
1 23

Journal of NeuroVirology
 
ISSN 1355-0284
Volume 26
Number 1
 
J. Neurovirol. (2020) 26:41-51
DOI 10.1007/s13365-019-00791-6

Machine learning models reveal
neurocognitive impairment type and
prevalence are associated with distinct
variables in HIV/AIDS

Wei Tu, Patricia A. Chen, Noshin
Koenig, Daniela Gomez, Esther
Fujiwara, M. John Gill, Linglong Kong &
Christopher Power



1 23

Your article is protected by copyright and

all rights are held exclusively by Journal

of NeuroVirology, Inc.. This e-offprint is

for personal use only and shall not be self-

archived in electronic repositories. If you wish

to self-archive your article, please use the

accepted manuscript version for posting on

your own website. You may further deposit

the accepted manuscript version in any

repository, provided it is only made publicly

available 12 months after official publication

or later and provided acknowledgement is

given to the original source of publication

and a link is inserted to the published article

on Springer's website. The link must be

accompanied by the following text: "The final

publication is available at link.springer.com”.



Machine learning models reveal neurocognitive impairment type
and prevalence are associated with distinct variables in HIV/AIDS

Wei Tu1
& Patricia A. Chen2

& Noshin Koenig3
& Daniela Gomez4 & Esther Fujiwara4

& M. John Gill3 & Linglong Kong1
&

Christopher Power2,4

Received: 8 April 2019 /Revised: 2 August 2019 /Accepted: 12 August 2019
# Journal of NeuroVirology, Inc. 2019

Abstract
Neurocognitive impairment (NCI) among HIV-infected patients is heterogeneous in its reported presentations and frequencies.
To determine the prevalence of NCI and its associated subtypes as well as predictive variables, we investigated patients with HIV/
AIDS receiving universal health care. Recruited adult HIV-infected subjects underwent a neuropsychological (NP) test battery
with established normative (sex-, age-, and education-matched) values together with assessment of their demographic and clinical
variables. Three patient groups were identified including neurocognitively normal (NN, n = 246), HIV-associated neurocognitive
disorders (HAND, n = 78), and neurocognitively impaired-other disorders (NCI-OD, n = 46). Univariate, multiple logistic re-
gression and machine learning analyses were applied. Univariate analyses showed variables differed significantly between
groups including birth continent, quality of life, substance use, and PHQ-9. Multiple logistic regression models revealed groups
again differed significantly for substance use, PHQ-9 score, VACS index, and head injury. Random forest (RF) models disclosed
that classification algorithms distinguished HAND from NN and NCI-OD from NN with area under the curve (AUC) values of
0.87 and 0.77, respectively. Relative importance plots derived from the RF model exhibited distinct variable rankings that were
predictive of NCI status for both NN versus HAND and NN versus NCI-OD comparisons. Thus, NCI was frequently detected
(33.5%) although HAND prevalence (21%) was lower than in several earlier reports underscoring the potential contribution of
other factors to NCI. Machine learning models uncovered variables related to individual NCI types that were not identified by
univariate or multiple logistic regression analyses, highlighting the value of other approaches to understanding NCI in HIV/
AIDS.
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Comorbidity

Introduction

Within days of primary infection by human immunodeficien-
cy virus type 1 (HIV-1), the virus can be detected within the
central nervous system (CNS) (Davis et al. 1992). CNS infec-
tion by HIV-1 results in the production and release of host
immune molecules and viral proteins, accompanied by
frontal-striatal neuronal damage and death (Robertson et al.
2009). The cumulative effects of these pathways contribute to
neurocognitive impairment (NCI) observed in a subset of pa-
tients with HIV-1 infection although systemic immunosup-
pression or inflammation also contribute to neuropathogenesis
(Saylor et al. 2016). Recent studies indicate these processes
are incompletely abrogated by combination antiretroviral ther-
apy (cART) regimens. In fact, there is concern that some drugs
comprising cART might contribute to NCI (Mothobi and
Brew 2012).

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s13365-019-00791-6) contains supplementary
material, which is available to authorized users.

