HIV and country statistics (adapted from WHO and UNAIDS)

Most recent data from
Indicator 2012-2016

Adults (older than 15 years old) newly infected with HIV 19,000 [17,000-22,000]

ART coverage among people with HIV infection eligible for ART 54 [52-57]
according to 2010 guidelines (%)

Deaths due to HIV/AIDS (per 100,000 population) 755

Gross national income per capita (PPP int. $) 2,990
Prevalence of HIV among adults 15-49 (%) 25.0 [22.7-26.5]
Incidence of tuberculosis (per 100,000 population per year) 852 [551-1,220]
Population living in urban areas (%) 23.74

Hospital beds (per 10,000 population) 13

Psychiatrists working in mental health sector (per 100,000) 0.1
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and severity of HAND are relatively unknown in Lesotho due to the lack of research
in this area.

The burden of disease is steep in many remote rural areas where in addition
to deficient medical care, there can be a lack of running water, electricity, and
other essentials for healthy sanitation. Furthermore, many of these RLS are in
tropical regions where the climate can harbor several endemic microorganisms.
Impoverished urban areas can mimic these sanitation problems with overcrowded
living spaces, inadequate plumbing, and lack of clean water. Nutrition in both cases
may be insufficient or lack vitamins and protein necessary for proper neurological
development and function. A recent multinational study found that neurocognitive
impairment among HIV-positive individuals was more prevalent in both overweight/
obese and underweight than normal weight individuals in three RLS (Jumare et al.
2018).

Immunocompromised HIV+ patients are susceptible to the gamut of infectious
diseases nurtured in these environments. The coinfections can exacerbate the
immune dysregulation and ultimately influence the rate of neurological dysfunction.
For example, most of the estimated number of TB incident cases in 2016 occurred in
the WHO Southeast Asia region (45%). In the WHO African region, where the
burden of HIV-associated TB is highest, 82% of TB patients had a documented
HIV-positive test result (World Health Organization Global Tuberculosis Report
2017). TB, in HIV+ individuals, has been shown to be associated with more severe
cognitive impairment (Robertson et al. 2018; Hestad et al. 2019). Although ART has
been able to decrease the incidence of CNS coinfections, long-term HIV+ individ-
uals with a history of immunosuppression may also have a history of brain injury
from meningitis or other neurological infection and thus are more susceptible to
further neuronal damage.

Early ART therapy has been shown to have promising effects on improving
function and even preventing neurocognitive dysfunction. A Peru-based study
enrolled HIV+ individuals identified within a month of acute HIV infection who
did not yet meet the current national ART treatment initiation guidelines in Peru.
Participants were randomized to immediate ART or initiation of ART after 6 months
and then monitored for neuropsychologic outcomes. The immediately treated group
showed improved neurocognitive performance at 48 weeks as compared to the
deferred treatment group (Robertson et al. 2017). For underserved populations, a
6-month deferment of testing and subsequent treatment can be commonplace and
may lead to poorer outcomes. The long-term benefits of early treatment were also
illustrated in a study of acutely infected (within 30 days of diagnosis) HIV+ adults in
Thailand who showed improved neurocognitive performance in the context of
ART-induced viral suppression sustained over the 6-year course of treatment. The
results exceeded the estimated practice effect and were compared with a group of
healthy HIV-uninfected Thai individuals (Chan et al. 2018). Again, this highlights
the need for early and reliable sustained treatment.
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3.2 Cognitive Reserve and Education Inequality

Cognitive reserve can be operationalized as a higher 1Q, greater level of educational
attainment, highest level of occupation, or a combination of these factors that results
in a higher residual cognitive capability. The concept of cognitive reserve is thought
to represent a greater capacity to overcome neurodegeneration or at least the
expression of such CNS insults (Stern 2002). Pathologically, the threshold of HIV
neuronal injury at which an individual with a prominent level of cognitive reserve
would develop HAND, particularly a syndromic case, appears to be higher relative
to an individual with lower cognitive reserve (Morgan et al. 2012). A recent study in
Zambia found that a higher education had a protective effect in young adults infected
with HIV-1 clade C against neurocognitive impairments, specifically in the domains
of executive functions, learning, and speed of information processing (Kabuba et al.
2018).

Level of education plays a prominent role in cognitive functioning (De Ronchi
et al. 2002). Even as primary school enrollments have increased in most low-income
countries, levels of educational attainment remain low and highly unequal relative to
the developed world. There are areas in the African continent that have less than
50% literacy among children, compared to the nearly 100% youth literacy in
South America and Europe (UNESCO 2016). Southern Asia is home to almost
half (49%) of the world’s adult illiterate population (UNESCO 2016) (Fig. 2). This
vast disparity in education in the African and Asian countries, that bare a
disproportionally high HIV burden, may contribute to the susceptibility for acquiring
HIV, accessing regular healthcare and perhaps accelerated neurocognitive decline.

Adult literacy rate, population 15+ years, both sexes (%) (2016)

M s0%89% M 7ox-79% M e0%-69% M S0%-59% [ Lessthans0% Mo data

Fig. 2 Global adult literacy rate by country (UNESCO Institute for Statistics 2016)
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A recent study from a large East African cohort found a 38% prevalence of
cognitive impairment among virally suppressed HIV+ participants. They underwent
a 30-min cognitive testing battery and six domain neuropsychological testing with
results compared to demographically similar seronegative individuals at the same
sites. The inability to read and higher initial WHO stage were strongly associated
with increased risk of cognitive impairment (Milanini et al. 2018). A recent study in
Uganda comparing cognitive performance in 400 HIV+ and 400 demographically
matched HIV-uninfected individuals found cognitive impairment — and especially
severe cognitive impairment — was more common among HIV+ than HIV-
uninfected participants. However, baseline cognitive impairment was highly
prevalent in both groups, occurring in 59% of HIV+ participants and 44% of
HIV-uninfected participants (Sacktor et al. 2019). While HAND is a direct result
of HIV infection of the CNS, understanding other causes of cognitive impairment
and multivariate pathogenic factors can potentially highlight HIV+ individuals at
particular risk of more rapid and/or more severe impairment. Furthermore, this
highlights another important difference between research conducted in Western
countries and RLS, since the participants have vastly different access to education
and thus will have distinct levels of cognitive reserve.

3.3 Mental Health and HIV-Related Stigma in Vulnerable
Populations

People living with HIV have a higher prevalence of depression and anxiety than non-
HIV-infected individuals (Brandt 2009; Mayston et al. 2012). This increased burden
of common mental health conditions in areas of high HIV prevalence, namely,
low-income countries, often goes untreated (Marwick and Kaaya 2010; Chibanda
et al. 2014). The WHO estimated that the ratio of mental health professionals to the
population in sub-Saharan Africa stood at 1 per 2.5 million for psychologists and
1 per 2 million for psychiatrists (WHO 2011). Furthermore, a very small percentage
of the healthcare budget in low- and middle-income countries is spent on mental
health, even though these environments often have persistent stress and trauma due
to political and economic instability (Cournos et al. 2014). The consequences of
unaddressed mental health diseases in HIV+ individuals can start with delayed
diagnosis and continue with suboptimal treatment (Mayston et al. 2016; Parcesepe
et al. 2018a, b; Bigna et al. 2018). This delay in ART initiation and then potential
poor ART adherence can lead to a lack of viral suppression and overall increased risk
for HAND.

Depression is a common comorbidity of HIV and can be difficult to differentiate
whether it makes an additional contribution to HAND since it is a confounder of
neuropsychological testing performance (Antinori et al. 2007; Tedaldi et al. 2015).
Thus, many HAND studies will have depression as an exclusion factor (Robertson
et al. 2012; Tedaldi et al. 2015). Nonetheless, depressive symptoms have been
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studied for the potential association with cognitive impairment among HIV+ indi-
viduals (Heaton et al. 2011; Grant et al. 2014). There has been research indicating a
particular association between the chronic and unstable forms of major depressive
disorder with HAND (Cysique et al. 2016). Depression on its own, without HAND,
can impact quality of life, productivity, and medical compliance. For example,
depression was found to be associated with a near doubling of HIV viral load in
an East African cohort with a point prevalence of depression up to 25% (Meffert
et al. 2018). This suggests that HIV itself, depression, and, possibly, HAND would
benefit from mental health screening and treatment to improve comprehensive care.
As a comorbidity with HAND, depression could be considered in diagnostic strat-
egies aimed at identifying HIV+ individuals with cognitive impairment.

Women are generally at a higher risk of depression and anxiety, and they account
for the majority of HIV cases in Africa (UNAIDS 2013). They are twice as likely to
contract HIV than their male counterparts and typically seroconvert at a younger age,
meaning they can have chronic HIV infection for the majority of their lives. Sexual
and gender-based violence contribute to the transmission of HIV, with gender
disparities — both cultural and social — still evident in many areas (Teitelman et al.
2016). A study of a Ugandan HIV+ female cohort estimated a prevalence of
depressive symptoms to be 47% and associated with a low CD4 count (less than
50) (Kaharuza et al. 2006). With higher rates of HIV infection and mental health
diseases, women are at risk for severe manifestations of HAND, compounded by the
lack of social support, particularly in patriarchal settings.

In addition to psychological stress, HIV-related stigma and low social support can
delay HIV testing and treatment (Parcesepe et al. 2018a, b). Fear of exclusion from
community and workplace due to the cultural construct of HIV stigma may be
heightened in low-income settings where jobs are limited, and families are central
to social support. Key populations including men who have sex with men (MSM),
vulnerable youth, transgender people, and sex workers are at particular risk for these
gaps in HIV care and mental health services, social isolation, and even political
persecution under certain governments. For example, sex workers contributed to
between 7 and 11% of new infections in Uganda, Swaziland, and Zambia and up to a
third of new infections in West Africa (Gouws et al. 2012). Delayed counseling and
testing among these vulnerable groups and a lack of social support could result in
more advanced cases of HIV, lack of ART adherence, and again an associated
increase in the risk of advanced cases of HAND and other complications related to
untreated HIV infection.

4 Consequences of HAND: Productivity, Quality of Life,
and Morbidity

As the leading cause of neurocognitive dysfunction in young adults in sub-Saharan
Africa, HIV has negative implications on patients’ daily activity, including their
ability to work, socialize, and overall quality of life. HAND also impacts an HIV+
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individuals’ daily functioning which can be seen even with early neurocognitive
impairment (Tozzi et al. 2007; Doyle et al. 2013).

The majority of HIV-infected individuals in RLS are in their prime working and
reproductive age (1545 years old), when it would be necessary to financially
support themselves and potentially a family. Cognitively impaired HIV+ patients
with a low socioeconomic status were found to be more likely to be unemployed and
fail social planning tasks (Benedict et al. 2000). Being unable to support themselves
and their household can lead to further health vulnerability, including depression,
decreased access to medical care, and inadequate nutrition.

In RLS, this loss of productivity extends beyond the individual level and debil-
itates the economic development in countries where poverty is already rampant. In
Ethiopia, HIV+ farmers spend between 11.6 and 16.4 h per week farming compared
with 33.6 h weekly for healthy farmers (Food and Agriculture Organization 2001).
Furthermore, it is expensive to manage millions of HIV+ individuals while
preventing the spread of HIV, particularly when there is a lack of infrastructure to
meet the increased disease burden and to provide lifesaving but lifelong medication.
The national debt and dependence on foreign aid has increased exponentially for the
countries most affected by the AIDS epidemic, perpetuating the entanglement of
HIV and poverty in areas of limited resources and competing needs. Although there
has been tremendous progress in managing HIV, there is still a need for sustainable,
affordable interventions to prevent the spread of HIV, retain individuals in care, and
improve health outcomes.

Impairment in memory, executive function, and psychomotor functioning can
promote significant difficulties with adherence to medication regimens, indepen-
dence in daily activities, and general health management (e.g., safe sex practices)
(Heaton et al. 2004). This impairment can impede independence of HIV+ individ-
uals and require assistance from a caretaker, subtracting another salary from the
low-income household. The caretaker’s role can have essential medical importance
from aiding in the diagnosis of HAND (Kisakye et al. 2018) to ART adherence,
which can be essential in RLS where there is limited access to clinics. Thus, the
clinical manifestations of HAND do not only plague the patient’s quality of life but
can also contribute to the long-term stress of a caretaker responsible for a cognitively
impaired HIV+ individual (Small et al. 2017).

