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ABSTRACT 

Despite the wide availability of effective antiretroviral therapy (ART), neurocognitive problems 

persist in over 20% of people living with HIV. Neurocognitive problems are highly 

heterogeneous in HIV, and the underlying etiology of neurocognitive impairment (NCI) is 

multifactorial. The heterogeneity of NCI in HIV may not be fully captured by the current clinical 

staging criteria for HIV-associated neurocognitive disorders (HAND). Given the multifactorial 

nature of NCI, multiple neurocognitive impairment profiles associated with distinct risk-factors 

may exist. Here, we investigated the neurocognitive performance of 381 HIV-positive 

participants from the Southern Alberta HIV clinic (SAC) cohort to identify different 

neurocognitive impairment profiles and their associated risk-factors. Neurocognitive 

performance was assessed by multi-domain neuropsychological test battery. We implemented 

Latent Profile Analysis (LPA) to analyze performance and empirically define neurocognitive 

profiles. Random Forest Analysis (RFA), a machine learning technique, was applied to identify 

the most important factors associated with these profiles. Three profiles emerged from the LPA: 

Profile 1 (P1, n=159) achieved the highest performance, while Profile 2 (P2, n=163) had lowered 

executive functions and verbal memory, and Profile 3 (P3, n=59) was globally impaired. RFA 

achieved good prediction (area-under-the-curve ≥ 0.80) only for global impairment (P3). Non-

North American descent was the dominant predictor of P3, followed by factors coinciding with 

non-North American descent (female sex and toxoplasma seropositivity). Additional predictors 

included unemployment, current depressive symptoms, lower nadir CD4, and longstanding HIV. 

Restricting analyses to North Americans pointed to the additional importance of ART achieving 

high CSF levels, and older age in prediction of P3. HAND diagnoses were most common in the 

globally impaired profile (P3=89.8%), followed by the group with reduced higher-order 
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neurocognitive performance (P2=16.6%). Implementation of LPA and RFA empirically 

distinguished three distinct neurocognitive performance profiles in this cohort while also 

highlighting potential risk factors and their relative importance to neurocognitive impairment. 

These data-driven analytical methods pointed to discernible demographic, HIV- and treatment-

related risk-factor constellations in patients born outside and within North America that might 

influence diagnostic and therapeutic decisions. 
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1. INTRODUCTION 

The Human Immunodeficiency Virus (HIV) is a systemic virus known for its insidious effects on 

the immune system. HIV can also affect the brain, leading to neuropathological changes and 

downstream neurocognitive impairment (NCI) in multiple cognitive domains including attention, 

memory, language, executive and motor functions in some patients. NCI in patients with HIV is 

associated with difficulties affecting multiple aspects of everyday life activities such as 

difficulties with financial management, independence, and employment, all resulting in poor 

quality of life (Andrade et al., 2013; Doyle et al., 2016). Yet, the pattern of NCI is not uniform 

and this heterogeneity may not be fully captured by the current clinical staging criteria for HIV-

associated neurocognitive disorders (HAND). It has been recently suggested that the definition 

and measurement of NCI in HIV may benefit from the integration of empirical statistical 

methods to classify neurocognitive impairment profiles, in addition to (or instead of) following 

clinical staging guidelines that focus on severity rather than type of NCI (Devlin & Giovannetti, 

2017). Furthermore, many factors other than HIV are known to accompany NCI (Iudicello, 

Morgan, Hussain, Watson, & Heaton, 2019; Nightingale et al., 2014), and current analytical 

methods are not appropriate to assess all of these potential contributors at once. If there are 

multiple NCI profiles in HIV, these may also be associated with different underlying risk factors. 

The following questions were addressed in the current study: 1) Are there distinguishable 

profiles of neurocognitive impairment in patients living with HIV? 2) What are the factors 

associated with differentiable neurocognitive impairment patterns in HIV? In order to address 

these questions, we categorized neurocognitive profiles of 381 HIV-positive participants from 

the Southern Alberta HIV Clinic (SAC) in Calgary. We assessed their neuropsychological 

performance using a comprehensive neuropsychological test battery, and analyzed their 
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performance patters using a Latent Profile Analysis (LPA). A machine learning technique, 

Random Forest Analysis (RFA), was applied to identify the most important factors associated 

with these performance profiles. Understanding the patterns of impairment in HIV, and their 

potential risk-factors, may help clinicians to optimize current cognitive rehabilitation and 

intervention strategies to help stop, reverse, or prevent neurocognitive impairment in people 

living with HIV, and ultimately increase the quality of life of patients.
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2. BACKGROUND 

2.1. Epidemiology of HIV 

The Human Immunodeficiency Virus (HIV) is an infectious virus that leads to the depletion of 

the CD4+ T-lymphocyte cells, causing the progressive weakening of the immune system (World 

Health Organization [WHO], 2018). The virus is transmitted via direct contact with infected 

fluids, such as through sexual contact, blood transfusions, needle sharing, and birth (WHO, 

2018). Globally, 36.9 million people live with HIV (WHO, 2018) including over 60,000 

Canadians (Public Health Agency of Canada, 2018). In Canada, the HIV epidemic is 

concentrated to specific population groups. The largest group (49.1%) of infected persons 

identify as gay or bisexual males, and men who have sex with men (Public Health Agency of 

Canada, 2018). Injection drug users represent 14.6% of people living with HIV in Canada. 

Indigenous people and people from countries where HIV is endemic (such as sub-Sahara Africa 

and the Caribbean) represent a disproportionately high proportion of people living with HIV in 

Canada, at 9.6% and 15% respectively (Public Health Agency of Canada, 2018). The number of 

people currently living with HIV in Canada is increasing; although new infections contribute to 

the increase, previously infected individuals who are receiving effective treatment are now living 

longer with the disease and account for a large proportion of this increase (Public Health Agency 

of Canada, 2018). 

Historically, HIV infection led to the progressive depletion of CD4+ T-cells and resulted 

in a weakened immune system. Prior to the invention of effective combination antiretroviral 

therapies (ART), HIV infections would progress to Acquired Immune Deficiency Syndrome 

(AIDS), a usually fatal stage defined by a nadir CD4+ T-cell count, the lowest CD4 count ever 

recorded, equal or lower to 200 cells per cubic millilitres of blood (200 cell/mm3) (CDC, 2015). 
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However, following the introduction of potent ART, HIV is now considered a manageable, 

chronic illness and most treated individuals reach near normal life expectancies.  

 

2.2. Pathophysiology of HIV and neurological complications 

Although primarily a systemic disease, HIV can enter the central nervous system early in the 

infection (Davis et al., 1992). It is currently hypothesized that HIV enters the brain via a “Trojan 

horse” mechanism, where peripherally HIV-infected macrophages and lymphocytes cross the 

blood-brain barrier (BBB) and release the virus into the CNS. Once within the CNS, free virions 

infect new macrophages resulting in an exponential increase in viral replication. Viral replication 

then activates surrounding microglia leading to the secretion of immune and viral neurotoxic 

molecules that induce inflammation and increase blood-brain barrier’s permeability, further 

facilitating the entry of the virus. Although astrocytes do not support viral replication, HIV can 

enter astrocytes and induce astrogliosis, further contributing to the neuroinflammation (Kaul, 

Garden, & Lipton, 2001). HIV also does not directly affect neurons, but the ensuing 

inflammation and continued viral replication within the CNS and microphages lead to the 

disruption of neural functioning and, ultimately, neuronal injury.  

Imaging studies have shown that both cortical and subcortical brain regions are affected by 

HIV. Volume loss in subcortical areas (i.e.., caudate, putamen, amygdala, hippocampus, and 

thalamus) and white matter regions (i.e., the corpus callosum, orbitofrontal cortex, parietal and 

frontal cortices) and cortical thinning occur in people living with HIV (Ances, Ortega, Vaida, 

Heaps, & Paul, 2012; Chang et al., 2011; Chiang et al., 2007; Jernigan et al., 2005; Thompson et 

al., 2005).  Changes in cortex and subcortical structures have been often associated to low nadir 

CD4 counts as well as lower cognitive performance (Chang et al., 2011; Sanford et al., 2017; 
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Thompson et al., 2005). Therefore, the CNS disturbances arising from HIV viral replication are 

believed to underlie some of the behavioural and neurocognitive impairment (NCI) observed in 

some people living with HIV. 

 
2.3. Diagnosis of neurocognitive impairment in HIV  

The expression and diagnosis of NCI associated with HIV infection has undergone a dramatic 

change after the introduction of modern ART. In the pre-ART era, marked motor deficits and 

dementia-like signs and symptoms were frequently observed in a subset of patients with AIDS 

(Navia, Jordan, & Price, 1986). These signs and symptoms were then known as AIDS dementia 

complex (ADC), HIV encephalopathy, or HIV dementia. ADC was characterized by a 

progressive loss of attention and concentration, marked motor problems (motor slowing and loss 

of balance), and behavioural changes, including apathy, agitation, and even mania. This 

disabling condition was a severe and progressive syndrome, usually resulting in death within the 

year (Navia et al., 1986).   

In 1991, the first consensus set of criteria was introduced by the American Academy of 

Neurology (AAN), five years after ADC/HIV encephalopathy/HIV dementia syndrome was first 

described. The AAN criteria differentiated between severe HIV-associated dementia (HAD; 

which replaced ADC nomenclature) and a milder, less impaired form of impairment termed 

HIV-associated minor cognitive/motor disorder (MCMD).  

With the introduction of ART in 1996, the course of HIV infection evolved from a 

largely fatal diagnosis to a chronic but manageable disorder (Collier et al., 1996; D'Aquila et al., 

1996). Cases of HAD sharply declined, and milder forms of neurocognitive impairment became 

more evident as ART was increasingly effective in suppressing viral burden and improving 

immune status (Heaton et al., 2011). ADC/HAD-like phenotypes were associated with 
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subcortical motor symptoms and neuropathological changes such as HIV encephalitis including 

microglial nodules, multinucleated giants cell, and the presence of viral antigens, which became 

uncommon due to the effectiveness of ART (Heaton et al., 2010; Saylor et al., 2016). Given this 

dramatic change in the expression of neurocognitive impairment in HIV patients, the current 

consensus diagnostic guidelines, the “Frascati” criteria, were developed in 2007 and introduced 

HAND as an umbrella term to classify the range of symptoms as follows: asymptomatic 

neurocognitive impairment, mild neurocognitive disorders, and HAD (Antinori et al., 2007; 

Figure 1). 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 co-infections, developmental delay, psychosis etc.). Asymptomatic 

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 cognitive 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 across cohorts. For example, diagnoses of HAND reported in cohort studies range 

from 26 to 74% (Bonnet, Amieva, Marquant, Bernard, Bruyand, Dauchy, Mercie, Greib, Richert, 

Neau, Catheline, Dehail, Dabis, Morlat, Dartigues, Chene, & ANRS CO3 Aquitaine Study 

Group, 2013; Cysique et al., 2014; Dufouil, Richert, Thiebaut, Bruyand, Amieva, Dauchy, 

Dartigues, Neau, Morlat, Dehail, Dabis, Bonnet, Chene, & ANRS CO3 Aquitaine Study Group, 

2015; Garvey, Surendrakumar, & Winston, 2011; Sacktor et al., 2016; Simioni et al., 2010; 
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Vassallo et al., 2014; Winston et al., 2013; Wright et al., 2015). According to Saylor et al. 

(2016), most HAND patients receiving current ART have the milder forms, while only 2–8% of 

patients develop HAD.  

 

 

Figure 1. Decision-tree by Woods et al. (2009) for the diagnosis of HIV-associated 

neurocognitive disorders (HAND) according to the Frascati criteria.  
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2.4. Challenges with diagnosing NCI in HIV 

Despite the update to the diagnostic guidelines to better capture the current presentation of NCI 

in HIV, there remain diagnostic ambiguities in the current consensus criteria that may account 

for such a wide range in the rates of impairment in current cohorts. Here, I describe how the 

multifactorial nature of NCI in HIV, and measurement problems make the use of the current 

diagnostic criteria challenging, and why neurocognitive profiling may be aid us in better 

assessing cognition in people living with HIV. 

 
2.4.1. Multifactorial nature of NCI 

Although the current diagnostic criteria presume that NCI observed in people living with HIV 

are due solely to HIV infection, several other factors may also predispose an individual to 

develop NCI (Figure 2; Nightingale et al., 2014). Neurocognitive deficits in people living with 

HIV have been consistently associated with severe immunosuppression. In the pre-ART era, 

current CD4+ counts, viral load, disease severity (AIDS), and duration of HIV diagnoses were 

highly predictive of NCI (Heaton et al., 2011). In the post-ART era, current immunosuppression 

and disease severity are no longer consistently associated with NCI due to the efficacy of current 

ART in stopping disease progression. However, low nadir CD4, or the lowest ever recorded CD4 

count, remain highly predictive of NCI in HIV. This might be due to ‘legacy’ irreversible brain 

damage due to inflammation within the CNS before treatment (Ellis et al., 2011). Studies have 

also found that certain ART are neurotoxic (K. Robertson, Liner, & Meeker, 2012; 

Vivithanaporn, Asahchop, Acharjee, Baker, & Power, 2016), thus ART treatment itself may 

contribute to the development of NCI.  
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Figure 2. Pathological mechanisms underlying HIV-associated neurocognitive disorders 

according to Nightingale et al. (2014). 