* Linglong Kong
lkong@ualberta.ca

* Christopher Power
chris.power@ualberta.ca

1 Department of Mathematical and Statistical Sciences, University of
Alberta, Edmonton, AB, Canada

2 Department of Medicine (Neurology), University of Alberta, 6-11
Heritage Medical Research Centre, Edmonton, AB, Canada

3 Department of Medicine, University of Calgary, Calgary, AB,
Canada

4 Department of Psychiatry, University of Alberta, Edmonton, AB,
Canada

Journal of NeuroVirology
https://doi.org/10.1007/s13365-019-00791-6

Published online: 13 September 2019/

(2020) 26:41–51

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1007/s13365-019-00791-6&domain=pdf
http://orcid.org/0000-0002-5131-9711
https://doi.org/10.1007/s13365-019-00791-6
mailto:lkong@ualberta.ca
mailto:chris.power@ualberta.ca


NCI involves usually executive, motor, attention, memory,
and less commonly language impairments with varying sever-
ity and frequency in patients with HIV/AIDS. The cardinal
manifestations of HIV-driven NCI have been deemed the di-
agnostic entity, HIV-associated neurocognitive disorders
(HAND) (Antinori et al. 2007). The HAND syndrome is clas-
sified as asymptomatic neurocognitive impairment (ANI), mi-
nor neurocognitive disorder (MND), or HIV-associated de-
mentia (HAD) (Antinori et al. 2007). The reported prevalence
of NCI in patients with HIV-1 infection despite the use of
cART is wide-ranging, affecting 15–60% of HIV-infected pa-
tients, depending on the individual study (van den Dries et al.
2017; Belete et al. 2017; Sacktor et al. 2016; Heaton et al.
2010). These wide-ranging prevalence values suggest the
evaluation and diagnosis of NCI in HIV-infected patients has
become increasingly complex. The overall mortality has de-
clined in patients with HIV-1 infection receiving in active care
(Nakagawa et al. 2013; Roehr 2015; Puhan et al. 2010).
Indeed, HIV-infected patient cohorts now exhibit more age-
related cardiovascular and neurological comorbidities, are ex-
posed to different cART regimens with specific off-target ef-
fects, and may be more demographically diverse due to mi-
gration. Other factors affect NCI including mood disorders,
substance abuse, opportunistic infections, and unrecognized
neurodevelopmental disorders (reviewed in (Smail and Brew
2018)). Given the increasing importance of these latter vari-
ables in the development of HIV-associated NCI, it is impor-
tant to assess their associations with NCI in the context of
contemporary diagnostic guidelines.

The present study assessed the prevalence and associated
variables in HIV-infected patients with or without NCI in a
contemporary clinical setting in which patients received long-
term clinical follow-up, access to universal health care, and
were of multiple ethnic and racial backgrounds. We hypothe-
sized that implementing diverse statistical approaches to well-
defined datasets from HIV/AIDS patients with and without
NCI might yield new insights into variables contributing to
NCI including HAND. To gain a deeper and more robust
understanding of the relative importance of individual clinical
and demographic variables involved in NCI occurrence and its
subtypes, we compared univariate, logistic regression to ma-
chine learning analyses of these present datasets.

Methods and materials

Patient cohort HIV-1 seropositive patients at the Southern
Alberta (HIV) Clinic (SAC) in Calgary, Alberta, were ran-
domly invited to enroll in the study during routine clinical
care with neurocognitive status as the primary outcome mea-
sure with defined exclusion criteria. TheUniversity of Calgary
Ethics Committee (REB #-130615) approved the study and
written consent was obtained from all patients.

Study setting The SAC serves all people with HIV-1 infection
in active care in Southern Alberta and is a multidisciplinary
clinic which opened in 1989 and offers regular clinical follow-
up visits, laboratory investigations, free and modern antiretro-
viral therapies, all without costs to patients. A multidisciplin-
ary team including physicians, nurses, social workers, dieti-
cians, and pharmacists staffs the clinic. The SAC also main-
tains an in-house computerized database of all HIV-infected
patients containing relevant patient diagnostic and treatment
data (Kim et al. 2001; Pettersen et al. 2006; Vivithanaporn
et al. 2010; McCombe et al. 2013).