The most severe consequences conferred by HAND are disabling dementia and
increased risk of mortality. HAD has been found to be an independent predictor of
death (Lescure et al. 2011; Sevigny et al. 2007), typically seen in advanced stages of
HIV, but ANI has also been implicated in earlier mortality (Heaton et al. 2011).
Despite greater access to treatment, the HIV epidemic has significantly burdened the
most heavily impacted societies, so the morbidity and mortality associated with
HAND require urgent attention in RLS.
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5 Advancing NeuroAIDS: Building an Infrastructure
for Neurocognitive Testing in RLS

Poverty undermines advances in HIV research and treatment, particularly in spe-
cialized sectors such as neurology, psychiatry, and psychology that require trained
investigators and clinicians, specific tools, and local interest. There is insufficient
data on the neurocognitive effects of HIV in RLS since the neuropsychological
studies carried out thus far are marked by inconsistent methods, test batteries, and
rating systems for levels of cognitive impairment (Robertson et al. 2009).

The neuropsychological (NP) battery and neurological exams are sensitive tools
for diagnosing HAND. Screening tools, such as the International HIV Dementia
Scale (IHDS), play an essential role for directing limited resources for the more
severe cases. The original HIV Dementia Scale (Power et al. 1995) was modified to
simplify the administration to patients by eliminating the antisaccades subtest and
replacing the timed written alphabet and cube copy time subtests with tests of motor
speed (finger tapping) and psychomotor speed (an alternating hand sequence test)
(Sacktor et al. 2005). The IHDS was evaluated in both American and Ugandan
clinics to determine if it can easily be performed across cultures. However, there
have been additional studies in RLS that have raised concerns regarding the psy-
chometric properties across culture and low sensitivity for milder manifestations of
HANDS (Joska et al. 2011). A recent study in Brazil found that a higher cutoff point
for impairment improved the marginal sensitivity but still compiled data to suggest
that the IHDS has limited utility as a screening measure when compared to other
commonly used three-test screening batteries (de Almeida et al. 2017). Although
IHDS has limitations, it is a publicly available tool that has shifted the focus to
simplicity and standardization to allow for easier integration into practice and
consistent data among diverse settings.

A major limitation in analyzing the clinical data from studies of HAND in RLS is
the lack of local, culturally relevant normative cognitive data. Normative datasets
consist of large cohorts stratified by age, gender, and education level to account for
region-specific characteristics of language, culture, healthcare barriers, endemic
infectious diseases, and genetic variability of both virus and host. The International
Neurocognitive Normative Study (ACTG A5271) established normative data to
provide a valid interpretation of the results from the study mentioned above on
ART naive HIV+ individuals enrolled in the International Neurological Study
(ACTG 5199). The substantial variations on the neurocognitive tests between
countries indicated the need for country-based normative data for an appropriate
comparison with HIV+ cohorts to create a sensitive screening and diagnosis of
HAND in specific RLS. It also became apparent that age, education, and, to a lesser
extent, gender are important variables in the variance associated with neurocognitive
test differences and thus necessary to control for (Robertson et al. 2016). A Thai-
based study evaluated this need for local norms by comparing normative data
obtained locally in Thailand to Western norms. The Thai and US groups performed
significantly differently on all neuropsychological measures except for verbal
fluency (Heaps et al. 2012).
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Heaton et al. (2008) have refined Western assessment methods to ensure they are
suitable in international settings, such as a large study in rural China that developed
demographically corrected neuropsychological test norms based upon HIV-negative
individuals (Heaton et al. 2008). A similar battery by Heaton has also estimated the
prevalence of HAND with demographically matched controls in diverse settings,
including Cameroon (Kanmogne et al. 2010), Nigeria (Akolo et al. 2014), and
Zambia (Kabuba et al. 2016). A recent study in Southern India (Kamat et al. 2017)
confirmed that this neuropsychological battery, when translated into Tamil, was still
understood by participants and identified a similar prevalence of HIV neurocognitive
deficits as an earlier study in Central India where the battery was available in Marathi
(Ghate et al. 2015). Modifying neuropsychological tests to the local language
requires more than a translation, since the battery must retain cultural relevance
with specific terms understood by the local population. These studies have expanded
the versatility of a sensitive battery in regions with prevalent HIV-1 clade C
infections and advanced knowledge through the collaboration with international
researchers.

At the premise of the gaps in conducting neuropsychological research in RLS is
the lack of trained personnel. The WHO Global Burden of Disease 2010 analysis
estimates that, together, neurological and psychiatric disorders account for more than
13% of global disease burden, with much of this burden borne by the developing
world (Mohammadi 2011). Yet, there are deficient educational resources for physi-
cians and social awareness of these conditions. The International Neurological Study
laid infrastructure for future studies by training the site staff to administer the
neuropsychological tests and neurological assessments, as have the studies by
Heaton et al. These instruments, including the user-friendly IHDS, were previously
absent in many of these settings, and now there are translated exams with trained
administrators to conduct the assessments for both research and clinical purposes.
The ability to conduct neurological and neuropsychological research in RLS will
facilitate an expansion of the NeuroAIDS field.

6 Clinical Implications, Translational Aspects, and Future
Directions

By mid-2017, 20.9 million people were receiving ART globally (WHO 2017).
While this number illustrates a formidable global health success, many are still
without treatment. As the population rapidly expands in African and Asian coun-
tries, there will be a new, larger generation of adolescent and young adults, who are
at the highest risk for HIV. The combination of these factors could lead to an
inevitable rebound in the epidemic unless prevention, treatment, and research efforts
to combat the infection are enhanced. Furthermore, the burden of dementia is
increasing in low-middle-income countries without a proportional increase in the
availability of treatment for those with severe cognitive and psychiatric problems
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(Ferri et al. 2005). This is in direct contrast to Western Europe and the United States,
where a 22-40% decrease in prevalence has been observed and has been attributed to
improved education, lifestyle, and living conditions (Wu et al. 2016; Langa et al.
2017).

For those without proper access to testing and treatment of HIV, the symptoms of
HAND may be more advanced and could even be a presenting symptom of HIV in
those previously undiagnosed. Clinical knowledge and awareness of HAND is thus
essential in areas of high HIV prevalence, particularly in low-income countries that
have barriers to testing and treatment. Signs of cognitive impairment in young adults
should be noted by healthcare professionals as additional incentive for the patient to
be tested for HIV infection. As discussed earlier, signs and symptoms of HAND can
interfere with an individual’s daily activities and financial stability. Thus, physicians
need to be informed on the diagnostic process for HAND, along with the resources
for their patients, to ensure that ART is started as early as possible to prevent
progression of the neurocognitive impairment.

Besides managing HIV infection with ART, there are no other specific treatments
for HAND. Innovative studies could aim to identify ART with beneficial effects on
the CNS, as well as novel adjuvant therapy. A better understanding of the HIV-1
clades and their neurovirulence factors can contribute to both a more effective
treatment as well as the quest for a cure. The immunopathology of these strains
has not been fully examined because of the research constraints in these low-income
regions, and this may be a missed opportunity for insight into the virus that continues
to evade efforts for developing a cure.

Furthermore, the fact that residual mild neurocognitive impairment is unaddressed
by effective ART is still a clinical and research concern (Marra et al. 2009). A recent
study from the United States study showed continued neurocognitive impairment
among a cohort with long-term suppressive ART (median of 8.5 years). The CSF
samples collected from this cohort showed that nearly half of the cells had detectable
HIV DNA. There was an association between the poor neurocognitive performance
and the isolated CSF cells with detectable HIV DNA, suggesting a functional
neurocognitive consequence to persistent HIV in the brain (Spudich et al. 2018).
Additional research needs to be performed to understand HIV reservoirs in the brain
and its clinical manifestation as persistent neurocognitive impairment.

7 Conclusion

Since the advent of ART, HIV+ individuals have a longer life expectancy and less
risk of central nervous system opportunistic infections. However, in order for these
individuals to not only live a longer but have a productive and improved quality
daily life, more attention needs to be focused on preventing and treating milder HIV
neurocognitive complications. This is particularly relevant in low-income countries
that continue to have barriers to ART availability, psychosocial stressors, high rates
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of coinfections, low educational attainment, nutritional deficiency, and possibly
more neurovirulent HIV-1 clades.

By improving access to equal quality healthcare and education in RLS, the
neurocognitive functioning of HIV+ individuals can be recognized and treated
earlier. This would minimize the risks associated with a low CD4 count and higher
viral loads. However, it will involve both social and medical advocacy to secure the
infrastructure necessary to improve the healthcare and educational sectors.

Though there have been strides in improving research and clinical care for HAND
in these regions, more steps must be taken to fully understand the dynamics of the
virus and disease course in the areas of highest HIV prevalence. Neuropsychological
examinations can allow clinicians and researchers to create a better understanding
of the causes of neurocognitive impairment and whether it is directly attributable
to HIV, comorbid factors, and/or immune factors associated with the HIV disease
course. Establishing the causes and severity of the impairment further dictates the
treatment and impacts the patient’s daily life. Thus, there are meaningful outcomes
to implementing standardized, normalized neuropsychological exams in RLS, as
several studies from this region have shown, and this offers additional incentive to
make them widely available with training opportunities for clinical staff.

Overall, there is a steep burden of disease in low-income countries with insuffi-
cient means to meet the medical demand in a manner that offers optimal patient care.
The lack of infrastructure, healthcare workers, education, sanitation, and social
policies has facilitated the spread of HIV in RLS and perpetuates the complications
of the disease, including HAND. It is necessary to continue scale up of ART and
build an infrastructure for sustainable healthcare and research to manage the com-
mon complication of neurocognitive impairment in HIV+ individuals. Otherwise,
HAND will continue to lead to a loss in productivity and more HIV-associated
deaths in areas that have already suffered the brunt of the HIV epidemic.
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Abstract People living with HIV (PLWH) residing in high-income countries
(HICs) are, in theory, well positioned to benefit from clinical care strategies that
predict optimal neurocognitive and neuropsychiatric outcomes. However, there is
substantial inter-individual variability in access to clinical care, prevalence of
co-occurring risk factors, and comorbid health conditions that represent barriers to
achieving the full potential of antiretroviral therapy (ART). Complex interactions
between these variables translate into heterogeneity in HIV clinical phenotypes,
including abnormalities in brain structure and function. The growing population of
PLWH in HICs who are now reaching advanced age introduces additional causal
pathways of neurocognitive variability among PLWH receiving ART. These pat-
terns foreshadow trends expected to develop globally in response to increased access
to ART. This chapter reviews the combination of highly dimensional risk factors for
neurocognitive complications among PLWH residing in HICs. We begin with a brief
description of the neuropathological, neuroimaging, and neurocognitive signatures
of HIV, followed by a summary of controversies regarding the clinical presentation
of HIV-associated neurocognitive disorders (HAND), including putative synergies
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between HIV disease dynamics and advanced age. Finally, we introduce innovative
research strategies that have potential to advance the existing conceptual framework
of HAND and, ideally, catalyze the development and of clinical interventions needed
to achieve HIV treatment and eradication efforts.