 

Demographic factors such as age and sex may also play a role. Female sex has been 

associated with an increased risk for neurocognitive deficits, particularly in HIV-positive women 

with depression, low education, and multiple life stressors (Maki & Martin-Thormeyer, 2009; 

Maki et al., 2015). Older age is independently associated with neurocognitive decline, however 

HIV infection may compound the cognitive changes in older people with HIV (K. R. Robertson 

et al., 2007). Individuals with HIV exhibit neurocognitive impairments comparable to deficits 

seen in healthy people who are older by a decade or more (Cohen, Seider, & Navia, 2015; 

Sheppard et al., 2017). People living with HIV tend to develop age-related comorbidities earlier, 



 10 

including cardiovascular and metabolic diseases, which has been suggested to indicate an 

acceleration of biological ageing processes by HIV (Guaraldi et al., 2011).   

 Comorbidities themselves have also been identified as risk-factors of NCI in HIV, 

including cardiovascular comorbidities, diabetes, lipodystrophy and dyslipidemia (Heaton et al., 

2010; Wright et al., 2015; Wright et al., 2010). Substance abuse and hepatitis C infection are also 

independently associated with NCI (Fletcher & McKeating, 2012; Gould, 2010), and HIV may 

compound their effects (Abutaleb, Kattakuzhy, Kottilil, O'Connor, & Wilson, 2018). Mental 

health conditions, such as depression have been found to covary with mildly lowered cognitive 

functions in HIV-infection (Bryant et al., 2015; Fellows, Byrd, & Morgello, 2013; Fialho, 

Pereira, Mendonca, & Ouakinin, 2013).  

 Genetic factors have also been identified as risk-factors for NCI in people living with 

HIV. I recently reviewed the possible contributions of host genetic diversity, epigenetic changes, 

and a genetic susceptibility to ART toxicity to the development NCI in HIV (Gomez, Power, and 

Fujiwara, 2018; see Appendix for summary tables). The CCR5-Δ-32 allele codes for the C-C 

chemokine receptor type 5, which is the most common co-receptor for viral entry, and has been 

consistently associated with decreased disease progression in heterozygote individuals (Gonzalez 

et al., 1999; Ioannidis et al., 2001; Zimmerman et al., 1997). Since disease progression is 

associated with neurocognitive decline, CCR5-Δ-32 allele may decrease an individuals’ 

susceptibility for NCI. Factors associated with ageing/accelerated ageing also show promise. For 

example, HIV-positive older carriers of the ApoE ε4 allele (age ≥50 years) were at higher risk of 

developing NCI than HIV-positive non-carriers and HIV-uninfected ApoE ε4 carriers (Panos et 

al. 2013; Valcour et al. 2004; Mukerji et al. 2016; Wendelken et al. 2016). Emerging evidence 

also suggests that epigenetic aging (based on DNA methylation) in brain and blood tissue was is 
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faster in individuals living with HIV, which in turn has also negatively associated with 

neurocognitive performance (Horvath & Levine, 2015; Horvath et al., 2018; Rickabaugh et al., 

2015). Despite these interesting findings, most genetic biomarker results await replication.   

This brief summary highlighted the multiple factors implicated in the development of 

NCI in HIV, which complicates our ability to determine causality. The multifactorial nature of 

HIV-associated neurocognitive impairment may account for the highly variable rates of 

impairment across HIV-infected cohorts (Bonnet, Amieva, Marquant, Bernard, Bruyand, 

Dauchy, Mercie, Greib, Richert, Neau, Catheline, Dehail, Dabis, Morlat, Dartigues, Chene, & 

ANRS CO3 Aquitaine Cohort, 2013; Cysique, Maruff, & Brew, 2004; Heaton et al., 2008). 

2.4.2. Measurement problems 

According to the Frascati criteria (Antinori et al., 2007), neuropsychological assessment to 

determine HAND requires testing of at least five cognitive domains, assessed with at least two 

test measures within each domain. Ideally, the neuropsychological battery would assess 

performance in at least five of the following domains: language functions, attention/working 

memory, executive functions, memory, information processing speed, and motor functions. In 

practice however, the number of tested domains and the number of measures comprised within 

domains vary widely in the literature. For example, in some cohorts only one individual test 

measure has been declared as a ‘domain’, the same measure is counted into more than one 

domain, and as little as three domains were assessed to arrive at a diagnosis (Cysique et al., 

2014; Dufouil, Richert, Thiebaut, Bruyand, Amieva, Dauchy, Dartigues, Neau, Morlat, Dehail, 

Dabis, Bonnet, Chene, & ANRS CO3 Aquitaine Study Group, 2015; Sacktor et al., 2016; 

Winston et al., 2013; Wright et al., 2015).  

Furthermore, a HAND diagnosis also requires at least two domains to be “impaired”, 
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however there are multiple scoring techniques that have been applied to arrive at this categorical 

label. In published cohorts, neurocognitive impairment has been established by using either 

‘domain averaging’, such as the Gisslen criteria, (Gisslen, Price, & Nilsson, 2011); global deficit 

scores (Carey, Woods, Gonzalez, et al., 2004); or clinical ratings (Woods et al., 2004).These 

methods define ‘cognitive impairment’ differently. For example, domain averaging refers to raw 

scores being converted into z-scores based on normative reference cohorts, e.g., from test 

manuals. These z-scores are then averaged per domain. According to the most conservative 

domain averaging method, the Gisslen criteria, a domain is deemed impaired when the average 

z-score of a domain is z ≤ -1.5 below normative ranges. A z-score of ≤ -1 is also sufficient to 

classify a domain as “impaired” according to Frascati. Clinical ratings convert raw scores into T-

scores, which are then binned into clinical rating scores that range from 1 (above average, T-

score ≥ 55, z-score ≥ 0.55) to 9 (definite impairment, T-score ≤ 19, z-score ≤ -3) with a cut off 

score of 5 (T-score: 35-39, z-scores between -1.5 and -1.0) representing impairment. Instead of 

domain averaging, a domain is deemed impaired when any one of the tests within a domain 

attains a score of 5 or above. Therefore, more weight is given to impairment in clinical ratings 

(Blackstone et al., 2012). In Global Deficits Scores, T-scores are converted into deficit scores 

ranging from zero (above average performance, T-score ≥ 40) to 5 (severe impairment, T-score ≤ 

19). Domain deficit scores are then calculated by averaging all tests within a domain, and a 

global score is calculated by averaging all domain scores. A Global Deficit Score of ≥ 0.5 is 

deemed impaired. When compared to each other these criteria have low agreement (e.g., 18% 

concordance between HAND diagnoses across three criteria; Blackstone et al., 2012; Su et al., 

2015; Tierney et al., 2017).Thus, there is a lack of consensus over which standard confers the 

best balance between specificity and sensitivity to NCI in HIV. 
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Lastly, assessment of functional impairment in daily life is needed for HAND staging but is 

challenging. The most commonly used self-report scales are subjective, were originally 

developed for other neurological disorders, and hence are not HIV-specific (Clifford & 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 inconsistencies across diagnostic criteria pose 

a challenge for the classification and study of neurocognitive functions in HIV cohorts. 

 

2.4.3. Alternative approaches to assessing NCI in HIV 

As highlighted above, there are multiple problems with the current diagnostic criteria for NCI in 

HIV. The Frascati criteria presume that HIV is the main cause of neurocognitive deficits 

observed in patients; however, as outlined above there are multiple possible contributors to NCI 

in HIV apart from the disease processes themselves. Although the criteria suggest excluding 

confounding and consider comorbid conditions, in practice determining the extent to which 

factors other than HIV influence NCI is difficult. As discussed above, there are also 

measurement ambiguities inherent in the Frascati criteria. Lastly, the current criteria focus on a 

patients’ overall degree of impairment without taking into account the pattern of impairment. 

The categorical nature of the HAND diagnosis fails to capture the heterogeneity of the NCI 

observed in patients. Given the multifactorial nature of the impairment in HIV, it is possible that 

there exist multiple types, or profiles, of cognitive impairment in HIV that are currently not 

being captured by the categorical label of HAND. 
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Therefore, the definition and measurement of NCI may benefit from the integration of 

empirical statistical methods to classify neurocognitive impairment profiles (Devlin & 

Giovannetti, 2017). These tools could be used to arrive at neurocognitive profiles reflective of 

NCI in HIV to help validate and potentially adjust the clinical staging. Only a handful of studies 

have attempted to identify cognitive subtypes within HIV-infected cohorts, but the results have 

been varied. Most studies have implemented cluster analysis, whereas a newer study conducted 

by Molsberry et al. (2018) applied a mixture-modeling technique known as Latent Profile 

Analysis, a technique that is arguably superior to cluster analysis. Results from these studies are 

outlined below.  

Several studies using cluster-analytical techniques have examined neurocognitive profiles 

in HIV/AIDS (Devlin & Giovannetti, 2017). Untreated or monotherapy-treated individuals were 

included in some studies (Lojek & Bornstein, 2005; van Gorp et al., 1993) and patients receiving 

modern ART in others (Dawes et al., 2008; Fazeli et al., 2014). One study (Dawes et al., 2008) 

used relative neurocognitive strengths/weaknesses rather than the absolute performance used by 

others (Fazeli et al., 2014; Lojek & Bornstein, 2005; van Gorp et al., 1993). Apart from 

demographic characteristics (age, premorbid verbal abilities, and ethnicity), neurocognitive 

profiles were distinguished by symptomatic HIV-infection in untreated or monotherapy-treated 

cohorts (Lojek & Bornstein, 2005; van Gorp et al., 1993), which is uncommon in developed 

countries today. A more recent study (n = 78) identified two profiles (Fazeli et al., 2014), with 

neurocognitive impairment in one profile, linked to co-morbid risk factors. However, cluster 

analyses, especially in smaller cohorts, can result in idiosyncratic and unstable solutions 

(Aldenderfer & Blashfield, 1984). 
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  Mixture-modeling techniques, like Latent Profile Analysis (Nylund, Asparouhov, & 

Muthen, 2007), are an alternative approach that offers rigorous statistical methods to determine 

the true number of profiles. LPA has been used to differentiate cognitive profiles in other 

neurological disease populations, including multiple sclerosis (Frndak et al., 2016), Alzheimer 

disease and mild cognitive impairment (Kohler et al., 2013; McGuinness, Barrett, McIlvenna, 

Passmore, & Shorter, 2015), Parkinson disease (Flensborg Damholdt, Shevlin, Borghammer, 

Larsen, & Ostergaard, 2012), and has recently been applied to investigate neurocognitive profiles 

in an HIV/AIDS cohort. Molsberry et al. (2018) uncovered three distinct neurocognitive profiles 

through LPA in a large sample of HIV-infected and uninfected men from the Multicenter AIDS 

Cohort Study. Profile 1 (20% of sample) consisted of participants with marked cognitive deficits, 

particularly in the motor domain. Profile 2 (35%) had normative performance in most cognitive 

domains but performed below average in learning and memory. Lastly, Profile 3 (45%) 

identified individuals with above average learning and memory abilities. There were few 

significant univariate differences among the profiles, mostly differentiating the globally impaired 

Profile 1 from the others: Compared to Profiles 2 and 3, individuals in Profile 1 were older, had 

lower IQ, showed higher levels of depression, and many were of non-White ethnicity. Predictive, 

multivariate models of profile membership were not tested. Notably, each profile contained 

roughly ~50% of HIV-infected and uninfected individuals, with similar rates of infection across 

profiles, similar rates of patients with AIDS, and similar levels of immune functioning/viral 

replication such that specificity of LPA-based cognitive profiles to HIV-infection remains to be 

tested. 

As previously mentioned, neurocognitive impairment in contemporary HIV-cohorts is 

likely multifactorial, and requires statistical tools that accommodate many potentially related 
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susceptibility factors. Random Forest Analysis (Strobl, Malley, & Tutz, 2009) is a machine 

learning technique that represents such a tool that has yet to be applied to analyses of 

neurocognitive impairment in HIV-infection. RFA is frequently used on large biomedical data-

sets (Touw et al., 2013), including in HIV/AIDS (Segal, Barbour, & Grant, 2004; Wade et al., 

2015; Xu, Huang, Xu, & Zhang, 2007). RFA has also been used to identify neuroimaging 

correlates of cognitive/clinical subtypes of Alzheimer’s disease (Gray et al., 2013) and multiple 

sclerosis (Mesaros et al., 2012), as well as identifying important demographic and lifestyle 

factors preserving memory in aging (McDermott, McFall, Andrews, Anstey, & Dixon, 2016).  

