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Cognitive impairment remains frequent and heterogeneous in presentation and severity among virally suppressed (VS) women with HIV (WWH). We identified cognitive profiles among 929 VS-WWH and 717 HIV-uninfected women from 11 Women's Interagency HIV Study sites at their first neuropsychological (NP) test battery completion comprised of: Hopkins Verbal Learning Test-Revised, Trail Making, Symbol Digit Modalities, Grooved Pegboard, Stroop, Letter/Animal Fluency, and Letter-Number Sequencing. Using 17 NP performance metrics (T-scores), we used Kohonen self-organizing maps to identify patterns of high-dimensional data by mapping participants to similar nodes based on T-scores and clustering those nodes. Among VS-WWH, nine clusters were identified (entropy = 0.990) with four having average T-scores ≥45 for all metrics and thus combined into an “unimpaired” profile (n = 311). Impaired profiles consisted of weaknesses in: (1) sequencing (Profile-1; n = 129), (2) speed (Profile-2; n = 144), (3) learning + recognition (Profile-3; n = 137), (4) learning + memory (Profile-4; n = 86), and (5) learning + processing speed + attention + executive function (Profile-5; n = 122). Sociodemographic, behavioral, and clinical variables differentiated profile membership using Random Forest models. The top 10 variables distinguishing the combined impaired vs. unimpaired profiles were: clinic site, age, education, race, illicit substance use, current and nadir CD4 count, duration of effective antiretrovirals, and protease inhibitor use. Additional variables differentiating each impaired from unimpaired profile included: depression, stress-symptoms, income (Profile-1); depression, employment (Profile 2); depression, integrase inhibitor (INSTI) use (Profile-3); employment, INSTI use, income, atazanavir use, non-ART medications with anticholinergic properties (Profile-4); and marijuana use (Profile-5). Findings highlight consideration of NP profile heterogeneity and potential modifiable factors contributing to impaired profiles.
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INTRODUCTION

Early in the HIV epidemic, people with HIV (PWH) frequently exhibited distinct clinical features including cognitive, behavioral, and motor dysfunction characteristic of a subcortical dementia (1, 2). The clinical syndrome was progressive, severe and included slow mental processing, memory impairment, gait disturbance, tremors, apathy, and depressive symptoms. Since the advent of effective and accessible antiretroviral therapy (ART), PWH are living longer and may be more likely to develop comorbidities that include hypertension, diabetes, cardiovascular disease, chronic liver and renal disease, and malignancies (3, 4). Although it remains unclear as to whether these comorbidities accelerate and/or potentiate CNS dysfunction, different combinations of comorbidities are likely to result in diverse patterns of cognitive function. Thus, in PWH there is a need to understand cognitive profiles and their correlates, including sociodemographic, clinical, and behavioral factors in the context of viral suppression. Cognitive phenotyping in NeuroHIV research may facilitate a better understanding of the underlying pathophysiological mechanisms of each specific cognitive profile.

Several studies using different methodological approaches focus on patterns and predictors of cognitive function in PWH (5–7). Cognitive patterns in PWH were first investigated by Lojek and Bornstein (5), who identified four patterns in 162 predominately White (93%), young (mean age = 34 years), and educated (mean years of education = 14) men at various stages of HIV infection. Using dimension reduction (factor analysis) of seven neuropsychological (NP) outcome metrics from 16 tests followed by k-means clustering, the four profiles consisted of (1) a generally unimpaired group; and weaknesses or impairments in (2) only psychomotor speed, (3) only memory and learning, and (4) most domains. A recent cross-sectional study identified three profiles using five cognitive domain T-scores in a latent profile analysis in almost 3,000 predominately White (69%), educated (mean years of education = 15) men with HIV (MWH; 53%) and without HIV from the Multicenter AIDS Cohort Study (MACS; mean age = 40 years) (7). The three profiles included an unimpaired profile, a profile below average on learning and memory, and a profile below average on all domains. Similarly, three profiles were identified using 10 NP outcome metrics in a latent profile analysis in 361 PWH who were predominately men (88%), actively receiving ART (94%) at the Southern Alberta Clinic (6). Again, an unimpaired profile was identified along with a profile with specific weaknesses in executive function and memory and one with more global NP impairment. Notably, each of these studies focused on all or predominately White, educated MWH and included mixed samples of virological suppressed (VS) and non-suppressed (NVS) individuals. Findings in MWH cannot necessarily be generalized to women with HIV (WWH). WWH may be at greater risk for cognitive impairment due, in part, to a disproportionate burden of poverty, low literacy levels, substance abuse, poor mental health, barriers to health care services, and environmental exposures prevalent in predominantly minority urban communities in which they reside (8, 9). Biological factors, such as sex steroid hormones and female-specific factors (e.g., pregnancy, menopause), may also contribute to the pattern and magnitude of cognitive impairment in PWH (9). Combining samples of NVS and VS individuals introduces heterogeneity in cognitive function and findings from combined samples may not be generalizable to VS-PWH, a population that is expanding with the introduction of increasingly tolerable and available medication options.