Patient clinical and demographic variables A wide range of
variables was extracted from the clinical database (Table 1)
that included sex, age, continent of birth, years of education,
current employment status, sexual orientation, duration of
HIV-1 infection, presence or absence of AIDS, current and
nadir CD4+ T cell counts, current/peak plasma viral load,
cART treatment status, cART side effects (including cART
toxicity), CNS penetration effectiveness (CPE) rank of current
cART, and comorbidities (e.g., cardiovascular disease, hepa-
titis C virus seropositivity) as well as the VACS index; past
and present substance use/abuse of alcohol, marijuana, co-
caine, heroin, and other illicit substances; medical conditions:
diabetes, hypothyroidism, head injury, and psychiatric disor-
der ; HIV-re la ted polyneuropathy; dysl ip idemia ,
lipodystrophy, and toxoplasma serology. In addition,
“polypharmacy” summarized all prescription and over-the-
counter medications in addition to cART but excluded nutri-
tional supplements. Birth continent was designated as the site
of birth and included North America (NA), South America
(SA), Asia, Africa, and Europe.

On the test day, patients were asked about their current
health-related quality of life (HQoL) (Crane et al. 2006):
“How has your health been in the past five days?” (1 = poor,
2 = fair; 3 = good; 4 = very good; 5 = excellent), the number of
days with cART non-adherence in the past 5 days, concerns
about sleep quality and number of hours of sleep per night.
The presence and severity of depressive symptoms was
assessed by the Patient Health Questionnaire (PHQ-9) assay
and stratified in an established manner (Kroenke et al. 2001).
All patients with NCI or declared neurocognitive
symptomology underwent cranial magnetic resonance imag-
ing (MRI) and/or CSF analyses.

Neuropsychological testing A standard neuropsychological
testing battery lasting 45–90 min was conducted at the SAC
and was comprised of tests of attention/processing speed,
memory, motor, language, and executive functions (Gomez
et al. 2017). The neuropsychological battery included the
Symbol Digit Modalities Test (SDMT; correct responses)
(Smith 1973), Trail Making Test Number Sequencing subtest
from the Delis-Kaplan Executive Function System (D-KEFS)

J. Neurovirol. (2020) 26:41–5142

Author's personal copy



(Delis et al. 2001), Grooved Pegboard (dominant and non-
dominant hand) (Trites 1977), Hopkins Verbal Learning
Test-Revised (HVLT-R; immediate and 25-min delayed re-
call) (Brandt and Benedict 2001), D-KEFS (letter fluency

and category fluency, correct responses) (Delis et al. 2001),
Wisconsin Card Sorting Test (WCST-64; perseverative and
non-perseverative errors) (Kongs et al. 2000), and Trail
Making Test Number-Letter Switching subtest from the D-

Table 1 Comparisons of clinical and sociodemographic variables for the neurocognitively normal (NN), HIV-associated neurocognitive disorders
(HAND), and neurocognitively impaired-other disorders (NCI-OD) groups

Variable§ NN (n = 246) HAND (n = 78) NCI-OD (n = 46) Univariate test Multiple logistic

Age (years) 47.6 (11.3) 47.4 (10.3) 45.5 (10.9)
Sex (female) 36 (14.6%) 8 (10.3%) 3 (6.5%)
Birth continent a++, b++ A++, B+

North America 212 (86.2%) 43 (55.1%) 30 (65.2%)
South America 2 (0.8%) 5 (6.4%) 2 (4.3%)
Asia 11 (4.5%) 8 (10.3%) 6 (13.0%)
Africa 12 (4.9%) 20 (25.6%) 6 (13.0%)
Europe 9 (3.7%) 2 (2.6%) 2 (4.3%)

Sexual orientation a+

Bisexual 31 (12.6%) 5 (6.4%) 7 (15.2%)
Heterosexual 70 (28.5%) 36 (46.2%) 18 (39.1%)
Homosexual 145 (58.9%) 37 (47.4%) 21 (45.7%)

Education (years) 14.0 (2.5) 14 (2.5) 13.2 (3.6)
Employment (current) employed) 171 (69.5%) 49 (62.8%) 26 (56.5%) B+

Worked hours/week 28.0 (22.7) 25.0 (20.1) 22.5 (24.2)
Quality of life 3.7 (0.9) 3.7 (1.0) 3.2 (1.3) b+, c+ B+, C+

Cigarette use 55 (22.4%) 14 (17.9%) 16 (34.8%) c+

Sleep (hours/night) 6.8 (1.4) 6.4 (1.8) 6.0 (2.0) b+ B+

Current substance use current
Alcohol (binge) 11 (4.5%) 1 (1.3%) 5 (10.9%) a++ A+, C+