One advantage of using this statistical tool is that it can deal with highly dimensional data and 

can tolerate moderately correlated predictors. Details of RFA will be described in section 3.4 

Statistical analysis.  

 
2.5. Aims and hypotheses 

In the current study, we aimed to address the following questions:  

1) What is the nature and number of neurocognitive impairment profiles in ART-treated HIV-

infected patients?  

2) Which risk-factors are the most important determinants of membership in these profiles?  

Based on the previous literature, the number and type of profiles were unclear, making this an 

exploratory study. However, we expected at least two different profiles of neurocognitive 

impairment (e.g., predominant motor impairment vs. higher-order, non-motor impairment). 

Among the prominent predictors of neurocognitively impaired profiles, we expected to observe 

nadir CD4 counts and variables associated with older age (age-related comorbidities like 

metabolic and cardiovascular conditions).   
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3. MATERIALS AND METHODS 

3.1. Cohort  

The study was approved by the University of Calgary, Conjoint Health Research Ethics Board; 

CHREB13-0615. Written informed consent was obtained from all participants. All participants 

were HIV-seropositive, in active treatment at the Southern Alberta HIV Clinic (SAC) in Calgary, 

Alberta, Canada. This is a multidisciplinary clinic providing free medical care laboratory testing 

and ART. It is staffed by multiple health care professionals, with services provided under 

universal healthcare (Asahchop et al., 2016; McCombe, Vivithanaporn, Gill, & Power, 2013). 

All participants had normal or corrected-to-normal vision and hearing, and fluency in English. 

Exclusions were head trauma with loss of consciousness exceeding five minutes, acute 

intoxication during neuropsychological testing, less than nine years of education, and 

severe/dominant neurological or psychiatric disorders (e.g., psychosis, severe stroke, 

opportunistic infections). Past or present substance use was no exclusion criterion unless 

sufficiently severe/protracted to preclude interpretation of current neurocognitive deficits. The 

absence of any predominant factors confounding the interpretation of neurocognitive 

performance was verified by repeated clinical assessment, chart review, cerebrospinal fluid 

assessments and cranial MRI to clarify any aetiologies suggestive of non-HIV-related CNS 

disease. From 445 participants, 64 were conservatively excluded due to confounding 

comorbidities (more details regarding the cohort will be discussed in the Results section).  

 

3.2. Neuropsychological test battery  

Neuropsychological testing was conducted at SAC (45-90 minutes) by a psychometrist, 

comprising tests of attention/processing speed, memory, motor, language, and executive 
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functions (Table 1). Ten scores from the following tests were included: Symbol Digit Modalities 

Test (SDMT; Smith, 1973); Number-Sequencing (TMT-2) and Number-Letter-Sequencing 

(TMT-4) from the Delis-Kaplan Executive Function System (D-KEFS; Delis, Kaplan, & 

Kramer, 2001); Grooved Pegboard (GPB; Trites, 1977); Hopkins Verbal Learning Test (HVLT-

R; Brandt & Benedict, 2001); Verbal Fluency Tests (Phonemic Fluency: letters F-A-S; Semantic 

Fluency: animals) from the D-KEFS; and the Wisconsin Card Sorting Test (WCST-64; Kongs, 

Thompson, Iverson, & Heaton, 2000). Normative age- and education-adjustments  from test 

manuals were applied to all tests (TMT-2/-4: Fine, Delis, & Holdnack, 2011), with additional 

adjustments for sex in the HVLT-R, D-KEFS Categorical Fluency, and GPB tests (Schretlen, 

Testa, & Pearlson, 2010). Raw scores were z-scaled based on normative adjustments. 

Performance in the Word Reading subtest of the Wide Range Achievement Test (WRAT-4; 

Wilkinson & Robertson, 2006) provided a measure for premorbid reading ability, and was 

included in a cognitive reserve score (Patel et al., 2013). Based on performance in this battery we 

also ascertained HAND diagnoses using the “Frascati” criteria (Antinori et al., 2007). HAND 

required performance of at least 1 standard deviation below normative means in two or more of 

the five neurocognitive domains (Table 1). The presence of functional impairment in daily life 

was ascertained through patient report involving multiple steps: each patient was asked at the 

time of intake by a registered nurse whether they were experiencing difficulties with memory, 

related cognitive abilities or activities, and if these deficits impacted their lives on a day-to-day 

basis. Answers to these inquiries were recorded in the general medical chart. At the time of 

neuropsychological testing, each patient was asked again by a trained psychometrist whether 

they experienced recent difficulties with memory, concentration, decision making, motor 

functions and behavioral troubles (agitation, anger, apathy), and how it affected their lives. Each 
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patient seen by neurology was then asked if they experienced difficulties with short- or long-term 

memory, concentration, decision making, anger/irritability, apathy, difficulty with speed of 

thinking, moving or tremor as well as how these concerns might be evident in everyday life, 

probing patients to provide specific examples. Furthermore, the presence of functional 

impairment was confirmed by informant-report through accompanying family 

members/caregivers when available. Final HAND diagnoses were determined by consensus 

decision of the clinical team. 
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 Table 1. Neuropsychological test descriptions and mean z-scaled performance (standard 
deviations) for patients from the Southern Alberta Clinic (SAC) cohort.  

Neuropsychological Tests 
SAC cohort 

(n = 381) 
Normative Adjustment 

Attention   

SDMT: correct responses -.06 (1.05) Age, education  

TMT-2: completion time -.38 (0.98) Age, education  

Executive Functions   

TMT-4: completion time -.50 (1.04) Age, education  

WCST-64: perseverative errors -.56 (0.88) Age, education 

Memory   

HVLT-R: immediate recall -.05 (1.16) Age, education, sex  

HVLT-R: delayed recall (25 min.) -.25 (1.09) Age, education, sex  

Language   

D-KEFS (FAS): correct words -.56 (0.95) Age, education, sex  

D-KEFS (Animals): correct words .04 (1.09) Age, education, sex  

Motor Functions   

GPB (dom. hand): completion time -.06 (1.07) Age, education, sex  

GPB (non-dom. hand): completion time .01 (1.13) Age, education, sex 

Abbreviations: D-KEFS: Delis-Kaplan Executive Function System; dom.: dominant; GPB: 
Grooved Pegboard; HVLT-R: Hopkins Verbal Memory Test – Revised; SDMT: Symbol Digit 
Modalities Test; TMT: Trail Making Test; WCST: Wisconsin Card Sorting Task, 64 card 
version. 
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3.3. Demographic and medical variables  

Several continuous and dichotomous variables (0 = no; 1 = yes) with potential neurocognitive 

performance impact were included. Continuous demographic variables were age, years of 

education and WRAT-4. Since higher levels of education and reading abilities both suggest higher 

cognitive reserve, a cognitive reserve score was calculated (Patel et al., 2013) by combining 

WRAT- 4 scores with completed years of education and dichotomized (0 = low, 1 = high) via 

median split. Other dichotomous demographic variables were sex (male = 0, female = 1), place of 

birth outside North America (Canada/U.S.A., irrespective of ethnicity), and employment. 

Numerical HIV- and ART-related variables were: Recent and nadir CD4 T-cell counts, recent and 

peak plasma HIV viral load, years since HIV diagnosis, CNS Penetrance Effectiveness (CPE) rank 

(Letendre et al., 2008) of current ART regimens (untreated = 0). Dichotomous HIV-related 

variables included: on ART, ART non-adherence within the past five days, and ART side-effects 

(including ART-toxicity). Regarding comorbidities, two numerical self-report measures were 

included: Depressive symptoms in the Patient Health Questionnaire-9 (PHQ-9; Kroenke, Spitzer, 

& Williams, 2001) and health-related quality of life (QoL; Crane et al., 2006). Dichotomous 

comorbidity variables were: HCV co-infection, cardiovascular conditions (hypertension, 

peripheral vascular diseases, myocardial ischemia or infarction), diabetes, metabolic conditions 

(dyslipidemia and lipodystrophy), self-reported current substance use (alcohol >9 drinks/sitting, 

current use of marijuana, crack/cocaine, or any other illicit drug), and psychiatric diagnoses (mood 

and affective disorders). Furthermore, toxoplasma serostatus was included as a variable of interest. 

Latent toxoplasmosis has been suggested to affect brain levels of vitamin B-12 and folate and has 

been associated with neurocognitive functions in previous population-based studies (Berrett, Gale, 

Erickson, Brown, & Hedges, 2017), as well as in HIV studies (Basavaraju, 2016; Ene et al., 2016).  
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3.4. Statistical analyses  

Analyses followed three major steps. First, empiric neurocognitive profiles were identified by LPA 

and compared to HAND diagnoses. Secondly, characteristics of individuals with these profiles 

were compared with univariate methods. Third, profile characteristics were compared with 

Random Forest Analyses (RFA).  

LPA is a mixture-modeling technique that identifies homogenous subgroups (Nylund et 

al., 2007). Superior to cluster analysis, multiple rigorous statistical tests and model fit statistics 

identify the true number of profiles (Nylund et al., 2007). Indicator variables were the ten 

neurocognitive test scores. The optimal number of empirically derived profiles was based on 

significant Vuong-Lo-Mendell-Rubin Test (Vuong, 1989) and Bootstrapped Likelihood Ratio Test 

(McLachlan & Peel, 2000). Akaike’s Information Criterion and Bayesian Information Criterion 

(Nylund et al., 2007) aided with model selection. LPA was carried out with Mplus 7.4 (Muthen & 

Muthen, 1998-2015). Univariate comparisons of LPA profiles were conducted using ANOVA, 

Kruskall-Wallis tests, or χ2-tests as indicated. LPA profiles and HAND diagnoses were compared 

with χ2-tests.   

Multivariate comparison between profiles was conducted by Random Forest Analysis 

(RFA), a machine learning technique based on the combination of predictions of multiple non-

parametric classification and regression trees (Breiman, 2001). In the current application, the 

goal of the RFA was to identify variables (‘predictors’) that successfully separated the cohort 

into one versus another LPA profile. Unlike in simple decision trees, the search process for 

identifying these variables is iterative, using an ideal subset of variables, and it is repeated 

multiple times (i.e., creating a ‘forest’ rather than a single tree). The results from all trees in the 

forest are then aggregated and compared, and each of the contributing predictors is ranked 
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according to its relative importance in correctly splitting the data into two groups (i.e., LPA 

profiles here). Two thirds of the original data (the training or ‘bootstrap’ sample) are used to 

develop the decision tree forest, which is then tested on the remaining cases (the test or ‘out-of-

bag’ sample). Compared to simple decision trees, RFA solutions avoid overfitting, are more 

stable, and have higher prediction accuracy (Strobl et al., 2009). Another advantage of RFA is its 

usefulness in situations with smaller samples and large numbers of potential predictors, 

compared to requirements for simple decision trees (Breiman, 2001; Strobl et al., 2009). Due to 

statistical requirements for RFA (Kuhn & Johnson, 2013), variables with less than 10% of cases 

in the smaller of two compared profiles were excluded. For example, HCV-co-infection was 

excluded since the cohort included only few individuals with an HCV co-infection, ranging from 

3.1% to 6.7% within each profile. For the same reason, ART non-adherence, and ART treatment 

status were eliminated from all comparisons. In order to retain additional categorical predictors 

that would have been excluded based on this criterion (lipodystrophy), we combined 

lipodystrophy with dyslipidemia to form one dichotomous variable (‘metabolic conditions’). 

AIDS status duplicates information carried by nadir CD4 and was therefore excluded. Similarly, 

recent viral load replicated information in detectable viral load and was also excluded. Diabetes 

had to be excluded as a predictor in the P1 vs. P2 comparison due to low (< 10%) occurrences in 

these profiles. Thus, each of the three initial RFA included the maximum number of permissible 

variables, with slight differences between comparisons based on these statistical exclusion rules 

(Table 2).  