As the pattern and predictors of cognitive function are likely not the same in (1) MWH and WWH as well as in (2) VS vs. NVS individuals (9), we examined heterogeneity in NP performance in the largest sample to date of VS-WWH and HIV-uninfected women. We accomplished this by applying novel machine learning methods to identify subgroups who demonstrated similar NP profiles. This approach may help guide our understanding of profiles that are associated with patterns of NP weakness. We also identified factors associated with each profile from a constellation of sociodemographic, behavioral, and clinical factors that have been found to be import distinguishing factors in prior studies (5–7), with the addition of female-specific factors (e.g., pregnancy, menopausal stage) that could not be examined in mixed-sex studies.



MATERIALS AND METHODS


Participants

The Women's Interagency HIV Study (WIHS) is a multi-center, longitudinal, study of WWH and HIV-uninfected women. The first three waves of study enrollment occurred between October 1994 and November 1995, October 2001 and September 2002, and January 2011 and January 2013 from six sites (Brooklyn, Bronx, Chicago, DC, Los Angeles, and San Francisco). A more recent wave of enrollment occurred at sites in the southern US (Chapel Hill, Atlanta, Miami, Birmingham, and Jackson) between October 2013 and September 2015. Study methodology including recruitment procedures and eligibility criteria, training, and quality assurance procedures were previously published (10–12). This analysis was restricted to all participants completing the first NP test battery. NP data for the initial six sites were collected between 2009 and 2011, while NP data from the southern sites were collected between 2013 and 2015.



Neuropsychological (NP) Test Battery and Outcomes

The NP test battery included the Hopkins Verbal Learning Test-Revised (HVLT-R; outcomes: trial 1 learning, total learning, delayed free recall, percent retention, recognition), Letter-Number Sequencing (LNS; outcomes: total correct on the working memory and attention conditions), Trail Making Test (TMT; outcomes: time to complete Parts A and B), Stroop (outcome: time to complete Trials 1 [color reading], 2 [color naming], and 3 [color-word]), Symbol Digit Modalities Test (SDMT; outcome: total correct), Letter-guided verbal fluency (Controlled Oral Word Associations Test (COWAT; outcome: total correct words generated across three trials [F, A, S]), Animal fluency (outcome: total correct animals generated), and Grooved Pegboard (GPEG; outcomes: time to completion, dominant, and non-dominant hand). Timed outcomes were log transformed to normalize distributions and reverse scored so higher equated to better performance. Demographically-adjusted T-scores were calculated for each outcome (13, 14). T-scores are normalized to have an average of 50 and a standard deviation of 10. Mean T-scores >55 were considered high performing, between 45 and 55 were considered within the normal range, <45 were considered as weaknesses, and those <40 were considered impaired.



Factors Associated With NP Profiles

Factors of interest were based on prior NP WIHS studies (13, 14) and included: clinic site; enrollment wave; sociodemographic, mental health, behavioral, clinical, and female-specific factors; and common non-ART medications with known neurocognitive adverse effects (NCAEs) (15, 16). Sociodemographic factors included age, education, WRAT-III reading subscale score, race/ethnicity, employment status, average annual household income (≤$12,000), and health insurance status. Mental health factors included depressive symptoms (Center for Epidemiological Studies Depression scale [CES-D] ≤16]), perceived stress (perceived stress scale [PSS]-10 top tertile cutoff), and post-traumatic stress symptoms (PTSD Checklist—Civilian Scale) (17). Behavioral factors included current smoking status, recent alcohol intake, marijuana, and crack, cocaine, and heroin use. General clinical, metabolic, and cardiovascular factors included Hepatitis C antibody positive, body mass index (BMI), non-ART medication use [e.g., NCAEs, statins, NCAE medications with a higher anticholinergic burden (16)], and history of stroke, hypertension, and diabetes mellitus. Female-specific factors included ever pregnant, history of hysterectomy and/or bilateral oophorectomy, hormonal contraceptive use, hormone therapy use, and menopausal stage [defined using the Study of Women's Health Across the Nation [SWAN] criteria (18) which is also used in previous WIHS studies (19)]. HIV-related clinical factors included HIV RNA, nadir and current CD4+ T lymphocyte count, ART use and adherence, duration of ART use, and previous AIDS diagnosis.