Marijuana 71 (28.9%) 16 (20.5%) 17 (37.0%)
Crack/cocaine 22 (8.9%) 4 (5.1%) 3 (6.5%)

Past substance use
Alcohol (binge) 3 (1.2%) 5 (6.4%) 1 (2.2%) a+ A+

Marijuana 70 (28.5%) 16 (20.5%) 16 (34.8%)
Crack/cocaine 50 (20.3%) 12 (15.4%) 19 (41.3%) b++, c++ B+, C++

Peak viral load 4.7 (1.0) 4.6 (1.3) 4.7 (1.1)
Current viral load
copies/ml (log10)

1.8 (0.6) 1.8 (0.6) 2.0 (0.6) C

Current CD4+ T cell (count/mm-) 584.9 (257.9) 525.3 (235.7) 543.8 (244.9)
Nadir CD4+ T cell 216.7 (171.7) 221.6 (163.9) 234.5 (197.0) A+

AIDS-defined 114 (46.3%) 36 (46.2%) 24 (52.2%)
Duration of HIV (years) 11.5 (8.0) 11.5 (8.4) 9.7 (6.9)
cART at NP testing 232 (94.3%) 76 (97.4%) 43 (93.5%)
cART side effects 48 (19.5%) 12 (15.4%) 3 (6.5%) b+

cART non-adherence 22 (8.9%) 11 (14.1%) 3 (6.5%)
VACs index 13.3 (13.1) 13.4 (12.7) 15.7 (14.4) B++, C++

Depressive symptoms (PHQ-9) 5.6 (5.3) 6.4 (6.3) 11.3 (7.7) b++, c++ B++, C++

CPE rank 6.8 (2.1) 7.3 (1.8) 6.8 (2.4)
Polypharmacy 4.2 (3.4) 4.1 (3.5) 5.3 (4.8)
Diabetes 18 (7.3%) 10 (12.8%) 5 (10.9%)
Cardiac conditions 48 (19.5%) 12 (15.4%) 8 (17.4%)
Lipodystrophy 19 (7.7%) 7 (9.0%) 3 (6.5%)
Dyslipidemia 64 (26.0%) 16 (20.5%) 8 (17.4%)
Seroconversion illness 44 (17.9%) 6 (7.7%) 6 (13.0%) a+

Toxoplasmosis (sero + ve) 26 (10.6%) 18 (23.1%) 7 (15.2%) a++

Head trauma 58 (23.6%) 21 (26.9%) 20 (43.5%) b+ B+

Polyneuropathy 44 (17.9%) 18 (23.1%) 7 (15.2%)

§Viral load (log10 copies/ml); CD4+ T cell (cell/mcl), toxoplasmosis (seropositivity), depressive symptoms (mean PHQ-9 score), diabetes (types 1 and
2). Data in parentheses indicate mean and standard deviation (continuous variables) or occurrence and percentages (categorical variables)

a, b, and c refer to the significant variables (p < 0.05) when comparing NN versus HAND groups, NN versus NCI-OD groups, and HAND versus NCI-
OD groups, respectively, using univariate tests; A, B, and C refer to the significant variables (p < 0.05) when comparing NN versus HAND groups, NN
versus NCI-OD groups, and HAND versus NCI-OD groups, respectively, using multiple logistic regression. The subscripts + and ++ indicate signif-
icance at confidence level 0.05 and 0.01 respectively; for example, a++ indicates p value smaller than 0.01 between NN and HAND groups using
univariate test
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KEFS (Delis et al. 2001). All test scores were interpreted
relative to established normative results from healthy age-,
sex-, and education-matched controls (Kongs et al. 2000;
Schretlen et al. 2010). Exclusion criteria included age less than
18 years, non-fluency in English, education less than 9 years,
hepatitis C virus (HCV) infection with documented hepatic
encephalopathy, untreated psychosis/schizophrenia, major de-
pressive disorder, anxiety disorders, seizures, or other mental
or neurological illness requiring past hospitalization, traumatic
brain injury requiring hospitalization or loss of consciousness
of greater than 5 min, current alcohol or drug abuse that might
affect neuropsychological test outcomes, documented devel-
opmental disability, uncorrected vision or hearing disorders,
and inability to consent (e.g., under legal guardianship).