 Missing data were negligible (maximum 5.8%, for WRAT-4, included in cognitive 

reserve), and imputed by the missForest package in R (Stekhoven & Bühlmann, 2011). Profile 

sizes were balanced by Synthetic Minority Over-sampling Technique (SMOTE; Chawla, 
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Bowyer, Hall, & Kegelmeyer, 2002), implemented in the DmwR package. Imbalanced class 

sizes biases results of classifiers towards the majority class, such that predictive models obtain 

very high classification accuracies (AUC) despite erroneously classifying all cases into the 

majority class (Torgo, Ribeiro, Pfahringer, & Branco, 2013). This problem is illustrated in Table 

3, resulting in low classification accuracies for the smaller P3 group. To avoid this problem, 

SMOTE over-samples the minority class (P3 cases here) by creating synthetic cases based on k-

nearest neighbour classification and bootstrapping. To retain the maximum number of original 

cases and the largest possible sample size, we increased the size of P3 to match the sizes of P1 

and P2, as was done in other studies (Hariharan, Tirodkar, Porwal, Bhattacharya, & Joly, 2017; 

McDermott et al., 2016). We did not implement SMOTE to compare P1 and P2 given that these 

profiles had approximately the same number of individuals. SMOTE parameters used to 

upsample (perc.over) and donwsample (perc.under) classes to balance the data for each RFA 

comparison in the entire cohort are shown in Table 3.   

RFA was conducted using the cforest function from the Party package (Hothorn, 

Buhlmann, Dudoit, Molinaro, & van der Laan, 2006) in R (R Core Team, 2017). Forests 

consisted of 5000 trees and at each potential split we evaluated a random sample of two predictor 

variables, identified as yielding optimal prediction accuracy. Each variable’s importance was 

evaluated by conditional permutation accuracy importance (Strobl, Boulesteix, Kneib, Augustin, 

& Zeileis, 2008). The importance values of irrelevant variables hover around zero, therefore 

variables with negative, zero or small positive importance values are considered unimportant to 

distinguish profiles, whereas variables with larger positive values are considered important 

(Strobl et al., 2008; Strobl et al., 2009). Variable importance scores vary depending on the 

included predictors, such that by themselves, the numerical values of variable importance scores 
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are not meaningful and cannot provide absolute thresholds. Instead, as suggested by (Strobl et 

al., 2009), the threshold for variable importance was set by taking the absolute (i.e., positive) 

value of the lowest variable importance score obtained from each RFA. Predictors with scores 

lower than this value are considered unimportant, while predictors with scores higher than this 

value are considered important (indicated by a dotted line in the figures). Model strength was 

evaluated by area under the receiver operating curve (AUC) and F1 scores. Although RFA is a 

robust tool to identify relevant predictors of membership, directionality of the predictors cannot 

be obtained from this analysis alone, as predictors may appear at different locations, and 

different cut-off scores for membership, across the trees. Therefore, the directionality of 

important predictors was determined by univariate analysis.
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Table 2. List of variables considered for inclusion in the Random Forest Analyses (x = included) 

Variable P1 vs. P2 P1 vs. P3 P2 vs. P3 

Age X X X 
Sex X X X 
Continent of Origin X X X 
Employment X X X 
Cognitive Reserve X X X 
Quality of Life X X X 
Duration of HIV Diagnosis X X X 
Recent VL - - - 
Detectable VL X X X 
Peak VL X X X 
Recent CD4 T-cell count X X X 
Nadir CD4 T-cell count X X X 
AIDS - - - 
On ART at Test Date - - - 
ART non-adherence - - - 
ART Side-effects X X X 
CPE X X X 
Alcohol (binge) - - - 
Marijuana Use X X X 
Crack/cocaine - - - 
Other illicit drugs - - - 
HCV Co-infection - - - 
Toxoplasma Seropositivity X X X 
Metabolic Conditions X X X 
Diabetes - X X 
Cardiac Conditions X X X 
Psychiatric Disorders X X X 
Domestic Violence X X X 
PHQ-9 X X X 
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Abbreviations. AIDS: acquired immune deficiency syndrome; ART: antiretroviral therapy; CPE: 
CNS-penetrance effectiveness rank; HCV: hepatitis C virus; PHQ-9: Patient Health 
Questionnaire-9; VL: viral load. 
 
 
 
 
 Table 3. Synthetic Minority Over-sampling Technique (SMOTE) parameters used to balance 
the size of P3 (entire cohort; N = 381) 
Model P1 vs P3 P2 vs P3 

Unbalanced P1 P3 P2 P3 

n 159 59 163 59 

Classification % 100% 5.1% 100% 0% 

Balanced      

perc.under:perc.over 135 200 138.5 200 

n 159 177 163 177 

Classification % 78.6% 83.6% 69.9% 74.6% 

Abbreviations. perc.over: upsampling parameter; perc.under: downsampling parameter). 

4. RESULTS 

4.1. Latent profile analysis 

The cohort (n = 381) consisted of 88% males, predominantly born in Canada/U.S.A (78.7%, of 

which 4.3% identified as Indigenous), with a mean age of 47.3±11.1 years. At test date, 94% were 

actively receiving ART, although 8.7% reported non-adherence within the last five days before 

testing. We tested two-, three-, and four-profile LPA models to define neurocognitive profiles. The 

three-profile model showed the best fit (Table 4). The first neurocognitive profile (P1) included 

159 participants (41.7% of the cohort), the second profile (P2) had 163 participants (42.8%), and 

the third profile (P3) consisted of 59 individuals (15.5%). Neurocognitive impairment was present 

in P3 only, indicated by z-scores below the normative mean in all test (z-score < -1), except D-

KEFS Animals and GPB (Table 5; Figure 3A). 
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The profiles differed in mean performance (F(2, 372) = 478.6, p < 0.001; P1> P2 > P3; 

Fig. 3A; Table 5). P3 performed significantly lower than P1 in all tests (p’s < 0.05, Bonferroni-

corrected). P2 performed significantly lower than P1 in all but simple attention (TMT-2: p = 0.84) 

and non-dominant motor functions (GPB; p = 0.12), and significantly higher than P3 in all but 

HVLT-R delayed recall (p = 0.12). Within profiles, test performance also differed (F = 19.0, p < 

0.001): Compared to performance in the other tests, P1 had higher verbal memory performance 

(immediate HVLT-R; p’s < 0.05; Fig. 3A; Table 5). P2 had lower executive functions (WCST 

and FAS) and verbal memory (HVLT-R; p’s < 0.05), and P3 had lower TMT scores (p’s < 0.05). 

Thus, LPA identified three distinct neurocognitive performance profiles, one (P3) with 

neurocognitive impairment. 

 

 

 Table 4. Latent Profile Analyses on the ten neurocognitive indicators 

Number of Profiles AIC BIC LMR BLRT 

Entire cohort (n = 381) 

2 10417.3 10539.5 <.001 <.001 

3 10226.3 10391.9 <.001 <.001 

4 10144.7 10353.6 .13 .14 

North American-born patients (n = 300) 

2 8024.3 8139.1 <.001 <.001 

3 7866.9 8022.4 .01 .01 

4 7804.4 8000.7 .28 .28 

Abbreviations: AIC: Akaike’s Information Criterion; BIC: Bayesian Information Criterion; 
BLRT: Bootstrapped Likelihood Ratio Test (p-value); LMR: Vo-Lo-Mendell-Rubin Likelihood 
Ratio Test (p-value). 
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Table 5. Mean z-scaled performance (standard deviations) in the ten neuropsychological 
indicators used in Latent Profile Analyses in the entire cohort (n = 381 patients). 

Test 
P1 

(n=159) 

P2 

(n=163) 

P3 

(n=59) 

SDMTa,b,c 0.47 (0.84) -0.08 (0.83) -1.40 (0.83) 

TMT-2b,c -0.06 (0.76) -0.17 (0.69) -1.86 (0.90) 

TMT-4a,b,c  -0.02 (0.65) -0.33 (0.73) -2.27 (0.76) 

WCST p-err.a,b,c -0.30 (0.86) -0.61 (0.83) -1.18 (0.73) 

D-KEFS FASa,b,c -0.19 (0.95) -0.64 (0.83) -1.31 (0.83) 

D-KEFS Animalsa,b,c 0.63 (0.88) -0.11 (0.90) -0.99 (1.05) 

HVLT-R imm.a,b,c 0.97 (0.76) -0.65 (0.70) -1.23 (0.75) 

HVLT-R del.a,b 0.62 (0.83) -0.82 (0.72) -1.09 (0.88) 

GPB dom.a,b,c 0.28 (1.05) -0.07 (0.89) -1.00 (1.04) 

GPB non-dom.b,c 0.31 (1.17) 0.06 (0.93) -0.96 (1.07) 

Abbreviations. Dom. = dominant hand; D-KEFS FAS = Delis-Kaplan Executive Functions 
Systems letter fluency task; D-KEFS Animals = Delis-Kaplan Executive Functions Systems 
category fluency task; GPB = grooved pegboard; HVLT del. = Hopkins Verbal Learning Test-
Revised delayed recall; HVLT imm. = Hopkins Verbal Learning Test immediate recall; Non-
dom. = non-dominant hand; SDMT = Symbol Digit Modalities Test; TMT = Trail Making Task; 
WCST-pers.err. = Wisconsin Card Sorting Task perseverative errors.  
a: P1 > P2 (p < .05). b:  P1 > P3 (p < .05). c: P2 > P3 (p < .05). 
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Figure 3. Latent Profile Analyses and Random Forest Analyses of 381 HIV-infected participants 
from the Southern Alberta HIV Clinic. A) Distribution of test performance of participants across 
three latent neurocognitive profiles derived from Latent Profile Analysis B) & C) Receiver 
Operating Characteristic curve for RFA results. D) & E) Random Forest Analyses (RFA), 
showing the importance for specific variables distinguishing P1/P3, and P2/P3, respectively. The 
dotted black line represents variable importance cut-off; dots to the right of the line indicate 
important variables.  
a,b,c: different superscripts denote differences between groups (Bonferroni post-hoc’s: p < .05). 
Abbreviations: ART = antiretroviral therapy; AUC = area under the receiver operating curve; 
Cond. = condition; CPE = CNS penetrance effectiveness rank; D-KEFS FAS = Delis-Kaplan 
Executive Functions Systems letter fluency task; D-KEFS Animals = Delis-Kaplan Executive 
Functions Systems category fluency task; Dis. = disorder; Dom. = dominant hand; GPB = 
grooved pegboard; HVLT-R del. = Hopkins Verbal Learning Test delayed recall; HVLT-R imm. 
= Hopkins Verbal Learning Test immediate recall; Non-dom. = non-dominant hand; Origin = 
continent of birth; PHQ-9 = Patient Health Questionnaire-9; QoL = health-related quality of life; 
ROC = receiver operating characteristic; Reserve = cognitive reserve; SDMT = Symbol Digit 
Modalities Test; TMT = Trail Making Task; Toxoplasma = toxoplasma seropositivity; Vio. = 
violence; VL = viral load. WCST-pers.err. = Wisconsin Card Sorting Task perseverative errors 
 

 

4.2. Univariate differences between profiles and comparisons with HAND diagnosis 

Univariate differences (Table 6) indicated that P3 included more toxoplasma seropositive female 

participants born outside North America, compared to P1 and P2. Marijuana use was significantly 

higher in P2 compared to P3. The P1 profile had a significantly lower CPE rank than P2. Trends 

showed non-significantly lower nadir CD4 T-cell counts and higher rates of AIDS in P3 than in 

P1/P2.  