Keywords Data science - High-income countries - HIV -
HIV-associated neurocognitive disorders (HAND) - Neuroimaging -
Neuropsychology

1 Introduction

In 2019, 81 countries were designated by the World Bank as high-income countries
(HICs), a designation that is based on per capita income of approximately $12K/
year. At the macro level, individuals residing in HICs are positioned to benefit from
HIV-related health programs that can reduce the lag time between symptom onset
and confirmation of HIV serostatus, access to antiretroviral therapy (ART), and
access to ongoing clinical care. However, a large body of evidence indicates that a
large percentage of PLWH who reside in HICs exhibit persistent disease complica-
tions (e.g., neurocognitive symptoms) despite sustained use of suppressive ART.
Understanding these outcomes is facilitated by the recognition that many of the
advantages of residing in HICs do not translate equally to all individuals. Rather,
there is substantial variability in social, cultural, economic, and related ethnographic
factors that moderate the risk of neurocognitive symptoms (Paul 2019). For example,
black individuals residing in financially impoverished regions of the USA experi-
ence a longer delay between symptom onset and HIV diagnosis, more severe disease
status at the time of ART onset, and a lower rate of viral suppression after treatment
when compared to white PLWH (Avert 2018). An additional complicating factor is
the disproportionate frequency of HIV among individuals who have recently
migrated to HICs from lower income regions of the world. For example, studies
conducted in Canada, United Kingdom, and Germany reveal that up to 40% of new
HIV diagnoses involve individuals who had recently migrated from lower income
countries (Alvarez-del Arco et al. 2013; Avert 2017; Krentz and Gill 2009; Prosser
et al. 2012; Ross et al. 2018). Clearly, one cannot assume that PLWH who reside in
HICs share the same profile of risk and protective mechanisms for neurocognition.

Biological diversity is a cardinal feature of HIV. Studies conducted in HICs
report significant inter-individual variability HIV disease dynamics before individ-
uals initiate ART. For example, nadir CD4 T-cell count, current CD4 T-cell count,
viremic set point, detectability of HIV in the cerebrospinal fluid (CSF), and plasma,
as well as immune activation and inflammatory markers differ substantially across
individuals (Gawron et al. 2019; Guha et al. 2016a; Imp et al. 2017; McLaren et al.
2015; Sanford et al. 2018a; Strain et al. 2017). After treatment onset, PLWH
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continue to exhibit variable degrees of immune discordance (i.e., suboptimal CD4
T-cell reconstitution despite undetectable viral load), viral blips, and treatment
failure (Pernas et al. 2016; Robbins et al. 2007; Zoufaly et al. 2011). Differences
in host factors including early life adversity, mental distress during adulthood, and
substance use are hypothesized to contribute to HIV clinical heterogeneity and risk
strata for neurocognitive symptoms (Clark et al. 2018; Hellmuth et al. 2017; Ladak
et al. 2019) that comprise HIV-associated neurocognitive disorders (HAND)
(Antinori et al. 2007).

This chapter focuses on the multidimensional nature of risk factors for HAND
among PLWH residing in HICs. Our work targets studies conducted in the USA,
United Kingdom, Canada, Germany, and Australia. We begin with a review of the
neuropathological, neuroimaging, and neurocognitive phenotypes of HIV, with
comparisons drawn between key studies conducted before vs. after the introduction
of ART. We then summarize current controversies regarding the clinical presenta-
tion of HAND among individuals residing in HICs, including potential synergies
between mechanisms of HIV and advanced age. Lastly, we provide an introduction
to data science methods that have potential to inform the conceptual model of
HAND and, ideally, offer a new path toward achieving precision health initiatives
that are essential to the successful implementation of global HIV treatment
initiatives.

2 Variability in Viral-Host-Brain Dynamics Begins During
Early Infection

An oft cited observation is that HIV enters the CSF soon after viral infection. A study
conducted among individuals with less than 4 weeks of infection revealed detectable
levels of HIV RNA in central nervous system (CNS) among adults in Thailand with
acute HIV (Valcour et al. 2012). Evidence of HIV penetration was observed as early
as Fiebig stage I, which corresponds to approximately 1 week postinfection. Fur-
thermore, most cases exhibited CNS involvement by Fiebig stage III (approximately
3 weeks postinfection), which coincides with the time when viral reservoirs are
established. However, HIV RNA was not detected in the CSF in 17% of the sample
regardless of Fiebig stage or the degree of neuroinflammation measured by
neopterin. These results point toward viral factors associated with brain dysfunction
operative prior to the onset of ART. Whether this variability predicts individual risk
for the development of neurocognitive impairment represents an important area of
future investigation.
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3 Neuropathological Signatures of HIV

Neuropathological studies conducted during the early period of the HIV epidemic in
HICs described astrocytic reaction and infiltration of multinucleated cells (Navia
et al. 1986; Price et al. 1988). Studies also reported high levels of parenchymal
macrophages and perivascular lymphocytes in subcortical brain regions, with heavy
involvement of brain regions near the third ventricle (e.g., basal ganglia) (Grant et al.
1987; Navia et al. 1986; Price et al. 1988; Price and Brew 1988; Pumarola-Sune et al.
1987). The predilection for frontal-subcortical brain circuits remains the prevailing
conceptual model of HIV-associated brain dysfunction (Paul 2019). This phenotype
holds in the current era of ART, despite the high rate of cerebrovascular disease
among older PLWH (Masia et al. 2019; Moulignier et al. 2018; Vinikoor et al.
2013). While concern has been raised regarding an increased risk of other
age-related brain disorders such as Alzheimer’s disease (AD) among older PLWH,
empirical studies have not demonstrated a clear link between HIV serostatus and AD
neuropathology (Ances et al. 2010, 2012a; Cooley et al. 2019; Milanini et al. 2019;
Soontornniyomkij et al. 2012; Soontornniyomkij et al. 2019).

4 Neuroimaging Abnormalities of HIV

In the pre-ART era, neuroimaging investigations revealed high signal intensity,
ventricular and sulcal dilation (i.e., cortical atrophy), and reduced basal ganglia
volumes among PLWH with immunosuppression (Grant et al. 1987; Kramer and
Sanger 1990; Navia et al. 1986; R. Paul et al. 2002). Reduced white matter volume
and increased burden of white matter hyperintensities (WMH) were also commonly
reported (McArthur et al. 1990; Olsen et al. 1988). Results from studies conducted in
the post-ART era describe the same general neuroimaging signature of HIV (Ances
et al. 2012b; Heaps-Woodruff et al. 2018; Heaps et al. 2012; Ortega et al. 2013;
P. W. Wright et al. 2015). Recent studies also reveal alterations in broad cortical and
subcortical brain networks (Baker et al. 2017; Guha et al. 2016b; Ortega et al. 2015;
Thomas et al. 2013) that correspond to more severe neurocognitive symptoms
(du Plessis et al. 2017). Finally, volumetric reductions have been observed in
subcortical and cortical brain regions, with modest associations noted across immu-
nological and cognitive indices (Guha et al. 2016b; Sanford et al. 2017; Wade et al.
2015).

Interestingly, Sanford et al. (2018a) reported subcortical brain atrophy among
PLWH with less than 1 year of disease duration, with no further atrophy observed
over the first 6 months of ART. By contrast, studies conducted in Thailand (a mid-
dle-income country) report no evidence of neuroimaging abnormalities in the first
30 days of infection (Samboju et al. 2018), but progressive basal ganglia atrophy
over a 2-year period (Kallianpur et al. 2020). These latter findings are concerning,
particularly since study participants had initiated suppressive ART in the first weeks
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of infection. The latter study did not include HIV uninfected individuals as a
reference group, but the young age of the sample (~26 years old) suggests that the
neuroimaging changes over 2 years are more severe than what would be expected
from age alone.

5 The Neurocognitive Phenotype of HIV

Case—control studies conducted in HICs describe a neurocognitive profile of HIV that
aligns with neuropathological abnormalities in subcortical brain regions. Investiga-
tions revealed that PLWH are prone to experience psychomotor slowing, reduced
information processing speed, executive dysfunction, and low verbal and visual
learning efficiencies (Kore et al. 2015; Navia 1997; Paul et al. 2002; Price and Brew
1988; Tate et al. 2011; Valcour et al. 2011). In the post-ART era, the neurocognitive
phenotype of HIV remains “subcortical” in nature. In alignment with studies focused
on biomarkers, there is no clear evidence of a shift in the neurocognitive pattern
toward a “cortical” phenotype typical of AD (Paul 2019). Further, most studies report
relatively stable neurocognitive symptoms in the context of sustained ART (Alford
and Vera 2018; Ananworanich et al. 2016; Liner et al. 2008). Evidence of progressive
neurocognitive decline (Grant et al. 2014) is unlikely in younger individuals who are
virally suppressed and free of etiologies that complicate the diagnosis of HAND (e.g.,
psychiatric disease or substance use). The increased prevalence of cerebrovascular
disease described above may precipitate progressive worsening of neurocognitive
symptoms, but the profile remains subcortical in nature.

6 HIV Disease Correlates of Brain Injury

The degree of immune suppression before ART (indexed by nadir CD4 T-cell count)
is associated with neuropathological, neuroimaging, and neurocognitive abnormal-
ities in PLWH (Cohen et al. 2010; Ellis et al. 2011; Joska et al. 2010; Wright et al.
2018). After ART, current CD4 T-cell count is often discordant with the severity of
brain injury. This discordance results from the rapid increase in plasma CD4 T-cell
count that follows ART (Erb et al. 2000), without a concomitant resolution of
neuronal damage (Gates and Cysique 2016; Sanford et al. 2018b). Other HIV
disease correlates of brain injury include plasma markers of immune activation
(e.g., soluble CD163), monocyte immunophenotypes (e.g., CCL2 receptors),
neopterin, neurofilament light chain, and CD4/CD8 T cell ratio <1.0 (Burdo et al.
2011a, b; Du Pasquier et al. 2013; Gisslen et al. 2016; Letendre 2011; McGuire et al.
2015; Spudich 2016; Yilmaz et al. 2017). Nevertheless, a single biomarker or
combination of biomarkers of HAND remains elusive.
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7 Age-Related Mechanisms of HAND

The average age of HIV-infected individuals in HICs is now over 50 years of age
(Centers for Disease Control and Prevention 2019; Clifford et al. 2017). The increase
in life expectancy has raised concern about possible synergies between HIV and
aging that have potential to exacerbate symptoms of HAND (Clifford et al. 2017,
Cohen et al. 2015; Fazeli et al. 2014; Levine et al. 2016; Pfefferbaum et al. 2018;
Saloner et al. 2019; Sheppard et al. 2017). Mechanisms of cardiovascular and
cerebrovascular diseases, diabetes, and insulin resistance have gained recent atten-
tion as potential contributing factors to cerebrovascular disease and associated
neurocognitive difficulties (Gallant et al. 2017; Onen et al. 2010; Pelchen-Matthews
et al. 2018; Schouten et al. 2014). The severity of cardiovascular disease is associ-
ated with immune activation, systemic inflammation, and CD4+ T-cell depletion in
older individuals receiving ART (Duprez et al. 2012; Lang et al. 2012; Lichtenstein
et al. 2010). Other studies report higher absolute CD8+ T-cell count and lower
CD4/CD8 ratio associated with coronary plaque burden and increased risk of
myocardial infarction (Lang et al. 2012; Lo et al. 2010). Evidence of cerebrovascular
burden on neuroimaging (Chu et al. 2018; Cysique et al. 2013; Jeon et al. 2017; Su
et al. 2016) aligns with results from neuropathological studies conducted in the post-
ART era, demonstrating increased prevalence of cerebrovascular disease in PLWH
receiving ART.

One of the most interesting narratives in the current literature relates to the
concept of premature and/or accelerated aging. Premature aging refers to an earlier
onset of biological mechanisms that underlie degenerative age conditions (cardio-
vascular disease, etc.). Accelerated aging, by contrast, refers to a faster progression
of related health conditions that begin at normative ages (Margolick and Ferrucci
2015). To date, studies have not demonstrated a clear example of either premature or
accelerated aging in HIV-infected individuals. Cole et al. (2017) described lower
brain age in HIV-infected individuals residing in HICs based on discrepancies in
brain volumes relative to age-adjusted norms. While often cited as evidence of
accelerated brain aging, the study reported no age by HIV serostatus interaction.
Further, all brain regions were aggregated into a single imaging metric, which did
not allow for examination of age-specific patterns. Pfefferbaum et al. (2018)
described accelerated brain aging in 68 adults with chronic HIV. Using a mixture
of cross-sectional and longitudinal structural neuroimaging data, more severe atro-
phy was observed in the thalamus and frontal and parietal regions in older individ-
uals, with more severe changes observed among individuals with concurrent
substance use disorders. However, longitudinal scans were unavailable for approx-
imately half of the sample, and for the cases with more than one scan, the time
interval between scans differed markedly (from 1 month to 8 years). Other studies
describe reduced telomere lengths in older HIV-infected individuals receiving ART
(Leeansyah et al. 2013; Liu et al. 2015; Quiros-Roldan et al. 2020) and alterations in
epigenetic clocks (Horvath and Levine 2015) that implicate mechanisms of prema-
ture aging. However, these ‘“aging” biomarkers have also been reported in
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HIV-infected children (Cote et al. 2012; Gianesin et al. 2016; Shiau et al. 2018),
suggesting that these biomarkers represent biological perturbations across a broader
spectrum of disease mechanisms than age per se.