Neurocognitive impairment (NCI) was defined as neuro-
psychological performance of at least 1.0 standard deviation
(z < − 1.0) below the normative means in at least two of the
tested domains. The diagnosis and staging of HAND was
established by the presence of impairment on neuropsycho-
logical testing coupled with a review of each patient by the
SAC team to ensure that there was an apparent functional
decline in patients’ daily performance at home or in the work-
place as well as excluding any confounding comorbidities that
might contribute to neurocognitive impairment (Antinori et al.
2007). The diagnosis of neurocognitive impairment-other dis-
order (NCI-OD) was based on neurocognitive impairment in
at least two tested domains (z < − 1.0) and did not require
evidence of a functional decline. In contrast to HAND, clinical
assessment of NCI-OD reflected immediate causes of NCI
that were not apparent or unrecognized at the time of recruit-
ment including mood disorders, substance use, traumatic head
injury, or neurodevelopmental disorders.

Statistical analyses Demographic and clinical comparisons
between groups were performed using univariate and mul-
tivariate methods, as well as a principal component anal-
ysis. Univariate tests were conducted using Mann-
Whitney U test for continuous data and Fisher’s exact test
for categorical data. For multivariate methods, a logistic
regression model was first applied using all 37 demo-
graphic and clinical variables to predict NCI status of
patients. To assess the limited predictive performance of
logistic regression, an exploratory principal component
analysis was implemented to assess the possibility of lin-
ear separation of these three groups, and the results
prompted the application of a more advanced machine
learning method. A random forest model was implement-
ed because of its balance between robust prediction per-
formance and interpretability, using the package
“randomForest” in the R project for statistical computing
(Version 3.6.0) (www.r-project.org). Mean Decreases in
Accuracy (MDA) were computed to measure the impor-
tance level of each variable in the RF model. Partial plots

were also provided for selected variables to illustrate the
r e l a t i on sh ip be tween the se va r i ab l e s and the
neurocognitive status of patients.

Results

Study groups Of the 370 patients recruited, approximately
two-thirds (n = 246) performed neuropsychologically within
the normal ranges for their age, sex, and education, based on
published normative data and thus were deemed
neurocognitively normal (NN) (Table 1). Among patients
who displayed mean neurocognitive deficits (<− 1.0 SD) in
two or more neuropsychological domains, two groups with
NCI were detected: most patients met the criteria for HAND
(n = 78, 21%) with a predominance of MND (51%) compared
to ANI (36%) and HAD (14%). A second group of patients
were identified (n = 46, 12.5%) that displayed neurocognitive
impairment due to other comorbid disorders (NCI-OD), which
became evident during the clinical assessment and NP testing
(e.g., mood or anxiety disorders, unrecognized developmental
disorders). Notably, most NCI-OD patients (84%) reported
neurocognitive symptoms.

Univariate analyses Comparisons of associated demographic
and clinical variables among the three groups (NN, HAND
and NCI-OD) revealed that multiple variables differed signif-
icantly between NN and HAND including birth continent,
present and past alcohol binging, Toxoplasma gondi seropos-
itivity, sexual orientation, and documented seroconversion ill-
ness (Table 1). The NN and NCI-OD groups differed signifi-
cantly for the mean PHQ-9 score, past cocaine use, birth con-
tinent, minor traumatic head injury, hours of sleep per night,
HQoL and reported cART side effects (Table 1). The HAND
and NCI-OD groups differed significantly for PHQ-9 score,
quality of life score, and history of cocaine use (Table 1).

Multiple logistic regression We next applied multiple logistic
regression analysis to the data with all 37 variables for com-
parisons of NN versus HAND and NN versus NCI-OD. For
the comparison of the NN versus HAND groups, the
McFadden’s R square was 24% and the fivefold cross-
validation classification accuracy was 74%. Variables differ-
ing significantly in this analysis included birth continent, CD4
T cell nadir count, and current and past alcohol binging
(Table 1). For the NN versus NCI-OD comparisons, the
McFadden’s R square was 32% and the fivefold cross-
validation classification accuracy was 72%. Significant vari-
ables included PHQ9, VACS index, history of cocaine use,
traumatic brain injury, employment, quality of life score and
birth continent, and hours of sleep per night (Table 1). Finally,
the McFadden’s R square was 45% for the HAND versus
NCI-OD groups, and the fivefold cross-validation
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classification accuracy was 63%. The significant variables
included PHQ-9 score, VACS index, history of cocaine use,
recent viral load, quality of life, and current alcohol binging.
Thus, intergroup comparisons differed for the individual var-
iables that distinguished the three groups.