Of the 381 participants, 81 (21.3%) were diagnosed with HAND. Of these, 31 had 

asymptomatic neurocognitive impairment (ANI), 42 had mild neurocognitive disorder (MND), 

and 8 had HIV-associated dementia (HAD). The remaining 300 patients had no neurocognitive 

deficits (NN). The proportions of HAND diagnoses within and across LPA profiles showed large 

differences (χ2(2) = 219.4, p < 0.001; Bonferroni post-hoc tests: p’s < .05). The HAND diagnosis 

was more frequent in P3 (89.8%), followed by P2 (16.6%), and least frequent in P1, with only one 
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HAND-ANI participant. Symptomatic HAND (MND and HAD) was substantially more frequent 

in P3 (76.3%) than in P2 (8.6%). Conversely, the P1 and P2 profiles were mostly comprised of 

NN patients (P1 = 99.3%; P2 = 83.4%). 
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Table 6. Patient characteristics and differences between LPA profiles (n = 381); data are means (standard deviations) or percentages 
within profiles, unless stated otherwise 

Variable P1 
(n = 159) 

P2 
(n = 163) 

P3 
(n = 59) Test Statistic p-value 

Age (years) 46.3 (11.1) 48.2 (11.0) 47.3 (11.4) F(2, 297) = 1.07 .34 
Sex (male) 91.8%a 87.7%a,b 78.0%b χ2(2) = 7.80  .02 
Place of Origin (North America) 88.7%a 81.0%a 45.8%b χ2(2) = 48.20 <.001 
Employment (currently employed) 75.5% 70.6% 59.3% χ2(2) = 5.45 .07 
Cognitive Reserve (% high) 59.9% 54.2% 43.6% χ2(2) = 4.37 .11 
QoL (1 = poor, 5 = excellent) † 4 (1-5) 4 (1-5) 4 (1-5) χ2(2) = 1.63 .44 
HIV duration (in years) 11.4 (8.4) 11.3 (8.0) 12.4 (8.4) F(2, 297) = 0.42 .66 
Recent VL copies/ml (log) † 1.60 (1.60-5.44) 1.60 (1.60-5.18) 1.60 (1.60-4.95) χ2(2) = 1.57 .46 
Detectable VL  11.9% 14.7% 18.6% χ2(2) = 1.66 .44 
Peak VL copies/ml (log)  † 4.87 (1.60-6.81) 4.79 (1.60-6.78) 4.93 (1.60-6.98) χ2(2) = 0.35 .84 
Recent CD4 T-cell (count/mm³)  583.3 (241.5) 586.9 (295.2) 538.5 (241.2) F(2, 297) = 0.78 .46 
Nadir CD4 T-cell (count/mm³)  230.0 (178.4) 223.0 (168.5) 174.3 (152.0) F(2, 297) = 2.40 .09 
AIDS (nadir < 200 count/mm³) 46.5% 43.6% 61.0% χ2(2) = 5.40 .07 
On ART at test date 92.5% 94.5% 96.6% χ2(2) = 1.45 .49 
ART non-adherence (last five days)  6.8% 11.0% 7.0% χ2(2) = 1.90 .39 
ART side-effects 14.5% 17.2% 15.3% χ2(2) = 0.46 .80 
CPE † 7 (0-11)a 7 (0-13)b 7 (0-11)a,b χ2(2) = 7.27 .03 
Substance use      

Alcohol (binge) 3.8% 6.1% 0% χ2(2) = 4.18 .12 
Marijuana 27.7%a,b 31.3%b 13.6%a χ2(2) = 6.96 .03 

Crack/cocaine 7.5% 3.7% 3.4% χ2(2) = 2.90 .23 
Other illicit drugs 3.1% 2.5% 1.7% χ2(2) = 0.39 .82 

HCV co-infection 3.1% 6.7% 3.4% χ2(2) =  2.60 .27 
Toxoplasma seropositive 7.5%a 9.2%a 25.4%b χ2(2) = 14.98 <.001 
Dyslipidemia 25.2% 28.2% 18.6% χ2(2) = 2.11 .35 
Lipodystrophy 8.2% 9.2% 8.5% χ2(2) = 0.11 .95 
Diabetes 5.0% 8.6% 13.6% χ2(2) = 4.52 .11 
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Variable P1 
(n = 159) 

P2 
(n = 163) 

P3 
(n = 59) Test Statistic p-value 

Cardiac conditions 12.6% 16.6% 15.3% χ2(2) = 1.04 .60 
Psychiatric disorders 28.9% 29.4% 32.2% χ2(2) = 0.23 .89 
Domestic violence 24.5% 29.4% 27.1% χ2(2) = 0.99 .61 
PHQ-9 † 4 (0-26) 5 (0-26) 5.5 (0-23) χ2(2) = 3.07 .22 

Abbreviations. ART: combination antiretroviral therapy; CPE: antiretroviral central nervous system penetration-effectiveness score 
(individuals not on ART received a CPE rank of zero); HCV: hepatitis C virus; PHQ-9: Patient Health Questionnaire-9; QoL: quality 
of life; VL: viral load.  
a,b,c: different superscripts denote differences between groups (Bonferroni post-hoc’s: p < .05 
†: Medians (range). PHQ-9 available for n=367.  
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4.3. Random forest analyses 

The importance of variables associated with profile membership was tested in a multivariate 

framework by three RFAs: Comparing P1 with P2, P1 with P3, and P2 with P3. Directionality 

of important variables was determined by the univariate results in Table 6. RFA between P1 and 

P2 showed poor prediction performance (AUC = 0.46, F1 = 0.46; not shown). Fits were 

substantially better for RFA models involving P3 (Figures 3B and 3C). The most important 

predictor of P3 was place of birth (‘Origin’ in Figures 3D and 3E). Other important variables in 

both RFAs were lower employment rates, longer HIV duration, female sex, toxoplasma 

seropositivity, diabetes, low nadir CD4 and lower marijuana use. Depressive symptoms (PHQ-

9), higher CPE, and lower cognitive reserve differentiated P3 from P1 (Fig. 3D). Psychiatric 

disorders and low QoL further distinguished P3 from P2 (Fig. 3E). Several additional variables 

trended towards the statistical threshold and were not further considered. Figure 4 summarizes 

only the most important variables and their corresponding directionality. 

To verify the RFA outcomes with a conventional method, we performed separate logistic 

regressions. Keeping in mind that this method is not suited to assess the large number of partly 

collinear predictors, only the five most important variables identified by RFA were analysed. 

Multicollinearity between selected predictors was assessed via variable inflation factor (VIF > 3) 

and tolerance (< 0.20; Hair, 2006). For the P1 vs. P3 regression, variables included: place of 

origin, employment status, PHQ-9, HIV duration, and CPE. For the P2 vs. P3 regression, 

variables included were: place of origin, toxoplasma seropositivity, sex, nadir CD4, and HIV 

duration. Both logistic regression models were significant (P1/P3: χ2 = 55.8, df = 5; P2/P3: χ2 = 

39.95, df = 5; p’s < .001) and none of the predictors showed VIF or tolerance scores indicative of 

multicollinearity (P1/P3: VIFmax = 1.15, tolerancemax = 0.87; P2/P3: VIFmax = 1.34, tolerancemax 
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= 0.74). In the P1/P3 model, only non-North American origin (OR = 14.2, [6.3, 32.1], p < .001) 

and higher CPE (OR = 1.3, [1.0, 1.6], p = .02) predicted membership into P3. In the P2/P3 

model, only non-North American origin (OR = 5.3, [2.4, 11.6], p < .001) predicted membership 

into P3. There was also a trend towards longer HIV duration (p = .06) predicting P3 

membership. Thus, outcomes replicated the essential RFA findings, albeit with reduced 

sensitivity. 
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Figure 4. Summary of only important variables predicting neurocognitive performance in the 
Southern Alberta Clinic cohort (N= 381) identified by Random Forest Analysis. Length of bar 
represents relative importance.  
Refer to Figure 3 for abbreviations.  
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The results above were dominated by demographic variables, emphasizing previous 

cluster-analytical findings (Devlin & Giovannetti, 2017) and Molsberry et al. (2018) findings, 

placing many individuals with non-North American origin into the impaired P3 profile (Table 6, 

Fig 4). Instead of important predictors of cognitive profiles, the previous results may therefore be 

identifying predictors of where participants were born (origin), mirroring the demographic 

differences between P1/P2 and P3. Thus, in an attempt to isolate effects of birth continent, we 

conducted an additional RFA identifying important predictors of non-North American origin. 

Variables included in the RFA are summarized in Table 7. SMOTE parameters to balance the 

smaller non-North American group are in Table 8. North-Americans were distinguishable well 

from non-North Americans via RFA (AUC = 0.82, F1 = 0.83; Fig. 5).  As suspected, some of the 

top variables differentiating P3 from the other profiles were also important variables 

differentiating groups by continent of origin (Fig. 5). Among these, toxoplasma seropositivity, 

female sex, and low marijuana use were by far the most important (Fig. 5). These results suggest 

that the importance of toxoplasma seropositivity, female sex, and marijuana use in distinguishing 

between the better performing profiles (P1/P2) from P3 is most likely due to demographic 

differences and sampling bias between the profiles (as most non-North American participants 

clustered in P3).
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Table 7. List of variables considered for inclusion in the Random Forest Analyses between 
North American (NA) and non-North American (non-NA) participants (x = included). 
Variable NA vs non-NA 

Age X 
Sex X 
Continent of Origin - 
Employment X 
Cognitive Reserve X 
Quality of Life X 
Duration of HIV Diagnosis X 
Recent VL - 
Detectable VL X 
Peak VL X 
Recent CD4 T-cell count X 
Nadir CD4 T-cell count X 
AIDS - 
On ART at Test Date - 
ART non-adherence - 
ART Side-effects X 
CPE X 
Alcohol (binge) - 
Marijuana Use X 
Crack/cocaine - 
Other illicit drugs - 
HCV Co-infection - 
Toxoplasma Seropositivity X 
Metabolic Conditions X 
Diabetes - 
Cardiac Conditions X 
Psychiatric Disorders X 
Domestic Violence X 
PHQ-9 X 

Refer to Table 2 abbreviations.
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Table 8. Synthetic Minority Over-sampling Technique (SMOTE) parameters used to balance the 
size of non-North American group (entire sample, N = 381) 

Model NA vs non-NA 

Unbalanced P1 P3 

n 300 81 

Classification % 100% 0% 

Balanced    

perc.under:perc.over 150 200 

n 243 243 

Classification % 92.2% 77.0% 

Abbreviations. NA: North American; perc.over: upsampling parameter; perc.under: 
downsampling parameter. 
 
 
 
 
 

 

 

 

 
 
 
 
 
 
 

Figure 5. Random Forest Analyses (RFA), showing the importance for specific variables 
distinguishing North American (NA) versus non-North American-born (non-NA) participants. 
A) Receiver Operating Characteristic curve for RFA results. B) Random Forest Analyses (RFA) 
results. The dotted black line represents variable importance cut-off; dots to the right of the line 
indicate important variables. 

Refer Figure 3 for abbreviations.  
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4.4. North American participants 

To uncover potential risk-factors for P3 in a demographically more homogenous group, we also 

repeated the analyses in North American participants only (n = 300). Like our LPA results in the 

entire cohort, a three-profile model had the best fit (cf. Table 4). The North-American P1 (P1NA) 

was composed of 136 patients (45.3% of the cohort), P2 NA had 135 patients (45.0%), and P3 NA 

had 29 patients (9.7%; Fig. 6A). Profiles again differed substantially in mean performance (F(2, 

295) = 277.5, p < 0.001;  P1NA > P2NA > P3NA), and neurocognitive impairment was restricted to 

P3NA (Table 9).  Patterns in P1NA and P2NA resembled our previous results (compare Figs. 3A 

and 6A), but memory in P3NA and P2NA was now similar (p > 0.05; Table 9). Univariate 

comparisons (Table 10) revealed only a few profile differences: P2 NA had a significantly higher 

proportion of Indigenous participants, and P3NA had significantly higher age, proportions of 

retired/unemployed, and CPE, with trends pointing to longer duration of HIV-infection and 

higher rates of diabetes.   

RFA omitted origin and toxoplasma sero-status as predictors (<10% incidence). SMOTE 

parameters again increased the size of P3NA only (Table 11). Again, RFAs involving P3NA showed 

acceptable classification (Figure 6B/C; P1NA/P2NA: AUC = 0.46, F1 = 0.46). The most important 

predictors differentiating P3NA from both other profiles were duration of HIV-infection, CPE, and 

unemployment/retirement (Figs. 6D/E). Older age, psychiatric comorbidities, low nadir, and QoL 

differentiated P3NA from P1NA. Lower rates of marijuana use and higher rates of ART side-effects 

further distinguished P3NA from P2NA (Fig. 6E). Thus, risk-factors for neurocognitive impairment 

in North American participants were mainly comprised of HIV-duration, age, CPE, and psychiatric 

comorbidities (Figure 7). 
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Logistic regressions were applied to the five most important variables identified by RFA 

in the North American sample to verify our results. The five most important variables of the 

P1NA vs. P3NA comparison were: duration of HIV infection, CPE rank, employment status, age, 

and psychiatric disorders. For the P2NA vs. P3NA comparison, variables were: HIV duration, 

employment status, CPE rank, nadir CD4, and marijuana use. Both logistic regression models 

were significant (P1NA / P3NA: χ2 = 26.8, df = 5; P2NA / P3NA: χ2 = 20.9, df = 5; p’s < .001). None 

of the selected predictors showed VIF or tolerant scores indicative of multicollinearity (P1NA 

/P3NA: VIFmax = 1.41, tolerancemax = 0.71; P2NA /P3NA: VIFmax = 1.71, tolerancemax = 0.86). In 

the P1NA / P3NA model, CPE rank (OR = 1.5, [0.9, 1.1], p = .03), and being unemployed/retired 

(OR = 0.3, [0.1, 0.7], p < .01) significantly predicted membership into P3NA. There was a non-

significant trend for older age predicting membership into P3NA (OR = 1.0, [1.0, 1.1], p = .07). 