Increased rates of frailty among PLWH have been described as evidence of
interactions between advanced age and HIV pathogenicity, but again, the findings
have generated debate and controversy. Frailty is defined as a state of significant
health vulnerability (Fried et al. 2001). Phenotypically, frailty reflects a constellation
of clinical symptoms including reduced ambulation/motor speed, physical weak-
ness, unintended weight loss, exhaustion, and/or reduced activity levels. Correlates
of frailty in HIV include higher viral load and lower CD4 count, elevated plasma
markers of immune activation, female sex, hepatitis C, depression, diabetes, and
chronic obstructive pulmonary disease (Brothers et al. 2014; Desquilbet et al. 2007;
Guaraldi et al. 2011; Morgello et al. 2019; Paul et al. 2018). Neuroimaging correlates
of frailty are less well understood. However, recent work conducted by our group
(Paul et al. 2020) utilized ensemble machine learning to identify a data-driven
classifier of frailty in older PLWH. The algorithm was comprised of lower CD4
T-cell count, psychomotor performance, and neuroimaging indices of visual and
motor brain systems (see Fig. 1). These results provide proof of concept that data-
driven models can identify underlying mechanisms of complex clinical phenotypes
among older HIV-infected individuals. Further, the results raise hope that interven-
tions aimed at bolstering visuomotor skills and reducing mild to moderate depressive
symptoms could improve health resilience in older individuals with chronic HIV.

8 Application of the Frascati Criteria for HAND

The Frascati criteria (Antinori et al. 2007) were developed to provide a general
diagnostic framework for the classification of HAND. Central components of the
Frascati criteria include a structured assessment of two or more neurocognitive
domains with at least two tests in each domain, comparison of performances to
normative references, assessment of real-world impact of neurocognitive difficulties,
and assurance that the neurocognitive symptoms reflect mechanisms of HIV rather
than comorbid conditions (e.g., depression, substance use). Unfortunately, fidelity to
these recommendations varies widely across studies conducted in HICs. Further,
standardized methods address the diverse range of socioeconomic, ethnic, and
educational factors in the population in these regions (Gisslen et al. 2011; Winston
et al. 2013). Hence, the accuracy and utility of the Frascati guidelines depend on the
representativeness of the normative data for any given population. Overcoming this
hurdle will require methods that allow for more flexibility in neurocognitive
phenotyping.

Current methods to ascertain neurocognitive impairment are inflexibly dependent
on the details of the assessment process. Demographic (e.g., age, sex, quality of
education) and cultural (e.g., language, migrant status) variables, test selection,
motivation and effort level of the examinee, fidelity to test administration instruction,
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operational definition of impairment, etc. all represent potential sources of errors.
These sources of error are equally important in studies of PLWH in HICs as they are
to lower income regions of the world (Meyer et al. 2013; Saloner and Cysique 2017).
Internal and external validities are also a concern when relying on screening
measures (e.g., Mini Mental Status Examination) that lack sensitivity to milder
forms of neurocognitive impairment (Brouillette et al. 2015; Elbirt et al. 2015;
Janssen et al. 2015; Kim et al. 2016). Reviews suggest that screening tools such as
CogState are reasonably sensitive to moderate levels of neurocognitive impairment
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(Cysique et al. 2006, 2010; Zipursky et al. 2013). However, these screening tools are
less sensitive to mild symptoms. Even with more detailed assessment methods,
many systems lack appropriate norms for minority groups and individuals with
low education levels (Jacobs et al. 1997; Manly et al. 2004; Nielsen et al. 2018;
Perez-Arce and Puente 1996). Research conducted more than 15 years ago revealed
that racial differences moderate test performance (Manly et al. 2004), yet we still
lack a universal approach to mitigate these challenges. The impact of using inap-
propriate norms on prevalence rates can be seen in studies reported from the
Pharmacokinetic and Clinical Observations in People Over Fifty (POPPY) cohort
in the UK (Garvey et al. 2011), which describe exceptionally low rates of HAND
based on results obtained from a computerized screening battery with unknown
sensitivity to less severe neurocognitive impairment and unknown normative repre-
sentation for minority groups. As reviewed by Saloner and Cysique (2017), studies
that have utilized more comprehensive testing methods and culturally appropriate
normative samples report persistent neurocognitive problems in approximately half
of PLWH.

Alcohol and illicit drug use, both prevalent in HIV, contribute to the challenges
with the current approach to HAND (Anthony et al. 2005; Attonito et al. 2014; Byrd
et al. 2011; Devlin et al. 2012; Ferris et al. 2008; Meade et al. 2015; Nath 2010;
Schuster and Gonzalez 2012; Tedaldi et al. 2015). Deleterious effects of heavy
alcohol use and other substances on structural and functional brain metrics in
PLWH have been extensively documented (Carey et al. 2006; Cohen et al. 2019;
Gonzalez et al. 2011; Loftis et al. 2011; Meade et al. 2011; Thames et al. 2017).
Despite the high prevalence of lifetime and recent polysubstance use among PLWH
in HICs, there is no agreed upon method to determine how much use/misuse of a
drug, or combination of drugs, meets threshold to disqualify a diagnosis of HAND.
Many studies rely on the Diagnostic and Statistical Manual of Mental Disorders
(DSM-5) (American Psychiatric Association 2013) to identify a clinical “use disor-
der,” but this method emphasizes social burden as an indicator (e.g., arrests, loss of
employment) vs. brain integrity. A universal approach for considering the potential
contribution of recent and remote substance use is needed.

HAND determination also requires evidence of disruption to activities of daily
living (ADLs) due to neurocognitive problems. Commonly, studies utilize self-
report measures of daily functioning, most of which were developed for other
neurological conditions (e.g., Alzheimer’s disease). These questionnaires are low
cost and low burden and have reasonable face validity (Blackstone et al. 2012;
Shirazi et al. 2017). However, the results are susceptible to social desirability, recall
bias, and the mental health of the respondent as well as degree of neurocognitive
impairment (Blackstone et al. 2012). Further, it is difficult to determine the degree to
which a reported decline in ADLs is due to neurocognitive problems rather than
concurrent depression, apathy, fatigue, physical illness, and/or other etiological
factors (Clifford and Ances 2013; Doyle et al. 2013; Obermeit et al. 2017; Vance
et al. 2011). Performance-based measures mitigate some of these concerns, but the
external validity of performance-based methods remains unclear. Additionally, a
tautological trap exists when performance-based measures of ADLs rely on the same
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neurocognitive operations assessed in the neuropsychological testing. Unfortu-
nately, variance in real-world functional correlates of either self-report or perfor-
mance-based ADL measures is compounded by culturally insensitive items and
inventories that comprise the majority of current measures (Kordovski et al. 2019).

An international task force was established in 2017 to overcome the challenges
described above related to the Frascati criteria (Saloner and Cysique 2017). This task
force is charged with ensuring that recommendations for testing consider the quality
of the normative data for each task, strength of the psychometric properties (includ-
ing acceptable floor and ceiling effects), ease of use (portability, brevity), cost,
copyright protection, availability of alternate forms for longitudinal studies, and
clear evidence of sensitivity to disease neuropathogenesis. The neuroHIV field has
lagged behind other disciplines in the adoption of a common, or minimum,
neurocognitive assessment protocol. The task force is encouraged to consider exem-
plars from other fields such as the protocols described by the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) (Petersen et al. 2010), the Canadian Stroke Best
Practice Recommendations for Mood, Cognition and Fatigue following Stroke
(Hachinski et al. 2006), and the Minimal Assessment of Cognitive Function in
Multiple Sclerosis (MACFIMS) (Benedict et al. 2006). Further, integration of
measures of cognitive neuroscience is recommended to align with the ongoing
NIH-sponsored Research Domain Constructs or “RDoCS” initiative aimed at dis-
mantling diagnostic categories into dimensional constructs.

The task force will also need to consider the additive value of functional assess-
ment and neuroimaging as qualifiers or nested requirements for a diagnosis of
HAND. Intuitively, self-reported measures of decline in ADLs using procedures
for dementia resulting from AD might create too much noise in the diagnostic
algorithm vs. relying on cognitive performance using a standardized battery. This
is an empirical question that should be addressed prior to any effort to revamp the
diagnostic algorithm. Furthermore, the creation of normative data with accurate
representation of the diverse HIV population should be prioritized. Additional
research is needed to determine if neuroimaging signatures of HIV should be a
prerequisite in the diagnostic algorithm.

9 Research Opportunities Using Data Science Methods

Traditional data analytic methods are not well suited to discover novel mechanisms
of complex clinical phenotypes (see Miller et al. 2016). Inferential methods are
restricted by statistical assumptions (e.g., normality), redundancy, and data manip-
ulations that are necessary to address problems that arise from either too little (e.g.,
imputation) or too much (e.g., data aggregation) information. Traditional analytic
methods also require investigators to identify predictors a priori before the underly-
ing structure of the target clinical phenotype has been defined. This is a treacherous
task that involves guesswork and/or recycling of significant variables reported in
prior studies, a process that is unlikely to yield transformative outcomes. The task is



Deep Phenotyping of HIV Neurocognitive Complications Among Individuals Residing... 255
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even more challenging when predictive models are built from longitudinal data
and/or clinical phenotypes that morph over time in response to treatment, environ-
mental factors, etc. These limitations have sparked recent interest in the application
of analytic approaches that utilize a “top-down” approach that is most consistent
with a systems biology framework. Whereas “bottom-up” frameworks require
guesswork to build clinical phenotypes, top-down models rely on large amounts of
dimensional data to identify patterns of mathematical dependencies without need for
a priori assumptions about the most salient features or reliance on categorical labels
(e.g., “impairment”). Data-driven top-down models also allow for examination of
interactive mechanisms and phenotypes that change over time. This is critical for
HIV given the clinical variability that has been reported from one person to the next
and from one time point to the next.

Data-driven methods are not constrained by the number of data inputs or the
dimensional characteristics of predictor variables, allowing for integration of large
amounts of information that cuts across omnibus diagnostic categories to delineate
subtypes that are easy to miss using traditional analytic strategies alone. Figures 2
and 3 depict the gain in model specificity, and insights into disease mechanisms, that
can be achieved through integrative data-driven methods.

Research on neurocognitive symptoms of HIV frequently employ statistical
methods to “control” variables described as “nuisance factors” (age, sex, etc.) that
require methodological (e.g., recruitment that excludes subgroups) and/or statistical
(e.g., covariate analyses) control. However, to the extent that variables represent key
determinants, exclusion of these “nuisance” variables lowers the biological and
clinical relevance of the final model. This is problematic for studies focused on
HAND because we do not yet understand the underlying risk factors that explain
individual risk for neurocognitive symptoms (Paul 2019). Traditional analytic strat-
egies are not well designed to overcome this challenge. This is particularly true for
studies that involve multivariate outcomes, in which inference testing is prone to
producing spurious results that do not replicate in follow-up studies (Burnham and
Anderson 2002; Miller et al. 2016). It is time to adopt a new approach.