Principal component analysis The predictive performance of
the multiple logistic regression model (Supplementary
Table 1) provided evidence for the possibility of using the
collected 37 variables to predict NCI status although there
was limited prediction accuracy. To refine the performance
of the logistic regression model, we conducted a principal
component analysis (PCA) using all binary and continuous
variables among all patients, and the first two components
accounted for 20% of the variation (Fig. 1). If only continuous
variables (12 out of 37) were used in the PCA, the first two
components accounted for 30% of the variation. Notably, the
variables were scaled before performing the PCA. The cohort
failed to show dominant subgrouping in the PCAwhich pre-
cluded linear separation of the patients based on NCI status.
This finding highlighted the limitations of the linear logistic
regression modeling and prompted consideration of a more
elaborate machine learning approach.

Random forest analyses Random forest models were used to
classify NN from HAND, NN from NCI-OD, and the HAND
from NCI-OD groups. Fivefold cross-validation (CV) was
used for the parameter tuning (number of trees, try, and node

size) and the Synthetic Minority Over-sampling Technique
(SMOTE) 28 algorithm was applied to the training set to ad-
dress the issue of imbalanced sample size present in the data.
Accuracy and area under the curve (AUC) value were com-
puted using fivefold CV in the following analyses. The final
model was obtained using the entire data set with the param-
eters selected by CV. The accuracy was 81% and the area
under the curve (AUC) value was 87% (Fig. 2a) for the NN
versus HAND analysis. Of note, AUC was a better measure
for unbalanced data sets as an accuracy of (246/324 = 75.9%)
was achieved by classifying each patient into the NN group.
The highAUC value indicated the RFmodel robustly discrim-
inated between the NN and HAND groups (Supplementary
Table 1). Similarly, for the NN versus NCI-OD groups, the
accuracy was 84% (Supplementary Table 1) and the AUC
value was 77% (Fig. 2b). For the HAND versus NCI-OD
groups, the accuracy was 71% (Supplementary Table 1) and
the AUC value was 73% (Fig. 2c). In summary, the RF model
performed optimally for the comparison of NN versus HAND
groups with the highest AUC value. Another advantage of the
random forest model compared with logistic regressionwas its
ability to deal with multicollinearity within the data due to the
random selection of variables at each node creation.

To explore which variables were more important in the RF
models, we computed the MDAvalues for each variable. The
MDA reflected the relative loss of accuracy by the random
permutation of one variable. The absolute values of MDA
were non-quantitative but the rankings of the MDA values
highlight which variables were more important in differenti-
ating the two compared groups. For the NN versus HAND
comparison, recent CD4+ T cell, current alcohol use,
polypharmacy, hours of work per week, nadir CD4+ T cell
counts, hours of sleep per night, age, PHQ-9 score, and
VACs index are among the top nine variables identified in
the relative importance plot (Fig. 3a). The full numeric analy-
ses elaborated all the different variables’ relative importance
(Supplementary Table 2).

Partial plots were examined to assess the relationships be-
tween the chief variables and their response. The y-axis of the
partial plots indicated the relative logit contribution of the
variables on the probability of being classified in the NN
group from the perspective of the RF model. For example,
negative values indicate that the positive class is less likely
for that value of the independent variable according to the
model. Nine selected variables for the NN versus HAND com-
parisons illustrate threshold values for the likelihood of being
the NN group including recent CD4+ T cell counts (Fig. 4a),
current alcohol use (Fig. 4b), CPE rank score (Fig. 4c), nadir
CD4+ T cell counts (Fig. 4d), hours worked per week (Fig.
4e), peak viral load (Fig. 4f), polypharmacy (Fig. 4g), PHQ-9
score (Fig. 4h), and birth continent (Fig. 4i).