Being unemployed/retired (OR = 0.3, [0.1, 0.7], p < .01), and no marijuana use (OR = 0.3, [0.1, 

0.9], p = .03) predicted P3NA membership compared to P2NA. There were non-significant trends 

towards higher CPE rank (p = .08) and longer HIV duration (p = .09) predicting P3NA 

membership. Again, outcomes replicated the essential RFA findings, but with reduced 

sensitivity.
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Table 9. Mean z-scaled performance (standard deviations) in the ten neuropsychological 
indicators used in Latent Profile Analyses in North American-born patients (n = 300) 

Test 
P1NA 

(n=136) 

P2NA 

 (n=135) 

 P3NA 

(n=29) 

SDMTa,b,c 0.46 (0.85) 0.02 (0.84) -1.25 (0.74) 

TMT-2 b,c -0.00 (0.72) -0.09 (0.64) -1.98 (0.84) 

TMT-4a,b,c  0.04 (0.63) -0.25 (0.72) -2.01 (0.86) 

WCST p-err.b,c -0.29 (0.87) -0.50 (0.73) -1.11 (0.78) 

D-KEFS FASa,b,c -0.16 (0.93) -0.62 (0.77) -1.3 (0.77) 

D-KEFS Animalsa,b,c 0.68 (0.84) 0.00 (0.87) -0.71 (1.01) 

HVLT-R imm.a,b 1.00 (0.72) -0.61 (0.68) -0.86 (0.75) 

HVLT-R del a,b 0.66 (1.09) -0.79 (0.70) -0.66 (0.74) 

GPB dom.a,b,c 0.27 (1.03) -0.09 (0.90) -1.20 (1.09) 

GPB non-dom.b,c 0.33 (1.11) 0.03 (0.97) -1.14 (1.16) 
a: P1NA > P2NA (p < .05). b:  P1NA > P3NA (p < .05). c: P2NA > P3NA (p < .05) 

Refer to Table 2 for abbreviations. 

.
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Table 10. Patient characteristics and differences between latent profiles in North American-born patients (n = 300); data are means 
(standard deviations) or percentages within profiles, unless stated otherwise  
Variable P1NA 

(n = 136) 
P2NA 
(n = 135) 

P3NA 
(n = 29) 

Test Statistic p-value 

Age (years) 46.5 (10.7)a 49.0 (10.7)a,b 52.5 (11.1)b F(2, 297) = 4.36 .01 
Sex (male) 91.9%  88.9% 89.7% χ2(2) = 0.73  .70 

Indigenous ethnicity (self-report) 0.7%a 7.4%b 6.9%a,b χ2(2) = 7.78 .02 

Employment (currently employed) 75.7%a 69.6%a 37.9%b χ2(2) = 16.08 < .001 

Cognitive Reserve (% high)  57.4% 52.3% 44.4% χ2(2) = 1.72 .42 

QoL (1 = poor, 5 = excellent) † 4 (1-5) 4 (1-5) 4 (1-5) χ2(2) = 0.88 .65 

HIV duration (in years) 11.6 (8.3) 11.9 (8.2) 15.6 (8.9) F(2, 297) = 2.91 .06 
Recent VL copies/ml (log) † 1.6 (1.6-5.2) 1.6 (1.6-5.2) 1.6 (1.6-4.9) χ2(2) = 0.35 .84 

Detectable VL  12.5% 14.8% 10.3% χ2(2) = 0.56 .76 

Peak VL copies/ml (log)  † 4.9 (1.6-6.8) 4.8 (1.6-6.8) 4.9 (1.7-7.0) χ2(2) = 0.13 .94 

Recent CD4 T-cell (count/mm³)  584.9 (241.4) 572.9 (276.3) 548.8 (252.8) F(2, 297) =0.25 .78 
Nadir CD4 T-cell (count/mm³)  226.3 (179.0) 228.0 (166.4) 182.6 (147.2) F(2, 297) = 0.90 .41 
AIDS (nadir < 200 count/mm³) 47.1% 42.2% 55.2% χ2(2) = 1.81 .41 

On ART at test date 92.6% 93.3% 100% χ2(2) = 2.22 .33 

ART non-adherence (last five days)  7.2% 9.5% 6.9% χ2(2) = 0.52 .77 

ART side-effects 14.7% 17.0% 20.7% χ2(2) = 0.72 .70 

CPE † 7 (0-11)a 7 (0-13)a 8 (6-11)b χ2(2) = 8.97 .01 

Substance use      
Alcohol (binge) 3.7% 6.7% 3.4% χ2(2) = 1.44 .49 
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Variable P1NA 
(n = 136) 

P2NA 
(n = 135) 

P3NA 
(n = 29) 

Test Statistic p-value 

Marijuana 29.4% 36.3% 17.2% χ2(2) = 4.46 .11 

Crack/cocaine 8.8% 4.4% 3.4% χ2(2) = 2.64 .27 

Other illicit drugs 3.7% 3.0% 0% χ2(2) = 1.11 .57 

HCV co-infection 2.9% 8.1% 3.4% χ2(2) =  3.86 .15 

Toxoplasma seropositive 7.4% 3.7% 6.9% χ2(2) = 1.78 .41 

Dyslipidemia 28.7% 27.4% 31.0% χ2(2) = 0.17 .92 

Lipodystrophy 9.6% 10.4% 10.3% χ2(2) = 0.05 .97 

Diabetes 5.1% 8.1% 17.2% χ2(2) = 5.02 .08 

Cardiac conditions 13.2% 15.6% 13.8% χ2(2) = 0.31 .86 

Psychiatric disorders 30.1% 32.6% 41.4% χ2(2) = 1.39 .50 

Domestic violence 25.0% 29.6% 37.9% χ2(2) = 2.17 .34 

PHQ-9 † 4 (0-26) 5 (0-26) 5.5 (0-21) χ2(2) = 0.94 .63 
a,b: different superscripts denote differences between groups (Bonferroni post-hoc’s: p < .05). †: Non-normal variables are reported as 
medians (range). PHQ-9 available for n=287. 
Refer Table 6 for abbreviations 
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Table 11. Synthetic Minority Over-sampling Technique (SMOTE) parameters used to balance 
the size of P3 (North American only; N = 300) 

Model P1NA vs P3NA P2NA vs P3NA 
Unbalanced P1NA P3NA P2NA P3NA 

n 136 29 135 29 

Classification % 100% 0% 100% 0% 

Balanced      

perc.under:perc.over 150 200 150 200 

n 87 87 87 87 

Classification % 73.6% 78.2% 67.8% 70.1% 
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Figure 6. Latent Profile Analyses and Random Forest Analyses of 300 HIV-infected North 
American participants from the Southern Alberta HIV Clinic. A) Distribution of test 
performance of participants across three latent neurocognitive profiles derived from Latent 
Profile Analysis in North American participants only. B) & C) Receiver Operating Characteristic 
curve for RFA results. D) & E) Random Forest Analyses (RFA), showing the importance for 
specific variables distinguishing P1NA / P3NA, and P2NA / P3NA, respectively. The dotted black 
line represents variable importance cut-off; dots to the right of the line indicate important 
variables.  
a,b,c: different superscripts denote differences between groups (Bonferroni post-hoc’s: p < .05). 
Refer to Figure 3 for abbreviations.
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Figure 7. Summary of important variables predicting neurocognitive performance in the North 
American patients from the Southern Alberta Clinic cohort (n = 300) identified by Random 
Forest Analysis. Length of bar represents relative importance.   
Refer to Figure 3 for abbreviations. 
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5. DISCUSSION 

This is the first study implementing both LPA and RFA to identify and distinguish 

neurocognitive performance profiles in HIV-infected persons. The present cohort was 

representative of the HIV-infected population in care described in Canada (Public Health 

Organization, 2018) and other high-income countries. Three distinct profiles emerged: patients in 

P1 (41.7%) displayed the highest overall neurocognitive performance, especially for verbal 

memory, while patients in P2 (42.8%) showed relatively weaker executive and verbal memory 

functions. Only patients in P3 (15.5%) displayed neurocognitive impairment, with pronounced 

deficits in the Trail-Making tasks (Fig. 3A). Random Forest Analysis revealed that North 

American descent, and features associated with place of origin including toxoplasmosis and 

female sex were the most robust predictors of membership to P3 in the entire cohort (Fig. 4). 

Constraining analyses to North American participants revealed that highly CNS-penetrant ART 

regimens, or ART drugs with higher CPE ranks were important predictors of neurocognitive 

impairment. Older age and long-standing HIV were also amongst the top predictors of 

neurocognitive impairment in the North American subsample (Fig. 7).  

These results provide a proof-of-principle for the use of LPA and RFA to delineate 

neurocognitive profiles and their associated risk-factors in a demographically representative 

cohort of patients with HIV-infection receiving contemporary care.  The following discussion 

will compare the current findings with previous results, expand on the uncovered predictors, and 

will touch on future directions. 

 

5.1. Identifying cognitive performance patterns – useful in HIV?  
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We expected to uncover two distinct profiles of neurocognitive impairment.  Contrary to our 

hypothesis, we failed to identify multiple patterns of neurocognitive impairment. Instead, only 

one globally impaired group was found, both when considering the entire cohort and the North 

American patients only. One may think that we were unable to uncover distinct types of 

impairment profiles due to the relatively small size of our cohort, and small number of 

neurocognitive impaired patients. However, our results are remarkably similar to the LPA 

findings from the much larger MACS cohort (N = 2904, including 1531 HIV-positive 

participants) that also pointed to only one with global impaired group (Molsberry et al., 2018). In 

addition, Molsberry et al. (2018) also found an intermediate but neurocognitively unimpaired 

profile with selectively lowered memory function (P2/P2NA also had relative reductions in 

memory as well as in executive functions), and one profile with high memory performance 

(similar to P1/P1NA here).   

We failed to find a profile with predominant motor deficits unlike in previous cluster 

analytical studies (Lojek & Bornstein, 2005a; van Gorp et al., 1993). In our cohort, motor 

functions were indeed relatively preserved. This discrepancy might be explainable by the fact 

that data of participants in Lojek & Bornstein (2005) and van Gorp et al (1993) were obtained 

prior to the introduction of highly effective ART in the mid 1990’s (Palella et al., 1998). 

Neurocognitive deficits in the pre-ART era are known to encompass marked motor deficits due 

to subcortical HIV pathology as a result from uncontrolled viral replication within the brain 

(Carey, Woods, Rippeth, et al., 2004; Heaton et al., 2011). Therefore, the lack of a motor-

impaired profile likely represents neurocognitive functions of well-treated HIV cohorts in the 

ART era. Interestingly, a more recent cohort receiving current ART also reported only one 
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globally impaired group (like P3), along with one higher performing group (resembling a 

combination of P1/P2) (Fazeli et al., 2014).  

Even though multiple impairment profiles were not uncovered here, both P2 and P2NA 

represented a group of individuals with intermediate but unimpaired neurocognitive 

performance. Most patients within these intermediary profiles performed were not diagnosed 

with HAND and their characteristics were undistinguishable from those of individuals in 

P1/P1NA. However, it is still possible that their relative reductions in executive and memory 

functions could be subtle subclinical neurocognitive difficulties. These would not have been 

captured by a HAND diagnosis. Taken together, our and previous results imply that apart from a 

global NCI pattern, distinguishable neurocognitive impartment profiles in well-treated HIV 

cohorts are unlikely. Nevertheless, determination of profiles with different longitudinal 

trajectories of cognitive performance may be more informative in capturing the heterogeneity of 

NCI in HIV.  

 

5.2. Confounding influences of demographic variability on NCI 

The most surprising results was the magnitude of the influence of place of origin on NCI here: 

As clearly seen in Fig. 4, being born outside of North America was by far the most important 

variable to determine membership in the globally impaired P3 profile. When non-North 

American participants were excluded from our analysis, the impaired P3 profile was reduced by 

half, and the overall rate of cognitive impairment in our sample decreased from 15.5% to less 

than 10%. Despite the demographic differences between the current and the American MACS 

cohort, Molsberry et al. (2018) also found that non-White ethnicity (e.g., African American) was 

by far the most prominent indicator distinguishing the globally impaired profile from the two 
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others. Country of origin and ethnic background may be influencing quality of education, 

literacy, income etc. which could then inflate their rates of NCI. Indeed, all patients were fluent 

in English and sufficiently educated to perform the neurocognitive testing. However, 

performance differences based on origin may be influenced by the applied normative 

adjustments which are mainly derived from Caucasian reference cohorts from the U.S. 

Unfortunately, existing adjustments for ethnic minority groups apply to minorities in the U.S. 

(e.g., Hispanic; Cherner et al., 2007) and would not have been suited here (e.g., for Indigenous 

peoples, Sub-Saharan Africans, South-East Asians). Higher rates of neurocognitive impairment 

in HIV-positive minority groups (particularly deficits in executive functions) is a consistent 

finding across many studies (Marquine et al., 2016; Mindt et al., 2008; Wojna et al., 2006) 

highlighting the influence of sociocultural factors such as quality of education, acculturation, and 

literacy (to name a few) when assessing neurocognitive functions in minority groups. 

Longitudinal assessment of neurocognitive performance could help overcome the lack of 

appropriate norms, as performance can then be compared to each participant’s baseline scores. 