256 R. Paul et al.

Fig. 3 Theoretical 3D e Low Risk
representation of subgroups e Medium Risk
within the HIV e High Risk o

neurocognitive cluster. Here
the data represent groups
clustered by HIV disease
severity (CD4 T-cell count),
neurocognitive performance
(NPZ-8), and a
neuroimaging marker of
white matter microstructural
integrity (fractional
anisotropy)

CD4 T el count

An exemplar method that our group is currently utilizing to explore deep pheno-
types of HAND is an analytic tool referred to as Correlation Explanation (CorEx)
(Ver Steeg and Galstyan 2014). CorEX is an unsupervised data-driven clustering
algorithm that identifies hierarchical representations of highly dimensional data
using information theoretic principles. CorEx maximizes multivariate mutual infor-
mation (defined as total correlation) by conditioning dependence among observed
samples onto constructed latent factors. The hierarchical reconstruction of informa-
tion interdependence is represented by variable layers, with lower layers referencing
local relationships between variables and higher layers representing global or net-
work interactions. This approach is unique among cluster-based approaches because
all of the relational information is utilized, rather than a subset of nonoverlapping
variables. As a result, results from CorEX more closely approximate the
multidimensional approach of systems biology. We have applied CorEx to identify
latent phenotypes of individuals with acute HIV, which revealed two highly differ-
entiated subgroups, including a phenotype dominated by worse HIV/inflammatory
disease features (immune response, viral load, Fiebig stage; 22%) in addition to
emergent mental health features, and a phenotype dominated by mental health
features (anxiety, depression; 25%%; Fig. 4).

Interestingly, when comparing disease outcomes 2 years after individuals initi-
ated ART within weeks of infection, the mental health subgroup was less likely than
the HIV disease severity subgroup to achieve a favorable clinical phenotype (i.e., no
AIDS-defining illness or grade 4 Adverse Events (AEs), CD4 T cells >500 cells/
mm3, CD4/CD8 T-cell ratio >1.0, viral load <20 copies after 6 months of treatment;
48% vs. 33%). Even more intriguing, preliminary work from our group using
ensemble machine learning, a form of machine learning revealed that CD4/CDS8
T-cell ratio below 1.0 was the strongest classifier of treatment phenotype. We then
identified five distinct clusters of CD4/CD8 T-cell ratio trajectories modeled from
baseline (pre-ART) to week 96 post ART. The subgroups were comprised of
individuals with CD4/CD8 T-cell ratio > 1 at each timepoint (Stable High: 32%);
participants with CD4/CD8 T-cell ratio < 1 at baseline with progressive stabilization



Deep Phenotyping of HIV Neurocognitive Complications Among Individuals Residing... 257

Latent factor 0
HADS_13a -

. .
BGGPC_A -
FWMins Iq H
BGNAA_A -
rwvmcere B N
BGCr A -
FWMCr -1
FWMNAA 1 il
EnrolimentFiebigOriginal -
BGIns_A - o
BGGIu3TorGIx1.5T B - I
FWMGIu3TorGlx1.5T 41 [ 1
CompleteBloodCountLymph - [ [
CD8Absolute -
CompleteBloodCountNeutro -
EducationYear -l i | o |
QOL_16 - [ il i -2
QOL_PHYS ©
GroovedPegboardZScore -
QoL 22 ™ - -3

--1

-

Latent factor 3
HADS_6d ~ 3

HADS_Anx_Sum -
HADS_7a L
HADS_la - o 2
HADS_5a -
TrailsAZScore
QOL_7 - L
QOL_26 - O 1 0 :
QOL_15 -
PlasmaVvL -
NPGlobalZScore
PHQ_3- || [
PHQ 4 -
QOL_10 4
QOL_17
PHQ_2 - |
HADS_Dep_Sum - ) =2
QOL_11 - ]
pHo_1- M l

PHQ_8 - -3

Fig. 4 CorEx heatmaps depicting latent factors among acutely infected individuals at baseline.
Participants are classified in a binary fashion (depicted on a scale of blue to red) according to mutual
information explained per latent factor

by week 24 (Improving: 18%); those with inconsistent ratios (increases and
decreases) over the observation period (Inconsistent:11%); and individuals with a
CD4/CD8 T-cell ratio < 1 at each timepoint (Stable Low: 39%). Baseline compar-
isons between clusters revealed lower levels of mental distress and lower plasma
viral load among individuals in the High and Improving subgroups, supporting the
CorEx results that focused on baseline values. Results also revealed elevated
markers of mental distress, Fiebig stage, and plasma and CSF stress-related cyto-
kines (e.g., IL-6, IL-1p, TNF-a) and markers of HIV-induced immune dysfunction
(e.g., IL-5, IL-21, MCP-1). While preliminary, these findings derived from a
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Fig. 5 Feature importance ranking (top) and receiver operator curves (bottom) for the longitudinal
GBM and logistic regression analyses. The interactive feature list was comprised of interactions
between HIV indices, physical, and mental health including hematocrit (avg) x CBCL Somatic
Problems score (max % A), CD4 count at baseline (first) x CBCL Total Score (avg % A), CBCL
Somatic Complaints score (std) x CBCL Internalizing score (min % A), CBCL Withdrawn score
(max) x CBCL Withdrawn score (min % A), CBCL Total Score (min % A) x CBCL Affective
score (min % A), and CBCL Thought Problems score (max) x CBCL Thought Problems score
(avg)

combination of data-driven and inferential statistics provide compelling evidence
that neuroimmune mechanisms triggered by mental distress are capable of altering
HIV disease dynamics and long-term response to ART.

Other studies have demonstrated explanatory and predictive gains using machine
learning methods. For example, Ogishi and Yotsuyanagi (2018) utilized machine
learning to identify three novel viral proteins that distinguish PLWH with vs. without
dementia. More recently, Tu et al. (2019) utilized machine learning to demonstrate
the contribution of mental distress on HIV-related neurocognitive complications
after ART. Finally, recent studies from our team using ensemble machine learning
identified HIV disease mechanisms and mental health difficulties that collectively
predicted neurocognitive development in children and adolescents with perinatal
HIV (Paul et al. 2019) (Fig. 5). Baseline gradient boosted models classified
neurocognitive trajectories with 71% accuracy (AUC 79%), while longitudinal
factors improved accuracy to 77% (AUC 87%). Interestingly, the baseline feature
list was comprised of mainly HIV disease (viral load) and immune markers (CD4
and CDS8 T-cell counts), while the longitudinal model highlighted contributions of
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physical and mental health to the baseline model. Further, longitudinal models with
two-way interactions showed more detailed interactions between physical and
mental health and HIV indices (accuracy 80%, AUC 90%). Additional preliminary
evidence from our group utilizing advanced clustering techniques also emphasizes
the significance of substance use at the time of HIV infection in adults on long-term
outcomes, including impacts on brain network connectivity (e.g., default mode
network) and mental health phenotypes (e.g., elevated depression and anxiety
scale scores).

10 Clinical Implications

It is important to recognize that data science methods, such as machine learning, are
vulnerable to overfitting and model interpretation error. Additionally, risks related to
human subject’s research (e.g., participant privacy, safety, and data fidelity) exist
and can even be amplified in research using data-driven models, including the
potential for algorithms to exacerbate discriminations that perpetuate health dispar-
ities. Additional work is needed to develop tangible guidelines for algorithm training
and validation and minimum performance metrics before mathematical algorithms
are applied to the clinical setting. Best practices require that multidisciplinary teams
work collaboratively across the entire continuum of clinical science, beginning with
defining the purpose, available/needed data sources, optimal feature selection strat-
egy, data science model, and potential challenges/alternate approaches. These prac-
tices are needed to prevent the development of algorithms that are devoid of clinical
relevance. Guidelines have been established (e.g., Transparent Reporting of a
Multivariable Prediction Model for Individual Prognosis or Diagnosis; TRIPOD)
(Collins et al. 2015; Moons et al. 2015) for scientific transparency, reproducibility,
and reliability, which are essential to foster clinical relevance. Additionally, it is
important that future studies examine predictive models that differ in complexity of
input features (e.g., removal of MRI metrics for some models). This recommenda-
tion applies to studies focused on HICs where patient care does not occur solely in
the context of research-intensive academic medical centers. Finally, investigators are
encouraged to disseminate the processing pipelines, feature selection protocols,
extraction methods, final source codes, etc. on Github (and/or similar publicly
available sites) to facilitate transparency and reproducibility, as well as post
pre-prints on BioRvix or similar sites to shorten the time lag between scientific
innovation and clinical implementation. Combined with harmonized study proto-
cols, the recommendations above have potential to transform current clinical care
models by identifying high-risk cases, so that tailored interventions can be delivered
to improve neurocognitive outcomes and overall health among individuals residing
in HICs.
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Abstract HIV infection has become a chronic disease managed across the life span.
In this context, the cognitive health of HIV infection needs to have methods for
monitoring over time, in order to better anticipate HIV-associated neurocognitive
disorder (HAND) trajectories in relation to biomarkers, and predict prognosis and
especially the risk of dementia as People Living with HIV (PLHIV) age. In this
chapter, we critically review several statistical frameworks to quantify cognitive
change. We then provide a critical review of naturalistic longitudinal studies and
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selected randomized clinical trials assessing neurocognitive change as a primary
outcome in PLHIV, conducted since the advent of the combined antiretroviral
therapy era (censored January 2019). Doing so, we distinguish between PLHIV
who were treated early and did not experience AIDS (CDC 1993), versus treated
late, after experiencing AIDS and more severe immune compromise. Highlighting
strengths and limitations of these studies, we emphasize that issues of reliability
pertaining to the use of neuropsychological tests need careful consideration for the
robust quantification of cognitive change, including measurement error, practice
effect, inter-individual variability, baseline level of functioning, demographic
effects, timeframe between testing intervals, normative longitudinal data, and
operationalization of clinically meaningful neurocognitive change. In addition,
issues pertaining to longitudinal analyses including type, amount and pattern of
missing data and/or participant attrition, regression toward the mean, and survivor
bias need to be properly addressed. We conclude by proposing future research
directions with emphasis on research translation to clinical participants.

Keywords Cognitive change - HIV infection - Longitudinal studies -
Neuropsychological tests - Practice effect

1 Introduction: People Living with HIV Infection (PLHIV)
Have Different Starting Points for Their Life-Span
Cognitive Health

Major improvements in combined antiretroviral treatment (cART) accessibility and
successful rates of treatment have caused AIDS-related mortality rates to substan-
tially decline all over the world. At the same time, there has been a steady increase in
the overall prevalence and average age of people living with treated chronic HIV
infection (UNAIDS 2018). Because of this, People Living with HIV (PLHIV)
currently on stable cART can show major differences in their illness profiles and
associated differences in duration of infection, ART exposure, and age-related
comorbid conditions. Of relevance to life-span cognitive health, we can schematic-
ally describe two main groups of well-treated people: (1) PLHIV who have experi-
enced AIDS and severe immune compromise and are now clinically stable and
virally suppressed; (2) PLHIV who have never experienced AIDS and severe
immune compromise and who were treated early with optimal cART remaining
thereafter clinically stable and virally suppressed. Early treatment significantly
reduces the likelihood of an AIDS diagnosis and immune suppression below a
CD4-T cells count of 200 cp/mL, while controlling viral replication early sub-
stantially reduces the odds of developing HIV-associated neurocognitive disorder
(HAND). In contrast, late treatment, AIDS diagnosis, a nadir CD4-T-cell count
<200 cp/mL, periods of massive HIV replication in the plasma and in the cerebro-
spinal fluid are known risk factors for HAND (Sacktor 2018; Wright et al. 2015;
Smail and Brew 2018). Internationally, both types of patients are well represented
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(UNAIDS 2018), and both warrant equal focus because independent of the treatment
timeline, HAND does not occur in all persons with HIV/AIDS (Smail and Brew
2018). This means that a cluster of PLHIV have vulnerabilities for HAND even if
treatment was initiated early (i.e., genetic, and other host factors, individual immune
response).