For the NN versus NCI-OD comparison, the pattern of
MDA distribution was less than the NN versus HAND

Fig. 1 Principal component analysis of cohort. The plot shows the first
two principal components, which accounted for about 20% of variation
within the entire cohort. Each point represents a single patient with
different shapes indicating individual NCI status (NN, o; HAND, ⊕;
NCI-OD, •)
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because there were fewer dominant variables that were more
important (Fig. 3b). Nonetheless, this comparison revealed spe-
cific discriminating variables: PHQ-9 score, recent viral load,
hours of sleep per night, HQoL, birth continent, education, du-
ration of HIV, age, and hours of work per week with the full
numeric analysis also provided (Supplementary Table 2). Partial

plots emphasized the differences between groups (Fig. 5).
Finally, for the HAND versus NCI-OD relative importance plot,
the variables at the top included quality of life, age, PHQ-9, and
polypharmacy (Supplementary Fig. 1)with full numeric analyses
(Supplementary Table 2) and representative partial plots
(Supplementary Fig. 2). Thus, RF modeling yielded a robust
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characteristic (ROC) curves. a
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curve showed an AUC value =
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ROC curve showed an AUC val-
ue = 0.77. c The HAND versus
NC-OD ROC curve showed an
AUC value = 0.73
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differentiation between NN and HAND predicated on variables
displaying a distinctive MDA profile relative to the NN versus
NCI-OD or HAND versus NCI-OD comparisons.

Conclusions

To the best of our knowledge, this study represents the first
analyses of prevalence and variables associated with common
categories of NCI within a defined population of HIV-infected

persons receiving modern cART comparing logistic regres-
sion and machine learning methodologies. While the overall
prevalence of NCI was 33.5% and most of the patients were
diagnosed with HAND, another group with NCI due to other
causes was detected (NCI-OD). As expected, several variables
were identified that distinguished the neurocognitively normal
group from each of the NCI groups, evidenced by the univar-
iate, multiple logistic regression and random forest analyses.
Notably, the machine learning approach identified several
distinguishing variables among groups that were not detected

Fig. 3 Relative variable
importance plots. The relative
variable importance plots for NN
versus HAND depicts the MDA
values for both continuous and
categorical cofactors that
contributed to the differences
between a NN versus the HAND
and b NN versus the NCI-OD
groups

47J. Neurovirol. (2020) 26:41–51

Author's personal copy



in the logistic regression analyses. To date, machine learning,
particularly random forest modeling, has not been applied to
understanding the variables contributing to HAND. The pres-
ent studies suggested that multiple demographic and clinical
factors underlie the HAND diagnosis and are different from
those associated with NCI-OD based on both the multiple
logistic analyses (Table 1) as well as the RF modeling
(Figs. 2 and 3). Indeed, the random forest model exhibited
robust predictability for HAND (Supplementary Table 1) but
was less efficient for NCI-OD, likely due to the greater het-
erogeneity within this latter group. A key outcome of the
present studies was an appreciation of the growing diversity
of variables associated with the development of HAND, de-
spite implementing defined guidelines for its diagnosis.

Application of machine learning methods to dissect the
different variables has been used previously to analyze other
neurocognitive diseases with success but not for HAND ver-
sus other diagnostic entities (Gray et al. 2013; Patel et al.
2015; Boucekine et al. 2013). In the present study, logistic
regression and machine learning approaches were comple-
mentary in that logistic regression measured the effects of
individual cofactors while machine learning provided insights

into the predictive properties of different cofactors. In fact, the
selected variables were predictive of HAND or NCI-OD,
based on the AUC values (Fig. 2) while the partial plots
(Figs. 4 and 5) yielded insights into the threshold values for
belonging to the NN group, which might be of clinical value.
Nonetheless, counterintuitive findings emerged including the
contribution of increased alcohol consumption in the NN ver-
sus HAND groups, which likely reflects the greater overall
wellbeing of the NN group and perhaps prior substance use
by the NCI groups. At the same time, variables such as current
CD4+ T cell counts, polypharmacy, and age ranked highly in
the MDA analyses of NN versus HAND but were identified
by the multiple logistic regression model emphasizing the
divergent results depending on the specific statistical applica-
tion used. Multinomial logistic regression was not performed
here because it was not germane to the overarching goal of the
study although future analyses could address this question.