However, longitudinal assessments are lengthy, costly, and introduce other confounds that may 

also influence performance such as practice effects. Ethnic variability is a reality of HIV/AIDS 

in Canada and elsewhere and the lack of appropriate tests/norms to properly assess these patients 

must be addressed. There is a clear need for the development of more appropriate test norms or 

tests, ideally from well-matched local HIV-negative control groups (De Francesco et al., 2016).  

Second to origin of birth, toxoplasma seropositivity and female sex characterized P3, these 

two factors also distinguished North American participants from others (Figure 5). Toxoplasma 

seropositivity is a recognized risk-factor for neurocognitive dysfunction in HIV-infection (Bharti 

et al., 2016). Negative relationships between toxoplasmosis and neurocognitive performance have 
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been reported in a healthy HIV-uninfected cohort (Gale, Brown, Erickson, Berrett, & Hedges, 

2015), but only in combination with other risk factors, i.e., in racial/ethnic minorities, groups with 

higher poverty-to-income ratio, or lower education. Therefore, the importance of toxoplasma 

seropositivity in this profile might well reflect socio-economic circumstances of patients in P3. 

Females have been found to be particularly vulnerable to neurocognitive effects of HIV-infection 

(Maki & Martin-Thormeyer, 2009; Maki et al., 2015), aggravated by advanced age, lower reading 

levels, and non-Caucasian ethnicity (Maki et al., 2015). Women are also susceptible to 

neurocognitive changes due to stress, in particular memory problems (Rubin et al., 2017; Rubin et 

al., 2014). In the current cohort, over a third of females were born outside North America, reported 

current domestic violence, and may have experienced trauma (not assessed in detail). Female sex 

was also key predictors of non-North American origin (see Fig. 5), thus it is difficult to disentangle 

effects of female sex per se from those of non-North American descent. It is likely that a 

combination of demographic and societal disadvantages, along with biological vulnerability (e.g., 

to effects of stress and trauma) contributed to the overrepresentation of females in P3. The low 

proportion of female participants (n = 46, 12% of the entire cohort) precluded us from further 

testing of potential female-specific cognitive risk factors. Such should be tested in cohorts with 

larger numbers of women (e.g., the Women's Interagency HIV Study, WIHS).  

It is evident from our results that rates of NCI may be biased by the inclusion of participants 

of diverse ethnic and sociocultural backgrounds. Non-White participants are overrepresented in 

cognitively impaired groups in multiple other published HIV cohorts (Heaton et al., 2015; Maki et 

al., 2015; Winston et al., 2013). The majority of non-North American participants in the current 

cohort are of sub-Saharan origin, which is a different demographic than HIV cohorts from the 

U.S.A. Although new norms have been developed specifically for African participants (Singh et 
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al., 2010), these only exist for a few select tests (e.g., Trail Making Tests and Digit Span). 

Additionally, these norms were obtained in African countries (Uganda, South Africa) and therefore 

apply to participants educated and living in these countries. This context is clearly different from 

the current cohort, where (recent or more remote) African immigrants have been living in Canada 

and may have been educated and/or part of the Canadian workforce for a while. Therefore, 

currently available norms are not culturally adequate to assess neurocognitive performance in our 

non-North American subgroup. Until more appropriate norms are established with local and 

demographically matched HIV-negative participants, the neurocognitive performance of foreign-

born individuals should not be interpreted as NCI. Notably, normative test adjustments were 

available and applied to many of the U.S.-based HIV cohorts, but evidently only partly addressed 

the strong influence of non-White ethnicity to NCI. Multiple other factors that may be confounded 

with non-White ethnicity in the U.S.A. (i.e., access to care, stigma, SES) or those identified here 

(Fig. 5; toxoplasmosis, female sex) may still exert deleterious influences on test performance 

despite appropriate normative data. Owing to these complications in interpretations of 

neuropsychological test results in non-North American participants, including but not limited to 

the lack of appropriate normative data, the following discussion is restricted to findings from the 

North American subset of the cohort. 

5.3. Risk factors for neurocognitive impairment in North American patients 

While in the entire cohort non-North American descent was clearly predominant as the main 

predictor of neurocognitive impairment, analysis of only North American participants revealed 

multiple HIV- and treatment-related, demographic and comorbid risk-factors.  
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5.3.1. Demographic variables 

 In North Americans, older age, lower cognitive reserve and unemployment distinguished the 

impaired profile from (P3NA) from the higher performing profiles (P1NA, P2NA). HIV and ageing 

represent independent risk factors for neuropathological changes in the CNS and their 

combination may be particularly detrimental (Canizares, Cherner, & Ellis, 2014). Additive or 

synergistic effects of multiple age-related changes with HIV have been suggested, including 

persistent neuroinflammation, oxidative stress, cardiovascular and metabolic disorders, increased 

immune system reactivity, and decreased metabolism of ART with associated potential of 

neurotoxicity (Soontornniyomkij & Achim, 2012). Finding age among the most important 

variables to distinguish P3NA from the other profiles follows these results. Some of these age-

related factors were also assessed here and emerged as important predictors of NCI. These will 

be discussed in section 5.3.3.  

Cognitive reserve, here defined as the combination of reading ability and education was 

higher in P1NA than P3NA. Employment rates were also higher in the high-performing group. 

These observations are similar to previous findings implicating cognitive reserve as protective 

against age- and HIV-related neurological insults (Patel et al., 2013). For example, intact 

neuropsychological functions have been found to more strongly depend on cognitive reserve 

(education level and reading ability) in older HIV-infected individuals compared younger HIV-

positive participant as well as older HIV-uninfected individuals (Foley et al., 2012). 

Additionally, low cognitive reserve has been associated with more severe forms of NCI in HIV 

(Morgan et al., 2012). Cognitive reserve-building educational, work-related or leisure-time 

activities along with high premorbid IQ and educational attainment have been associated with 

higher neurocognitive performance in older HIV cohorts (Milanini et al., 2016). 
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5.3.2. HIV- and treatment-related variables 

Neurocognitive impairment in North American participants was associated with longstanding 

HIV infection, low nadir CD4 counts, and ART regimens with higher CPE ranks. Low nadir 

CD4 count has been consistently associated with lower neurocognitive performance in HIV 

(Saylor et al., 2016), perhaps reflecting potential adverse effects of immunosuppression on brain 

structure, i.e., irreversible brain damage (‘legacy effect’; Ellis et al. (2011), possibly caused by 

viral replication and ensuing neuroinflammation or unrecognized brain infections. The 

importance of the CPE could point to ART-related neurotoxicity as a consequence of higher 

CNS penetrance, leading to subsequent cognitive reductions (Underwood, Robertson, & 

Winston, 2015) potentially associated with brain changes after long-term ART exposure 

(Jernigan et al., 2011). However, beneficial cognitive effects of ART-treatment with high CPE 

scores are also reported (Cysique et al., 2009). A causal relationship between CPE and cognition 

cannot be inferred in this study. That is, individuals with NCI may have been treated more 

aggressively in order to address NCI rather than preceding NCI. This should be clarified in 

longitudinal studies.   

Though the CPE ranking system is widely used, it has serious limitations, including a 

semi-quantitative/qualitative ranking based on animal and in-vitro studies that varied in quality 

(Letendre, 2011; Letendre et al., 2008),  potential inaccuracies in equating concentrations of 

ART in the CSF with those in brain tissue (Pardridge, 2011; Brewster et al., 1997); and the lack 

of CPE information on newer ARTs. Thus, an alternative method to assess exposure to ARTs as 

well as classes of different ARTs should be employed, for example, length of exposure or 

amount of drug consumed.  
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Given the rapidly growing population of older HIV-infected patients, understanding the 

neurocognitive consequences of the interplay between age, longstanding infection, and 

prolonged ART exposure is imperative.   

 

5.3.3. Comorbidities 

Psychiatric diagnoses, current depressive symptoms in the PHQ-9, diabetes, and marijuana use 

also differentiated neurocognitive profiles. Psychiatric comorbidities such as depression are 

known to reduce neurocognitive performance in patients with HIV-infection, although effects are 

usually mild (Fellows, Byrd, & Morgello, 2013). As PHQ-9 scores differentiated P3NA only from 

the best performing profiles (P1NA), our findings concur with this observation. They also 

highlight the importance of identifying and treating depression in patients with HIV/AIDS to 

address neurocognitive problems.  

Diabetes and other metabolic conditions occur at higher than normal rates in HIV/AIDS 

(Tripathi et al., 2013) and have been implicated in neurocognitive deficits in HIV/AIDS by 

multiple studies (Canizares et al., 2014; Dufouil, Richert, Thiebaut, Bruyand, Amieva, Dauchy, 

Dartigues, Neau, Morlat, Dehail, Dabis, Bonnet, Chene, & ANRS CO3 Aquitaine Study Group, 

2015; Vance et al., 2014). Longitudinally, comorbid diabetes has also been associated with more 

pronounced cognitive decline in HIV/AIDS (Dufouil, Richert, Thiebaut, Bruyand, Amieva, 

Dauchy, Dartigues, Neau, Morlat, Dehail, Dabis, Bonnet, Chene, & Group, 2015). Diabetes is 

associated with chronic inflammation (Lasselin & Capuron, 2014), the release of  excess pro-

inflammatory cytokines, and activation/expression of other inflammatory mediators, which in 

turn are associated with cognitive dysfunction (Heringa et al., 2014). Metabolic disturbances 

have also been attributed to long-term exposure to certain ART (Martin-Iguacel, Negredo, Peck, 
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& Friis-Moller, 2016), therefore the development of age-related comorbidities, such as diabetes, 

in the context of ART exposure, are important risk factors to address in light of the ageing 

HIV/AIDS demographic. Interestingly, marijuana use differentiated P3NA from the higher 

performing profiles, with higher use in patients without neurocognitive impairment. Previous 

studies of the relationships between marijuana use and cognition in HIV-infection are 

inconclusive (Cristiani, Pukay-Martin, & Bornstein, 2004; Thames et al., 2017). Thames, 

Mahmood, Burggren, Karimian, and Kuhn (2016) recently compared cognitive functions 

between HIV-infected (n = 55) and HIV-negative (n = 34) marijuana users and reported lower 

verbal memory in moderate-to-heavy marijuana users with concurrent HIV-infection, compared 

to light users (and controls). However, in a follow up study heavy marijuana use did not increase 

cognitive dysfunction in HIV/AIDS (Thames et al., 2017). Deleterious effects of other 

substances (especially stimulants) on cognition in HIV are better established (Meyer et al., 2013; 

Tang et al., 2015), but could not be ascertained in this cohort due to relatively low rates of 

stimulant use. The potentially protective functions of marijuana should be further explored. 

 

5.4. Strengths and limitations 

This is the first study to apply machine learning to identify predictors of neurocognitive 

impairment in HIV. Due to the multifactorial nature of NCI, multiple predictors need to be 

concurrently assessed. However, many variables were multicollinear (e.g., age and HIV duration, 

age and employment, CD4 counts and viral load), precluding their use in standard regression 

models. The RFA represents an alternative technique to investigate risk-factors of NCI in HIV as 

it can overcome many statistical limitations of standard methods (mixing of continuous and 

categorical data, missing data, unbalanced class sizes, and moderate multicollinearity). Therefore, 
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the application of RFA can help address the demographic and clinical complexity of NCI in the 

context of HIV. Another strength of this study was that we avoided the relatively arbitrary 

definition of neurocognitive domains by instead using individual test scores and assessing 

performance patterns across those scores instead of ‘domains’. The application of LPA represents 

a relatively novel approach in this area as well, and allowed the empirical identification of 

cognitive performance clusters.  Furthermore, since the LPA profiles were derived directly from 

primary neuropsychological data, they are ‘blind’ to set thresholds of impairment severity, but 

rather identify similarities across performance patterns. Therefore, LPA is able to overcome some 

of the measurement ambiguities surrounding the current diagnostic guidelines and offers a more 

objective alternative to interpret neurocognitive performance and impairment in HIV/AIDS. 

The main limitations of our study were the lack of HIV-uninfected controls and the 

limited size of the cohort. Furthermore, although established normative adjustments were applied 

to all tests, reference data accommodating the unique background of the current cohort were 

unavailable. To address this limitation, analyses were repeated in the North Americans with 

globally impaired performance, but this subgroup was small. The current results resemble the 

cognitive profiles found by applying LPA in a larger cohort that included HIV-negative controls 

(Molsberry et al., 2018). However, Molsberry et al. (2018) combined both groups and did not 

compare profiles and their predictors in HIV-infected patients with those in non-infected controls. 