Statistical Analyses

All 17 NP measures were used to find groups of similar cognitive profiles within each participant subset (VS-WWH, HIV-uninfected) utilizing Kohonen self-organizing maps (SOM) followed by clustering with MClust. SOM is an unsupervised machine learning technique used to identify patterns in high dimensional data by producing a two-dimensional grid representation consisting of multiple nodes which have a fixed position in the SOM grid along with associated participants who are mapped to that node. The coordinates of the node represent the similarity to other nodes (i.e., nodes that are closer together in the grid have similar patterns than nodes that are further away) and one node can represent multiple participants. Following the identification of the nodes, the nodes were clustered using the MClust package. Once the clustering of the nodes was completed, cluster profiles were assigned to the participants associated to that node. Profiles where the mean T-Score on all cognitive outcomes was ≥45 were combined into an “unimpaired” profile. By using SOM and MClust in sequence, we were able to achieve fine-tuned clustering based on patterns of NP performance.

Factors associated with profile membership between each impaired profile and the unimpaired profile within each group (VS-WWH, HIV-uninfected) were explored by creating Random Forest (RF) models and then extracting variable importance. The datasets were randomly separated into training (70%) and testing (30%) sets. RF models were created on the training sets using internal validation via a 10-fold resampling method repeated five times. Prior to model creation, the Synthetic Minority Over-sampling Technique (SMOTE) was used to control for bias due to any imbalance in the number of cases. Variables were removed from the model if they had low variance or if they had >30% missing data. Any missing data in the remaining variables was imputed before model creation using RF imputations and ridge regression (α size of 0.0001 for a compromise between stability and lack of bias). For comparison to previous studies we also created RF models for each group comparing the combined unimpaired and impaired profiles. Models were also validated on the testing set to confirm that they still had predictive power balanced between classes and that success of the trained models was not due to overfitting. All variables were plotted by relative variable importance based on the training set models, and attention was given to the top 10 variables in each profile.

All analysis was done using R analysis packages. SOM was achieved using the Kohonen package in R (20) and clustering was done using the MClust package (21). MClust is an R Software package used for model-based clustering using finite normal mixture modeling that provides functions for parameter estimation via the Expectation-Maximization algorithm with an assortment of covariance structures. This program identifies the best model for 10 parameterized covariance structures and chooses the best one based on the lowest Bayesian Information Criterion (BIC). The covariance structures consist of varying distributions (spherical, diagonal, or ellipsoidal), volumes (equal or variable), shapes (equal of variable), and orientation (equal or variable, only for ellipsoidal distribution). Random Forest model creation was achieved using the Caret (22) package in R. SMOTE resampling was done using the DMwR (23) package. Imputation of missing data was done using the Multivariate Imputation by Chained Equations (24) (MICE) package in R. ROC confidence intervals were calculated using the pROC package in R with 2,000 stratified bootstrap replicates (95%CI).




RESULTS


Participants

Participants included 929 VS-WWH and 717 HIV-uninfected women at their first study visit with complete NP testing (Supplementary Table 1). On average, participants were 45.1 ± 9.3 years of age with 12.7 years of education. Thirty percent were from the southern WIHS sites, 69% were non-Hispanic Black, and 15% identified as Hispanic. Only 41% were employed and 48% reported having an average annual household income <$12,000/year, while 87% were currently insured. Thirty percent had depressive symptoms while 35% were identified as having higher perceived stress levels. Nineteen percent had recently used marijuana, 7% were currently using crack, cocaine, and/or heroin, and 40% were current smokers. Ninety percent reported ever having been pregnant and 41% were post-menopausal. The average T-score for all NP tests in VS-WWH and HIV- women was in the normal range between 45 and 55 (Supplementary Table 2).



Cognitive Profiles in VS-WWH and HIV-Uninfected Women

For both VS-WWH and HIV-uninfected women, clusters of participants with similar patterns of relative performance on all 17 NP were profiled using a sequence of SOM and MClust. VS-WWH and HIV-uninfected women had good fits (entropy = 0.99) and were then assigned names based on their relative patterns of weaknesses after consultation with a clinical neuropsychologist. The profiles are visualized in Figure 1 and univariate differences between the test scores, as well as univariate differences in predictor variables, are given in Tables 1, 2 (Supplementary Tables 3, 4).


[image: Figure 1]
FIGURE 1. Neuropsychological profiles in (A) virally suppressed women with HIV(VS-WWH) and (B) HIV-uninfected women. HVLT-R, Hopkins Verbal Learning Test-Revised; LNS, Letter-Number Sequencing; GPEG, Grooved Pegboard.