Neurocognitive dysfunction was recognized at the outset of
the HIVepidemic, chiefly as HIV-associated dementia (Snider
et al. 1983; McArthur 1987). With increasing availability of
cART, there has been a greater appreciation of subtler
neurocognitive deficits among patients with HIV-1 infection,

Fig. 4 Partial plots for the major importance variables for NN versus
HAND groups. Both continuous and categorical variables disclosed the
probability of being in the NN (Prob(NN) group versus the NCI-OD

group based on threshold cofactor value for a current CD4+ T cell, b
current alcohol use, c polypharmacy, d worked hours/week, e sleep
hours/night, f age, g PHQ-9, h birth continent, and i peak viral load
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collectively designated as HAND. There has been variation in
how the criteria for HAND have been applied, particularly in
the integration of comorbidities and emerging factors (e.g.,
aging, off-target effects of cART) that have prompted discus-
sion within the literature (Gisslen et al. 2011; Spudich and
Ances 2017). Several variables associated with developing
symptomatic HAND in our previous studies (Vivithanaporn
et al. 2010; McCombe et al. 2013) were similar to those iden-
tified in the present study including birth continent and nadir
CD4+ T cell in blood that emerged in the random forest anal-
yses. Substantial efforts have been invested in delineating the
phenotypes and cut-off values for neuropsychological tests as
well as the associated cofactors that underpinned HIV-
associated NCI (Tierney et al. 2017; Su et al. 2015;
Kamminga et al. 2017). While mood disorders are frequent
among patients with HIV-1 infection, they do not account for
the full extent of NCI in HIV-infected populations (Tymchuk
et al. 2017). Efforts to encompass all these variables have
prompted different definitions of NCI in people with HIV-1
infection together with implementation of a diversity of ana-
lytical tools and approaches. These range from population-

based studies to selected patient cohorts (Rubin et al. 2017;
Carvalhal et al. 2016), each with differing outcomes that are
influenced by statistical approaches and evolving clinical
circumstances.

Several challenges emerged in the present study.With strict
use of diagnostic definitions and exclusion criteria, the pro-
portion of patients with HAND within our cohort was only
21%. This limited group size constrained the type and extent
of analyses that could be performed. Nonetheless, the current
cohort was distinct from other reports in that there was a pre-
dominance of patients with HIV-associated mild
neurocognitive disorder (MND); other studies have reported
that asymptomatic neurocognitively impaired (ANI) patients
were the largest group in the HAND category (Heaton et al.
2010; Carvalhal et al. 2016). This difference might reflect
intensive questioning of patients and caregivers about
neurocognitive symptoms at multiple stages (nurse,
psychometrist, and physician) of the care delivery process
within the present study. Another limitation to the present
study is the lack of a definitive demarcation between the
HAND versus NCI-OD groups based on ROC and the RF

Fig. 5 Partial plots for the major importance variables for NN versus
NCI-OD groups. Both continuous and categorical variables disclosed
the probability of being in the NN (Prob(NN) group versus the NCI-
OD group based on threshold cofactor value for a PHQ-9, b estimated

hours of sleep per night, c HQoL value, d birth continent, e years of
education, f duration of HIV-1 infection, g age, h hours worked per week,
and i polypharmacy
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analyses. The relative lack of distinction between these groups
likely arises due to the small sample sizes of the HAND and
NCI-OD groups. In fact, the poor accuracy performancemight
reflect the smaller sample sizes of HAND andNCI-OD groups
while also indicating an overlap in some of the clinical and
demographic factors within these two groups. Furthermore,
the demographic differences within the cohort were also a
challenge; for example, if the variable was sex with only
10% of the cohort as female then the MDA is related to the
average loss of accuracy by randomly choosing 10% of the
data points as female, which implicates an inherent bias in the
data. Thus, comparative application of logistic regression and
machine learning approaches to demographically different co-
horts would provide validation to the present findings.

Although NCI remains a common and debilitating disorder
amongHIV-infected patients receiving contemporary care, the
delineation of individual NCI phenotypes remains incomplete.
This uncertainty might differ depending on geographic, eth-
nic, and clinical practice factors as well as individual disease
course trajectories. Larger comparative studies that dissect
specific neurocognitive phenotypes and their causal factors
are essential to address these uncertainties. Moreover, the im-
pact of specific cART drugs and multidrug regimens require
deeper analyses that can only be achieved with larger and
perhaps collaborative studies. Notwithstanding, the use of
paired approaches such as logistic regression and machine
learning generates new and valuable insights into the cofactors
associated with NCI in HIV-infected persons that are poten-
tially modifiable and amenable to treatment.
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