The similarity between Molsberry et al. (2018) LPA profiles and ours suggests that the presence 

or absence of HIV-infection may not influence performance patterns across neuropsychological 

tests. A comparison of the current results, including both LPA and RFA, across multiple cohorts 

would be desirable to validate the profiles, and to verify HIV-specific and non-specific features 

associated with them.  
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5.5. Future directions 

This study demonstrated the utility of data-driven and machine learning techniques to help 

delineate neurocognitive impairment subgroups and predictors in a well-treated HIV cohort. As 

recently noted also by others (Devlin & Giovannetti, 2017), the controversies surrounding the 

definitions and measurements of HAND might benefit from integration of data-driven statistical 

approaches like LPA. While these techniques cannot solve the clinical and etiological complexities 

underpinning HAND, they offer an objective alternative to investigating neurocognitive patterns 

among patients and might help corroborate HAND diagnoses. Data-driven techniques such as LPA 

can also be used for longitudinal modeling of change in neurocognitive performance (Nylund et 

al. 2007). A longitudinal analysis of LPA profiles (i.e., analysis of trajectories) would help validate 

the stability or change of neurocognitive profiles in HIV.  

Neurocognitive impairment in HIV is not one-dimensional, but rather a complex and 

multidimensional process driven by both viral and host factors. Identification of genetic predictors 

of neurocognitive profiles was outside of the scope of the current study. Future studies may benefit 

from the incorporation of genetic data to identify the most important genetic predictors of 

neurocognitive profiles in HIV, perhaps first targeting the importance of CCR5 and APOe 

genotypes. Owing to the importance of CPE in the current outcomes, it may also be worthwhile to 

target CYP3A4 genotypes in conjunction with neurocognitive profiles in HIV. However, even 

though investigating the genetic (and epigenetic) susceptibility of patients to NCI has become a 

relevant area of interest given the heterogeneity across patients, there currently are no clear (epi-

)genetic markers for NCI in HIV. This ambiguity may be driven by the lack of clear phenotypic 

definition of NCI. To broaden the current approach and establish consensus empirical subtypes of 
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neurocognition in HIV, one would require multiple large cohorts. This may result in more robust 

phenotypes.  Machine learning could then aid in the identification of genetic and epigenetic 

biomarkers for the resulting neurocognitive phenotypes. These findings may help inform targeted 

in-vitro and animal studies to elucidate the mechanisms by which certain genes or epigenetic 

changes predispose individuals to NCI. For these types of approaches, shared public and 

collaborative global data repositories, including neuropsychological, clinical-demographic, 

genetic, and epigenetic data, will be needed to maximize statistical power. 

Additionally, future studies could investigate further the association between ART 

treatment-factors and neurocognitive impairment. Highly penetrant ART regimens were important 

predictors of neurocognitive impairment in the current study, along with older age and longer HIV 

diagnosis duration. These results point to the potential detrimental effect of longstanding ART 

exposure to cognitive performance. Many individuals in the current cohort have been on 

antiretroviral medication for over two decades. In vitro studies point to potential neurotoxic 

properties of certain ART drugs (K. Robertson et al., 2012; Vivithanaporn et al., 2016). Given that 

people living with HIV depend on ART medication for life, it is imperative to understand their 

potential contribution to the development of NCI.   

 

5.6. Conclusion 

Between 20% to 60% of people living with HIV have cognitive problems, and these are 

concerning to both clinicians and patients. However, cognitive problems are variable across 

patients, and the etiology as well as staging of these problems are highly debated, including 

disagreements around the clinical criteria to define HIV-associated neurocognitive disorders 

(HAND). Heterogeneity of cognitive performance/impairment could also point to different risk 
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factors underlying different outcomes.  Data-driven techniques offer an approach to complement 

current HAND staging, accommodate the multifactorial etiologies, and reflect the heterogeneity 

of outcomes. Implementing LPA and RFA in a well-characterized cohort of people living with 

HIV in Alberta, this proof of concept study demonstrates the feasibility and utility of these 

techniques to uncover cognitive profiles and their associated predictors. Here, we empirically 

derived two unimpaired profiles, and discovered only one profile with NCI. Accounting for the 

demographic confound of finding NCI associated with non-North American descent, main risk 

factors included a combination of known risk factors (older age, low cognitive reserve, age-

related and psychiatric comorbidities, nadir CD4 T-cell count/immunosuppression) for NCI in 

HIV, along with treatment-related factors which could point to neurotoxic effects of long-

standing ART exposure. The combination of the current data-driven statistical methods provides 

a novel methodological approach to quantifying neurocognitive performance and its associated 

characteristics in patients with treated HIV-infection.  
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APPENDIX 

Appendix A. Summary of studies investigating genetic polymorphisms related to HIV progression and neurocognitive impairment in 
HIV from Gomez et al, 2018 

Gene Variant Mechanisms Effect on HIV progression 
and/or HAND 

Evidence 
Supportive Negative 

Immune-related Genes 

CCR5 CCR5 D-32 
(rs333) 

Truncated CCR5 
receptor protein 

Homozygosity for the D-32 
variant is associated with 
decreased disease progression. 
It has also been associated with 
low risk for AIDS dementia 
complex and protective against 
neurocognitive impairment. 
Nevertheless, some suggest the 
protective effect may only be 
found in individuals who 
developed AIDS prior to 1991 

Zimmerman et al. (1997), 

Boven, van der Bruggen, 
van Asbeck, Marx, and 
Nottet (1999), 
Gonzalez et al. (1999), 

van Rij et al. (1999), 
Ioannidis et al. (2001), 

Singh et al. (2003) and 
Bol et al. (2012) 

Singh et al. 
(2004) and 
Spector et al. 
(2010) 

CCR2 CCR2-V64I Linkage 
disequilibrium with 
CCR5. Heterologous 
receptor 
desensitization of 
CCR5 and CXCR4.  

Associated with slowed 
progression to AIDS (by 2-4 
years) in a cohort of over 3000 
HIV-infected participants. 
However, CCR2-V64I was also 
associated with rapid 
progression to cognitive decline 
in adults. 

Smith et al. (1997) 
Singh et al. (2004) 

Singh, Hughes, 
Chen, and Spector 
(2006) 

CCL3 rs1130371 Linkage 
disequilibrium with 

TT genotype associated with a 
twofold increased risk for HAD 

Levine et al. (2009) 
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and/or HAND 

Evidence 
Supportive Negative 

CCL3, CCL4 and 
CCL18 

rs1719134 High linkage 
disequilibrium with 
rs1130371 

Carriers of the A allele 
demonstrate steeper cognitive 
decline than infected 
noncarriers and uninfected 
carriers 

Levine et al. (2014) 

CCL3L1 CCL3L1 low 
copy number 

Dominant HIV 
suppressant. 
Modulation of CCR5 
expression.  

Possession of low copy 
numbers in conjunction with 
CCR5 D-32 genotype associated 
with over a threefold increased 
risk for HAD 

Gonzalez et al. (2005) 

CXCL12 SDF1-3’-A 
(rs1801157) 

Increased expression 
of CXCL12 

The SDF1-3’A/A genotype 
associated with delayed 
progression to AIDS in 
European American 
participants. Conversely, 
homozygosity for the A allele is 
also associated with faster 
disease progression and 
cognitive decline in African 
American children 

Winkler et al. (1998), 

Singh et al. (2003), 
Modi et al. (2006) and 

Ding et al. (2018) 

Meyer et al. 
(1999), van Rij et 
al. (1999), 
Ioannidis et al. 
(2001), Levine et 
al. (2009), 
Spector et al. 
(2010), and 
Levine et al. 
(2014) 

rs754618 Potential regulator 
role of CXCL12 
levels  

Associated with increased risk 
for disease progression in 
African American participants 
only 

Modi et al. (2006) and 

Ding et al. (2018) 
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and/or HAND 

Evidence 
Supportive Negative 

rs2297630 Potential regulator 
role of CXCL12 
levels  

Associated with increased risk 
for disease progression in 
African American participants 
only 

Modi et al. (2006) and 

Ding et al. (2018) 

CCL2 CCL2-
2578A>G 
(rs1024611) 

Increased 
transcription and 
production of CCL2. 
Associated with 
increased CSF 
CCL2. 

Associated with rapid disease 
progression, decreased 
cognitive performance, and 4.7-
fold increased risk for HAD 

Gonzalez et al. (2002) 
and 
Levine et al. (2014) 

Levine et al. 
(2009), Bol et al. 
(2012) and 
Thames et al. 
(2015) 

PREP1 rs2839619 Preferentially binds 
to CCL2-2578G 
allele; influences 
CCL2 transcription  

Potentially protective against 
HAND; however study 
replication is required 

Bol et al. (2012) Levine et al. 
(2012) 

MBL2 MBL-2 O/O 
genotype 

Structural deficit of 
MBL, thus reduced 
levels of functional 
MBL 

The “O” alleles have been 
associated with higher risk for 
cognitive decline 

Spector et al. (2010) and 

Levine et al. (2014) 

HLA HLA-DR*04 Low CD4+ T-cell 
response 

Associated with larger cognitive 
impairment at baseline and 
steeper cognitive decline over a 
year 

Schrier et al. (2012) 

HLA Class I 
alleles (B*27, 
57, 58, A*03, 
33) 

Specify CD8+ T-cell 
response 

Potentially neuroprotective; 
associated with higher 
neurocognitive performance at 
baseline and lower rates of 
cognitive decline over a year 

Schrier et al. (2012) 
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and/or HAND 

Evidence 
Supportive Negative 

TNFA TNFA-
308G>A 
(rs1800629) 

Higher 
transcriptional 
activity leading to 
increased production 
of TNF-a 

The A allele was associated 
with an increased risk for 
ADC/HAD 

Quasney et al. (2001) and 

Pemberton, Stone, Price, 
van Bockxmeer, and 
Brew (2008) 

Diaz-Arrastia, 
Gong, Kelly, and 
Gelman (2004), 
Levine et al. 
(2009) and Bol et 
al. (2012) 

Genes Associated with Neurocognitive Performance 

APOE APOE e4 
(rs429358; 
rs7412) 

Dysregulated lipid 
and sterol 
metabolism. 
Enhanced HIV cell 
entry in vitro. 

Conflicting results; some 
suggest APOE e4 has been 
associated with HAND.  

Corder et al. (1998), 
Valcour et al. (2004)a, 
Burt et al. (2008),  
Pomara, Belzer, Silva, 
Cooper, and Sidtis 
(2008), Spector et al. 
(2010), Andres et al. 
(2011), Chang et al. 
(2011), Chang et al. 
(2014), Panos et al. 
(2013)a,  Mukerji et al. 
(2016)a and Wendelken et 
al. (2016)a 

Sun et al. (2010), 
Joska et al. 
(2010), Morgan et 
al. (2013) and 
Becker et al. 
(2015)  

COMT COMT 
Val158Met 
(rs4680) 

40% less 
metabolically active 
enzyme 

Val/Val genotype associated 
with worse neurocognitive 
performance 

Sundermann et al. (2015) Levine et al. 
(2014) 
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and/or HAND 

Evidence 
Supportive Negative 

DRD2 rs6277 Alters dopamine D2 
receptor expression 

Associated with executive 
dysfunction 

Villalba, Devieux, 
Rosenberg, and Cadet 
(2015) 

Levine et al. 
(2014) 

DRD4 DRD4 
VNTR-7 

Enhanced dopamine 
response 

Associated with executive 
dysfunction 

Villalba et al. (2015) Levine et al. 
(2014) 

DRD3 rs6280 Increased release of 
dopamine, however 
exact role not known 

Linked to neurocognitive 
impairment in HIV-infected 
patients with concurrent 
stimulant addiction 

Gupta et al. (2011) 

Genes Associated with Susceptibility to ART CNS Toxicity 

CYP CYP2B6 
G516T 

Reduced CYP2B6 
function; well-
known link to higher 
risk of 
neuropsychiatric 
complications with 
efavirenz 

No association with 
neurocognition in two studies; 
however, higher levels of 
metabolite 8-OH-efavirenz have 
been associated with higher 
neurocognitive scores 

Haas et al. (2004) 
and Sandkovsky 
et al. (2017) 

CYP3A5 *1 Faster CYP3A5 
clearance of protease 
inhibitors 

Risk for neurocognitive deficits 
unknown 

Abbreviations: ANI = asymptomatic neurocognitive impairment; HAD = HIV-associated dementia; HAND= HIV-associated 

neurocognitive impairment; MND = mild neurocognitive disorder. a Studies that found a moderating effect of older age (>50 years)
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Appendix B. Summary of epigenetic studies investigating mechanisms associated with 
neurocognitive impairment in HIV in Gomez et al, 2018 

Epigenetic 
mechanism 

Affected processes associated with 
neurocognitive impairment in HIV 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 synaptic and neuronal 
functions  

Yelamanchili, 
Chaudhuri, Chen, 
Xiong, and Fox 
(2010), Kadri et al. 
(2016), Asahchop et 
al. (2016) and 
Wyczechowska et al. 
(2017) 

Histone 
modification 

Upregulation of HDAC2 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 
replicated (Giesbercht 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 methylation 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) 
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