NeuroHIV research aimed at describing the neurocognitive trajectories of HAND
and neuropsychological (NP) functions in PLHIV, needs to better account for these
major treatment, AIDS, and viral replication history differences to accurately deter-
mine individual-specific long-term prognoses. Currently, we understand to some
extent that the disease/treatment starting point for each PLHIV affects the occurrence
of HAND, but we have incomplete knowledge concerning long-term cognitive
health prognosis. For example, it is uncertain what the future of PLHIV who have
experienced one episode of HAND but who have then at least partially clinically
recovered might look like. Similarly, it is uncertain what will happen to chronically
infected PLHIV (both with and without a history of HAND) who reach an age where
neurodegenerative processes start to become more prevalent (60+). It is only now
that there is a substantial number of PLHIV who are reaching this age. Will they be at
a higher risk for age-related neurodegenerative processes as is the case for other
chronic conditions treated across a large section of the life span (e.g., diabetes type I,
sleep apnea, cardiovascular diseases, CVD)? What effects with the latter conditions
have as increasingly prevalent comorbid factors in PLHIV? Will the age-related risk
for increased immune senescence and chronic immune activation, themselves risk
factors for dementia, precipitate neurodegenerative conditions in those who are
genetically at risk (e.g., APOE E4 status)? Are the cohorts of survivors from the
pre-cART era an adequate prognostic model for those who were treated early with
optimal cART? How will the inherent survivor bias of older PLHIV impact our
understanding of the future cognitive health of millions with chronic HIV infection?
Is there unforeseen cognitive health risk related to long-term cART, including for the
most recent versions of ARV drugs and other polypharmacy? Has the increased
health attention put on PLHIV led to long-term beneficial effect for cognitive health
due to more active monitoring of cardiovascular health and effective treatment of
opportunistic infections?

The long-term cognitive health prognosis is also poorly understood in the face of
potential systemic or premature, accentuated and/or accelerated brain aging among
middle-aged PLHIV. As such, it is not only chronological age that longitudinal
NeuroHIV will need to better take into account but also the age at which PLHIV
were infected, and biological age (Thurn and Gustafson 2017). Furthermore, with
aging, factors that are known to impact on cognitive health in the general population
such as CVD and genetic risk for dementia (Iturria-Medina et al. 2016) cannot be
overlooked as they may compound persistent HIV-related chronic neuro/immune
activation. Commonly seen in the HIV populations is also an elevated prevalence of
comorbid psychiatric conditions (Gaynes et al. 2015). These conditions are multiple
and will likely impact individual trajectories depending on whether they were
optimally treated (depression/anxiety/PTSD, alcohol, substance use) (Cysique
et al. 2016; Byrd et al. 2011). Finally, some socio-economic and societal factors
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that are increasingly recognized to be detrimental to brain health in the general
population as well as in PLHIV will likely moderate the future neurocognitive
prognosis in each patient (e.g., low education, rural/urban living, poverty, domestic
violence, early life trauma, and female sex) (Rubin et al. 2017; Clark et al. 2018).

Keeping this context in mind, we will critically review the existing literature
quantifying the longitudinal neurocognitive trajectories and/or the long-term cogni-
tive health prognosis in PLHIV and HAND. This includes research that focused on
longitudinal cohorts with no intervention (“naturalistic studies”). Selected random-
ized clinical trials (RCTs) that have focused on specific samples and/or used specific
methods to detect cognitive change will also be described. Prior to reviewing these
studies, we will provide an overview of the existing statistical frameworks to
quantify cognitive change at the group and at the individual levels. The overview
will then be used to appraise the quality of the published studies in regard to their
statistical rationale and design. We will emphasize that the conceptual and method-
ological specificities of using of NP data in a repeated assessment context need to be
considered a priori to enhance the validity of longitudinal cognitive health studies in
NeuroHIV.

2 Existing Statistical Frameworks to Quantify Cognitive
Change at the Group and at the Individual Levels

The need for this section is twofold: (1) Some statistical methods are fundamentally
inappropriate for longitudinal analyses of repeated NP data (e.g., methods that do not
correct for the inherent time correlation in the data (Bland and Altman 1994));
(2) Among available statistical longitudinal methods, some will perform fundamen-
tally better depending on the study design (e.g., number of retests), as well as types
of missing data, and question being addressed (change at the individual level versus
group level, measurement of clinically meaningful cognitive change). With the
increasing need and use of repeated NP testing in the era of chronic HIV infection,
there is a need for best-practice guidance while keeping in mind that this is an active
area of research. This section is written to be understood by non-statisticians and
non-neuropsychologists, and thus does not replace more specific statistical literature
(Hedeker and Gibbons 2006). In particular, conditions where data are not normally
distributed and/or outcomes are not continuous were not fully considered due to their
significant added complexity and their being beyond the scope of this chapter.

2.1 The Advantage of Longitudinal Studies

Longitudinal studies have many advantages over cross-sectional studies. They are,
however, resource intensive and require greater demand on participants. They remain
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complex to analyze accurately, even when wanting to assess an apparently simple
question of whether a participant/patient is truly progressing in their disease. Typi-
cally, repeated NP measures are not used in isolation but are part of a larger test
battery as it is most often used in HIV studies. Depending on the size of the battery,
there are preferential approaches (screens versus a comprehensive NP battery)
(Kamminga et al. 2017). Each measurement brings additional information on a
participant’s/patient’s performance. Hence, longitudinal designs have greater statis-
tical power than a cross-sectional design. Perhaps the most important advantage of
longitudinal designs for the study of NeuroHIV is that it can capture the fluctuating
course of HAND (e.g., as may be due to changes in medication effectiveness or
toxicity of treatment). Because of this, cross-sectional studies are prone to spurious or
biased associations between NP performance and biomarkers. By definition, at a
cross-sectional time point each PLHIV will be on their specific cognitive trajectory,
so much so that a biomarker may be abnormal before or after the time of the cross-
sectional assessment but not during. This could lead to conclusions that a specific
biomarker is not associated with the disease when in fact this is not true. In all, cross-
sectional studies, at the group level, cannot distinguish between effects due to
baseline difference, versus those related to change over time (Hedeker and
Gibbons 2006).

2.2 The Critical Importance of the Practice Effect and Its
Correction Via Longitudinal Normative Data Strategies

It is often said that in longitudinal studies, one participant becomes their own control.
This may be true for non-cognitive-based measurements. However in the context of
repeated NP testing, this is significantly complicated by practice effects (PEs), which
vary across tests and in relation other factors such as baseline performance, number
of retest exposures, and test—retest intervals (Rabbitt et al. 2001; Calamia et al.
2012). PEs represent an improved performance on a NP test with repeated exposure,
related to both explicit and implicit learning, as well as greater familiarly with the
testing environment. The current best practice strategy to deal with PEs is to
reference longitudinal performance in clinical samples to that of an appropriate
control sample from which the expected PE can be extracted and then corrected
for (Cysique et al. 201 1a). Appropriate control samples may include healthy controls
and clinically stable patient groups. The latter may have the advantage of extending
the range of baseline performances, which may affect the expected PE. Normative
longitudinal data which depict typical change across time enables neuropsycho-
logists to make clinical judgements with a quantitative framework as robust as cross-
sectional normative standards (Salthouse and Tucker-Drob 2008). Longitudinal
normative standards also have the advantage of providing quantitative and objective
methods to disentangle actual cognitive change due to a disease process, or age, from
change due to other factors (e.g., PE or normal test-retest variability). Indeed, a
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neurologically healthy individual given the same test twice, where no true change
would be expected, would likely have a difference between test and retest scores.
More specifically, in repeat NP assessments, PEs (i.e., previous exposure and
familiarity with the test materials) can “artificially” (in the absence of real change
in ability) improve test performance at retest (Dikmen et al. 1999). In addition,
variation across the testing sessions (such as length of retest interval) and statistical
artifacts of repeat assessments (e.g., regression to the mean) can also artificially
affect follow-up NP performance (Duff 2012). Thus, without correction using
longitudinal normative standards, change or stability in performance may not be
accurately detected (Duff 2012). The reader should also keep in mind that quantifi-
cation and interpretation of PEs is an ongoing, active area of research. Briefly, we
summarize below some established knowledge regarding PEs, as well as areas of
active inquiry.

1. PEs are commonly seen, yet they are a statistically complex (i.e., non-linear and
multi-dimensional) phenomenon: they are often present even when cognitive
tests have been designed for repeated assessment (Falleti et al. 2006). PEs vary
depending on the cognitive functions assessed and in relation to task novelty and
difficulty, which may vary with the cognitive construct being assessed (Heaton
et al. 2001). They can also vary with age, such as smaller PEs as people get older
(Salthouse 2010), thus representing one of the most robust effects (Calamia et al.
2012). PEs are also not systematic and can be absent due to older age, cognitive
impairment, and absence of learning and also due to task simplicity and ceiling
effects. There is evidence that the overall baseline cognitive competence (which
may be operationally defined as how well the individual performed on the
remainder of a test battery relative to the test being examined or normed) is
associated with increased or decreased PE (Cysique et al. 2011a). Similarly, there
is some partial evidence for increased magnitude of PEs as a function of greater
pre-morbid abilities, such as higher IQ and educational level (Heaton et al. 2001).
Interestingly, in clinical conditions where patients have been carefully assessed as
being clinically stable (e.g., stable HIV disease and treatment, as well as no acute
comorbidities of any kind), the magnitude of the PE is the same as that expected
in demographically comparable healthy samples providing that baseline perfor-
mance and overall NP competence are adjusted for (Cysique et al. 2011a). The
relation of PE to the test-retest interval is not fully understood, mainly because
the majority of studies have included only one follow-up at a fixed interval. This
is especially true for investigations associated with standard NP test development
in healthy samples. The decision to use only one follow-up was initially justified
by the claim that PEs fully subside after the second assessment. This may be the
case for some tests (e.g., simple motor processing that includes mostly procedural
learning) (Falleti et al. 2006), but it is not the case for many other tests (Cysique
et al. 2011a). Indeed, in some instances additional PEs have been shown after up
to 7 years on some tasks (Salthouse 2010). Some tests even demonstrate
non-linear PEs in relation to test construct and age. There is also evidence that
in some tasks, PEs disappear if the test has not been practiced for several years
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(Calamia et al. 2012). However, one aspect of PEs that has been consistently
found in studies with more than two follow-ups is that the magnitude of the PE is
the largest at the first follow-up (Duff 2012; Falleti et al. 2006; Cysique et al.
2011a; Collie et al. 2003).

2. Traditionally, in NP models of cognitive change, PEs have been conceptualized as
a source of error in reliably predicting future performance. It is therefore controlled
for using the statistical procedures outlined below (Duff 2012; Cysique et al.
2011a). In other words, it is not used as a meaningful cognitive variable in its
own right. Several studies have challenged this assumption and have shown that
(a) PEs are associated with intact cognitive functioning in elderly adults and is
reduced in those with progressive cognitive impairment (i.e., in this case clinical
sample with non-stable disease) (Darby et al. 2002; Suchy et al. 2011); (b) in a
model predicting cognitive decline across several time points, the addition of a
term corresponding to a short-term PE (measured at a 1-week interval in this
instance) significantly improves the long-term prediction of cognitive decline in
older clinical samples compared to a model where the short-term PE was not
included (Duff 2012); (c) the lack of PE is also predictive of cognitive decline
several years after in older clinical samples (Darby et al. 2002); and (d) PEs can be
associated with greater benefit from the initiation of cognitive-enhancing drugs in
schizophrenia and elderly individuals with cognitive impairment (Duff et al. 2010;
Watzke et al. 2008). On the other hand, recent work suggests that PEs exist and are
comparable at least at the first re-assessment, even among older adults with high
vs. low neuropathological burden at autopsy and with mild cognitive impairment
(MCI) (Wilson et al. 2018). There are, however, significant limitations to the
generalizability of these findings as all studies were based on clinical samples and
we know that clinical populations with a progressive condition or even older
cognitively healthy people are less likely to show PEs (Calamia et al. 2012).

2.3 Other Neuropsychological Test Characteristics That
Impact the Interpretation of Cognitive Change
in Longitudinal Studies

There are other factors associated with the use of NP tests on repeated occasions that
will also impact the detection of “true” change. They include: the degree of test—
retest reliability (the degree to which a test produces strongly correlated results over
time), measurement error (how well a test is measuring the cognitive construct it is
supposed to measure), the impact of demographic effects (age, education, sex, race/
ethnicity, pre-morbid IQ can influence PE and true change), test-retest intervals
(short and long test-retest interval may impact reliability and PE differently), and
test psychometric properties (floor and ceiling effects: screening measures with a
floor or ceiling effect are not suited for the measurement of cognitive change)
(Kamminga et al. 2017). The cumulative impact of PEs and other specifics of
repeated NP testing is so fundamental to the accurate detection of true cognitive
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change in clinical populations that a normative approach is typically recommended
(Cysique et al. 201 1a). Put simply, using an individual as his/her own “control” does
not work optimally in this particular context. Normative longitudinal standards in
cognitively healthy persons and/or clinically stable populations are often required,
except perhaps, in the context of RCTs that include both a treatment and matched
control group. But even then, more recent research is advocating for the use of
normative data in clinical trials (Henry et al. 2017).

2.4 Assessing Cognitive Change Across Groups

Clinical neuroscience and neuropsychological research are increasingly moving
away from the repeated measures Analysis of Variance (ANOVA) (multiple time
points and continuous data), or standard linear regression (2 time points and conti-
nuous data) frameworks, as these methods are fairly rigid: for unbiased estimates,
they demand that there is no missing data for each NP measure in a test battery at any
of the follow-up time points. A balanced design is always difficult to achieve in
longitudinal studies. For example, incomplete data on individual NP measures
across a test battery, missing data at an assessment time point, individuals lost to
follow-up, or unbalanced design linked to lack of funding are the rule rather than the
exception. However, the reason for why some participants do not complete a follow-
up assessment or a particular test may carry information that is directly related to the
study outcomes so that the context for why data are missing needs to be taken into
account in the selection of the appropriate statistical methods (i.e., missing
completely at random, MCAR; missing at random, MAR; missing not at random,
MNAR) (Hedeker and Gibbons 2006). Altogether, strategies such as simply remov-
ing the missing cases, or conducting analyses on only the participants who had
complete data (i.e., selected datasets) are not recommended options in the setting of
chronic HIV infection and HAND, if we are to correctly estimate disease trajectories.
In many instances, it is possible that those with worse prognosis will be the missing
cases (i.e., “survival bias”); hence cognitive stability may be falsely concluded.
These suboptimal strategies will also produce biased estimates of cognitive change
and related associations with biomarkers (e.g., no change detected because only
healthy people remained in the longitudinal part of the study, suggesting that there is
no incident HAND for people on treatment).

The linear mixed model (LMM) framework (Hedeker and Gibbons 2006) is
increasingly favored because it can adjust for different types of missing data and
an unbalanced design. In the rare instance where there are no missing data, this
model will produce identical results to Repeated Measures ANOVA or the standard
linear regression. LMM is an umbrella term for models of varying complexities. The
flexibility of this method, however, can also be its drawback. In its simplest form, the
subject factor is introduced as a random effect in the model, the group effect is fixed,
and in this manner, attrition is adjusted for. More complex models can be determined
where the intercept, random, and fixed effects can all be manipulated, but it is highly
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recommended to work with statisticians who have expertise in these models in such
instances (Hedeker and Gibbons 2006). Also, sample size should be considered
before using LMM in unbalanced designs, as this type of model is based on large
sample theory, and thus inappropriate for small sample (e.g., N < 50) (Hedeker and
Gibbons 2006). By adjusting for missing data and related unbalanced design, and the
use of all available data, LMM has more power, produces more robust and less
biased estimates of cognitive change (i.e., smaller error and better data fit), and
importantly, subject-specific estimates.

Other group analytic frameworks have been used in NeuroHIV research. The
main ones have been the Generalized Estimating Equation (GEE) (Cole et al. 2007),
and more recently semi-parametric approaches to form data-driven trajectory clus-
ters (e.g., Group-Based Trajectory Analysis (GBTA) (Brouillette et al. 2016); Mixed
Membership Trajectory Model (MMTM) (Molsberry et al. 2015)). GEE is a standard
statistical method and its strength is that it is less computationally demanding that
LMM. GEE handles missing data with the condition that it is explained by the
covariates at hand (Hedeker and Gibbons 2006). This is not always a realistic
assumption in longitudinal analyses because the reason for missing data is not
always clear. Thus this is a limitation as it renders this model less flexible than
LMM (Hedeker and Gibbons 2006). The reader should be aware that there are,
however, more flexible versions of the GEE (Hedeker and Gibbons 2006).

Data-driven approaches are more novel and come from other areas of research
(e.g., social sciences) and are often applied to neuropsychology by
non-neuropsychologists who are unaware of some of the caveats concerning
extracting accurate cognitive change (principally the issue of the PE reviewed
above). A strength of data-driven approaches such as GBTA and MMTM includes
complex modeling of linear and non-linear trajectories. As a whole, given the large
inter-individual variability in longitudinal cognitive functioning versus a single
prototypical profile of cognitive impairment, application of these methods in
NeuroHIV has significantly contributed and helped quantify longitudinal measure-
ment issues in clinical NP more broadly (Jones et al. 2018). These statistical methods
can be highly useful in NeuroHIV research because the pathways to dementia in
aging PLHIV are unknown; and the long-term prognostic value of one mild episode
of HAND is unknown (Molsberry et al. 2015). Data-driven approaches are, by
definition, meaningful only when used on very large samples so that clustering
toward normal aging versus pathological aging patterns can be extracted. There are
differences between these models that are beyond the scope of this chapter, and the
reader is advised to consult the cited references for further reading. What these
methods have in common as a strength (data-driven approaches) is also the basis of
their major weakness. They are highly dependent on the quality and type of data
used. More precisely, how the original NP data were manipulated/transformed, and
which cognitive outcomes were used (global score, domain score, demographically
corrected score, PE corrected score or not) have major consequences for what the
model is able to demonstrate and, ultimately, its validity. For example, when GBTA
is used on screening tools such as the MMSE total raw score (Xie et al. 2011) rather
than a demographically corrected total score, the model prediction remains
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fundamentally linked to the poor psychometric properties and insensitivity to
impairment. Perhaps more critical, when cognitive change predictions are made
without accounting for PE, fundamental error is embedded on the pattern of change,
potentially masking individuals transitioning from normal to mildly impaired cog-
nition (Molsberry et al. 2015). For example, when Brouillette et al. (Brouillette et al.
2016) applied GBTA to the CHARTER longitudinal data without PE corrections on
raw scores, the authors extracted a much lower rate of cognitive decline than in the
original longitudinal study (Heaton et al. 2015). Unfortunately, results of such
methods can sometimes appear as only “descriptive” with major effort needed to
improve clinical usefulness. Often data-driven approaches appear to simply restate
long-held clinical knowledge (i.e., that inter-individual variability is common);
although they provide a quantitative estimate, it is unclear how that estimate can
be clinically used at this stage. Furthermore, decisions in the statistical analytical
steps to determine “meaningful clusters” have major consequences on the results so
that cross-validation would ideally be required when using such methods, hence
requiring even larger sample sizes. The predictive power at the individual level of
such methods remains therefore to be adequately demonstrated. This is important to
note as even if we classified these methods as group-based, it is actually possible to
extract individual predictions (Molsberry et al. 2015). However, this should be done
with extreme caution. Indeed, it is possible that key characteristics for one particular
individual assessed may be missing in the prediction model (e.g., female sex for the
only NeuroHIV MMTM study (Molsberry et al. 2015)), which would have a major
impact on the validity of that individual prediction. Overall, there is a need for more
research to extract what is most clinically useful through these novel approaches. In
any case, the caveats concerning how to optimally operationalize NP data in data-
driven models should not be considered as a secondary issue, but as a primary one.

2.5 Assessing Cognitive Change in Individuals

Several methods have been developed to assist neuropsychologists in measuring
cognitive change in individuals (Duff 2012). Of these, standardized regression-based
(SRB) change scores have emerged as one of the most reliable and accurate ways to
detect “true” change (McSweeny et al. 1993). This approach utilizes regression
analysis to predict retest scores such that actual change can be determined by
comparing observed retest scores to predicted scores; the change scores are then
standardized (as z-scores) by dividing these differences by the error term of the
regression model (Duff 2012). The simple SRB change score approach uses only
baseline performance to predict a follow-up test score (e.g., McSweeny et al. 1993),
while the multiple or multivariate SRB change score approach uses baseline perfor-
mance in addition to other factors that have shown to impact retest performance
(such as demographic information, retest interval, overall baseline cognitive com-
petence, etc., e.g., Dikmen et al. 1999; Heaton et al. 2001; Cysique et al. 2011a).
Both approaches are advantageous as they account for variation in baseline scores,
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PE, regression to the mean, retest reliability, and “normal” variability in follow-up
scores (Duff 2012). A particular advantage of the multiple SRB approach is that by
incorporating other relevant information into its prediction models, it can also
correct for the effect of included variables on retest scores (e.g., demographics,
and particularly baseline overall cognitive competence, operationally defined as
average standard score on all other tests in the baseline test battery (Cysique et al.
2011a)) and can therefore be especially sensitive to detecting change in demograph-
ically varied or skill diverse samples (provided that the clinically stable normative
group is similarly diverse). As such, this approach may be particularly useful in
international comparisons in multi-site NeuroHIV studies. SRB “norms for change”
have been developed successfully in various groups but have typically been devel-
oped for individual test measures and to describe change over a restricted number of
retest occasions (e.g., Wechsler 2009; Duff et al. 2005; Sawrie et al. 1996). While it
is clearly important to understand typical cognitive change on a particular NP
measure, most neuropsychologists in research and clinical settings actually employ
numerous measures (or a test battery) to assess multiple cognitive domains. Deter-
mining whether an individual has changed on each of many NP measures separately,
however, is likely to increase the probability of identifying a significant change by
chance (Heaton et al. 2001). To counter this, a method to infer overall cognitive
change on a set of tests, and hence reduce the rate of falsely detecting change
(improvement or decline), has been proposed (defined as mean SRB change score,
and CI around its mean in the normative sample) (Cysique et al. 2011a). As this
method summarizes change across the entire battery, it is best suited to detecting
change due to diseases which have a diffuse or “spotty” impact on brain functions
(e.g., most early dementias and HAND). On the other hand, it may be less useful
where localized lesions are likely to produce a focal pattern of NP deficits (e.g., some
cases of epilepsy) because tests of abilities that are not affected, when averaged, may
“wash out” the relevant signal. As it is unclear how PLHIV may age or progress
toward dementia, it will be important to potentially monitor sensitive approaches that
evaluate both changes in specific cognitive domains and total battery summary
scores.

As noted above, individual-level analyses that have garnered the most clinical
applicability to detect cognitive change have a traditional basis in the standard linear
regression model, i.e., both strength and weakness (Van der Elst et al. 2013). When
based in the simplest test—retest context — that is, when a person is assessed at one
follow-up time after a baseline assessment — these methods perform very well (Duff
2012; Collie et al. 2004). Using a statistical benchmark and/or a normative reference
corrected for PE and regression toward the mean, in the context of good test—retest
reliability (Cysique et al. 2011a), the SRB method is robust in detecting true change
(improvement, decline) versus cognitive stability. There is also strong evidence that
this method is valid to extract the association of cognitive change to markers of HIV
disease (Heaton et al. 2015; Cysique et al. 2010; Gott et al. 2017) and MCI to AD
transition as well as dementia progression (Duff 2012). In fact, SRB change scores
perform well even under the simplest adjustments (e.g., when change is only
adjusted for the baseline performance and nothing else) (Heaton et al. 2001).
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Different types of change scores exist (Duff 2012) and reviewing them in detail is
beyond the scope of this chapter. However, it is important to understand that all of
them will perform poorly when the NP data are not sufficiently reliable. Although
there is good evidence that many NP tests are reliable (Calamia et al. 2013), some are
less so than others, and individual task reliability in screening tools should ideally be
evaluated (Kamminga et al. 2017). When PE correction is not included or poorly
estimated, prediction of accurate cognitive change is not possible as PE is a major
component of most NP tests (Calamia et al. 2013) and experimental/screening
cognitive tests (Falleti et al. 2006). Normally distributed data are a pre-requisite
for using SRB change score methods. This condition is often neglected, but it is
advisable to use a group-based (LMM) approach for non-parametric data or when
continuous data cannot be transformed to approximate the normal distribution
(Hedeker and Gibbons 2006). Using confidence intervals around the normative
mean (2-tailed, and adequate p-value for a study context), it is still possible to
determine who significantly declined or improved versus remained stable. The
SRB change score approach compared to other types of reliable change indexes
appears to be the most robust under various circumstances, including various levels
of baseline performances, and degree and pattern of change (Hinton-Bayre 2016).
Relatedly, Temkin et al. (Temkin et al. 1999) observed that when the SRB change
score approach was adjusted for relevant covariates, the model demonstrated greater
sensitivity to cognitive change (1) used in groups with greater demographic varia-
tions, and (2) when baseline scores have a wider range (particularly in the lower
spectrum). In the global NeuroHIV context, this finding indicates that optimally
adjusted SRB scores will likely be highly applicable in the longitudinal assessment
of NP performance where samples are often demographically diverse.

More recently, SRB change score approaches have been challenged (Van der Elst
et al. 2013), given that in most longitudinal research, more than one retest will have
occurred. Standard linear regression is not adapted to deal with multiple assessments
where data is often missing. Our proposed summary-regression-based change score
can deal with a few missing data (Cysique et al. 2011a), but it is fair to acknowledge
that it cannot optimally deal with major attrition. Van Der Elst et al. (2013) have
proposed to expand SRB change score rationale to create linear mixed-effect-based
(LMMB) change scores. The method is promising as it can handle various types of
missing data and still provide clinically applicable change cut-off predictions. As
such, it has been proposed as a way to further develop and integrate LMMB into
longitudinal normative data. In addition to the proposed LMMB change scores (Van
der Elst et al. 2013), the authors recommend using a Multiple Imputation framework
in the case of major attrition and thus further boost the validity of longitudinal
normative data development. The proposed LMMB change scores elegantly deals
with more complex longitudinal study designs (including common instances of
missing data), in addition to yielding individual predictive cognitive change formu-
lae that have clinical applicability. However, further work still needs to be done to
extend LMMB approaches for use in multiple cognitive domain testing and large test
batteries, as well as screening tools. For example, assessing how PEs should be
defined (for cross-sectional classifications across time points) in such a context
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requires more research. The drawback of such a method is that it is computationally
demanding. To address this, Van der Elst et al. (2013) have provided scripts that run
the normative data, but this is for a restricted number of tests. Expansion and greater
use of this clinically relevant method is warranted.

3 Longitudinal Studies in Early Treated HIV Infection

The long-term prognosis of HIV+ persons who are initiated early on treatment at
high CD4 count remains to be studied across the decades on which those patients
will be on treatment (Wright et al. 2015, 2018). The START Neurology study, which
was designed to address this question among individuals living in Argentina,
Australia, Belgium, Brazil, Chile, Germany, Italy, Switzerland, Thailand, the
United Kingdom, and the USA, showed that early versus deferred treatment
(at CD4 <350/mL) did not lead to different neurocognitive trajectories (Wright
et al. 2018). This study lasted 6 years and included an annual NP testing covering
speed of cognitive processing, fine motor coordination, verbal memory, and fluency.
While 6 years is a fairly long period to assess the effect of early treatment on NP
functions, it is still early in the chronic life span of HIV infection. The sample was in
their mid-30s and about 20% showed low neurocognitive performance. However, it
was difficult to sensitively ascertain who may have had HAND, given that geo-
graphically and demographically matched controls were not collected to develop
norms for either determination of cross-sectional impairment or longitudinal change.
Neurologically vulnerable individuals are always present in primary infection
cohorts (Samboju et al. 2018). In the case of START, the majority of participants
who probably had normal neurocognitive functioning showed a typical PE of a
moderate to large magnitude at the second testing and of a small magnitude
afterwards; this effect likely overpowered (in the two arm analysis) the potentially
smaller number of participants who may have shown a declining pattern of perfor-
mance. Another large international trial in resource-limited settings (as part of the
ACTG PEARLS study (A5175), including participants in Brazil, India, Malawi,
Peru, South Africa, Thailand, and Zimbabwe) was conducted to determine whether
three first-line cART regimens may be associated with different NP outcomes over
4 years with an assessment every 24 weeks (Robertson et al. 2012). The authors
found no differences in treatment effects but did observe a monotonic improvement
in all study arms that they interpreted as “multifactorial, reflecting reduced central
nervous system HIV infection, better general health, and practice effects.” Therefore,
in this study as well, the uncorrected PE likely masks potential abnormal longi-
tudinal performance in some individuals. Overall, future studies should aim to
collect data in appropriate control groups to effectively deal with PE and other key
factors influencing longitudinal NP performance as reviewed above. It is unfortu-
nately a recurrent issue (Grund et al. 2013), which diminishes the significance and
the validity of these very costly trials. Indeed, without appropriate PE correction, it is
impossible to determine the magnitude of any treatment effect. Therefore, it is not
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certain whether these trials truly have negative results, especially in sub-samples
who we know are initially neurologically fragile (Samboju et al. 2018). Another
issue that we and collaborators have mentioned many times (Cysique et al. 2011b;
Gates and Cysique 2016) is the need for a priori testing to verify the presence of
neurocognitive impairment at entry of such trials, if the aim is to detect treatment
effect as cognitive improvement. This ideally requires classifying HAND using
standard diagnostic criteria (Antinori et al. 2007). Ultimately, it means that many
of those studies were underpowered to start with, so extreme caution should be
applied when interpreting the mostly negative results of these RCTs to the broader
population with HAND.

4 Longitudinal Studies in Chronically Treated HIV
Infection

Table 1 summarizes 18 longitudinal naturalistic studies (one RCT sub-analysis) that
have been conducted on PLHIV on stable cART between 2006 and 2018 (censored
January 2019 for the purpose of this chapter), in which cognitive change was
investigated as a key outcome. Studies were selected with the following criteria:
(1) A majority of the sample (>50%) was clearly reported to be on cART; (2) Studies
were original reports that were either the first output for a particular longitudinal
cohort and/or the first use of a specific longitudinal methodology to measure
neurocognitive change; (3) Only studies including adults (aged >18+) were
included; (4) Studies with attrition rate >50% or “small” sample size (N < 50)
were not included.

Upon review we found the following: No studies were conducted in a resource-
limited setting. Half of the studies (9/18) were based on a single follow-up. Other
studies included multiple follow-ups with varying intervals (as short as 6 months).
Information about baseline HAND was most often provided either in the form of a
rate of impairment, group-level p-value, or effect size compared to controls in a total
of 15/18 studies. There was wide variation in reported baseline impairment rate from
0% (group selected on purpose with no impairment) to 55% impairment rate. The
most common rates of impairment ranged between 35 and 45% which is interest-
ingly well within the typically reported prevalence of chronically treated PLHIV
HAND when standard NP test methodology is used with some normative corrections
(Saloner and Cysique 2017). In fact, just over half of the studies included an HIV—
control group (10/18) and in all instances, the control groups were geographically
and demographically comparable to their HIV+ counterparts; other studies used
locally derived norms. Three studies included a screening battery composed of 2—3
standard NP tests. This means that the majority of studies used a medium to large
standard NP battery, inclusive of tests recommended for the assessment of HAND.
The majority of studies (15/18) used a global score approach (i.e., the standard NP
tests were averaged into a z-score or T-score of global change score and an
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appropriate HIV— control group) or HAND diagnosis classification as their main
outcome. Of those, five studies used a longitudinal normative data approach. Three
studies also investigated cognitive change in individual cognitive domains.

The major issue we found upon review was that studies significantly differed in
how they defined and operationalized cognitive change. A minority of studies (4/18)
used a change score approach that corrected for PE and other statistical artifacts
affecting cognitive change measurement as reviewed above. Another four studies
used an LMM approach with an HIV — control group, controlling at the group level
for PE and other factors affecting the interpretation of cognitive change. Among
these eight studies, three combined an LMM and a change score approach. All other
studies (8/18) used statistical methods and definitions of cognitive change that were
suboptimal for PE consideration, regression toward the mean, and variations in test—
retest reliability.

In studies with multiple follow-ups, some used a strategy in which cognitive
change was operationalized as an absorbing state (wherein once an individual was
defined as having declined, this resulting in a permanent classification). Other
studies also used this strategy but applied it to the HAND classification (wherein
once a change of classification was reached, it was defined as permanent). Four
studies operationalized the change definition as a potentially fluctuating state
wherein the outcome of change was a trajectory. This included the GBTA and
MTMM studies, but those two did not optimally correct for PE. In any case,
apparent differences in rates of cognitive decline or HAND classification changes
should be interpreted carefully. Ultimately, only GEE and LMM with the inclusion
of an appropriate HIV— or other comparison group can extract optimal trajectories
(Van der Elst et al. 2013), when studying neurocognitive functions in chronic HIV
infection over multiple assessments. Data-driven approaches may be useful to derive
patterns or clusters of change, but PEs must be corrected for, at the very minimum.
Also, in such analyses, which outcome(s) are best for extracting accurate trajectories
linked to disease effects remains to be determined.

With this in mind as we inspected studies examining rates of cognitive change,
we found that the rate of cognitive decline in individuals with HAND varied between
14 and 30% across a period of 6 months to 3 years. The largest study, CHARTER,
using an SRB approach (correcting for PE) and an absorbing rate definition,’
reported that 23% of HIV+ individuals were classified as decliners who never
improved (90% confidence interval 2-tailed) around a normative mean (Heaton
et al. 2015). While, Heaton et al. (2015) used the traditional statistical definition of
significant cognitive change (90% confidence interval, 2-tailed) via a p-value set at
p < 0.05 2-tailed. This definition remains the most commonly used in clinical

"In the CHARTER study, if an individual declined from baseline and never improved, they were
classified as “decliner.” If an individual improved from baseline but never declined, they were
classified as an “improver.” If neither, they were classified as “stable.” If both decline and
improvement were detected, they were classified as “fluctuant” or were excluded depending on
the analysis.
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neuropsychology, but there is a lack of evidence as to whether it is optimally
sensitive and specific to cognitive change under a variety of conditions.

Two studies that used a group-level strategy on single or multiple retests (one
with the LMM and an HIV— control group) did not find that their HIV— and HIV+
participants had different rates of cognitive change, despite evidencing lower starting
points (PLHIV being more impaired at baseline). However, studies in the same
country (UK, but using a suboptimal definition of cognitive change: simple differ-
ence between follow-up score from baseline score) and in the USA in women (using
the LMM) detected significantly steeper rates of cognitive decline in their HIV+
group compared to their HIV— controls. Evidence for improvement was less com-
monly reported and varied between 0 and 15% when reported. But again, caution is
needed in interpreting each individual study, as some did not include a control group,
and others did not control for PE. Despite the varying rates or evidence for cognitive
decline, all studies consistently found that a majority (>60% in most cases) of
chronic PLHIV had stable neurocognitive performance. This finding indicates that,
at a minimum, many people with HAND at baseline demonstrate mild, but sustained
HAND of mild severity in most instances. This was true even in studies using
screening battery (Robertson et al. 2007).

Of the two studies that specifically selected long-term medically asymptomatic
patients, whose baseline cognitive performance was commensurate with HIV—
controls, Sheppard et al. (2015) reported significantly greater incident rate of clin-
ically significant impairment in HIV+ participants. However, Cole et al. (2007)
observed stable cognitive performance in HIV+ individuals on an abbreviated
battery using two tasks measuring psychomotor speed and mental flexibility.

Among studies that assessed deterioration within the HAND stages (did not
correct HIV— adjusted PE and other artifacts affecting longitudinal NP perfor-
mance), most found lower rates of cognitive decline (10-15%), except one of the
French studies (32%) (Vassallo et al. 2017). The Multicenter AIDS Cohort Study
(MACS) found that across 4 years of follow-up, 10% of HIV+ individuals
progressed to a worse HAND stage (Sacktor et al. 2016), while Sheppard et al.
reported that 15% of the cohort progressed to a more severe HAND stage (Sheppard
et al. 2015). Dufouil et al. (2015) found that among those with HAD at baseline,
almost 70% improved, while 40% of those with MND also improved. However, this
latter study in addition to no PE correction and adjustment for regression to the mean
had a 29% attrition rate.

Among the studies that examined the effect of aging and HIV on longitudinal
cognitive change, outcomes als