Table 1. Sociodemographic, clinical, and behavioral factors by subgroup of virally suppressed [VS] women with HIV [WWH].
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Table 2. Sociodemographic, clinical, and behavioral factors by subgroup of HIV-uninfected (UN) women.
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Profile Results in VS-WWH

Profiling of the 929 VS-WWH resulted in nine total clusters using an ellipsoidal multivariate mixture model with equal orientation (VVE) with an entropy of 0.99. Of these clusters, four were combined into a large “unimpaired” cluster consisting of 311 women (Figure 1A; Table 1). Of the remaining clusters:

Profiling of the 1,666 PWH resulted in three total groups from a using an ellipsoidal multivariate mixture model with equal orientation with an entropy of 0.982 (Figure 1A).

- Profile 1-VS (n = 129): sequencing indicated by weaknesses on tests of sequencing (LNS, TMT-Part B). Learning, memory, verbal fluency, processing speed, inhibition, and manual speed were preserved.

- Profile 2-VS (n = 144): speed indicated by weaknesses or impairments on most tests of speed (weak: Stroop, TMT, SDMT, GPEG-dominant hand; impaired: GPEG non-dominant hand). Verbal fluency, attention, working memory, learning, and memory were preserved.

- Profile 3-VS (n = 137): learning and recognition indicated by weak learning (HVLT-R trial 1 and total learning) and recognition (HVLT-R recognition). Retention, verbal fluency, attention, working memory, processing speed, executive functioning, and manual speed were preserved.

- Profile 4-VS (n = 86): learning and memory indicated primarily by impaired memory (HVLT-R delayed recall, recognition, retention) and weak learning (HVLT-R trial 1 and total learning), with mild weaknesses on select speeded measures (Stroop-trial 1, TMT, SDMT). Verbal fluency, attention, working memory, executive functioning, and manual speed were relatively preserved.

- Profile 5-VS (n = 122): learning, processing speed, attention, and executive functioning indicated by impaired and/or weak learning, processing speed, attention, and executive functioning (impaired: COWAT, TMT-Part A; weak: HVLT-R trial 1 and total learning, animal fluency, LNS, SDMT, Stroop-trial 3, TMT-Part B). Manual speed and memory were preserved.



Profile Results in HIV-Uninfected Women

Profiling of the 717 HIV-uninfected women also resulted in nine total clusters (Figure 1B; Table 2) from an ellipsoidal multivariate model with equal volume and orientation (EVE) with an entropy of 0.99. Of these clusters, four did not have mean T-scores that were <45 on any test and were therefore combined into a large “unimpaired” cluster consisting of 400 women. Of the remaining clusters:

- Profile 1-UN (n = 68): visual and motor speed indicated by weaknesses on tests of visual and motor speed (Stroop, TMT, SDMT). Learning, memory, verbal fluency, attention, working memory, and manual speed were preserved.

- Profile 2-UN (n = 58): learning, recall, and verbal fluency indicated primarily by weak learning, recall, and verbal fluency (HVLT-R trial 1, total learning, delayed recall, retention, COWAT, animal fluency). Recognition, processing speed, executive functioning, and manual speed were relatively preserved.

- Profile 3-UN (n = 72): manual speed indicated primarily by impaired manual speed (GPEG) and weak TMT. Learning and memory were spared and all other domains remained relatively preserved.

- Profile 4-UN (n = 75): learning and memory indicated by impaired recall (HVLT-R delayed recall and retention) and weak learning and recognition (HVLT-R trial 1, total learning, and recognition). All other domains were spared.

- Profile 5-UN (n = 44): learning, memory, speed indicated primarily by impaired learning and memory (HVLT-R total learning, delayed recall, and recognition) with impairments or weaknesses on select speeded tests (TMT, GPEG, Stroop-trial 3). Verbal fluency, attention, working memory, and visuo-verbal processing speed (Stroop Trials 1 and 2) were relatively preserved.




Predictors of Cognitive Profiles

For each group of women, a RF model was created to help identify variables contributing in a non-linear fashion to distinguishing between each impaired and the unimpaired profile. An additional model was created to distinguish between all combined impairment profiles and the unimpaired profile in order to compare the differences in variables. For each model, variable importance was calculated and those that ranked as the top 10 were identified.


Predictors of Cognitive Profiles in VS-WWH

In RF models (Figure 2), the top 10 variables distinguishing women in the impaired from unimpaired profiles (ROC = 0.91) included clinic site, sociodemographic factors (age, race, education), behavioral (crack, cocaine, and/or heroin use), and clinical factors (BMI, protease inhibitor [PI]-based regimen, current and nadir CD4 count, and years of cART use). Specifically, women in the impaired vs. unimpaired profiles had: a higher minority and southern site representation (non-Hispanic Black, 76 vs. 66%; southern clinics, 36 vs. 32%), less education (12.6 vs. 12.8 years), PI use(70 vs. 60%), healthy BMI of 18.5–24.9 kg/m2 (19 vs. 24%), and ever use of crack, cocaine, and/or heroin (49 vs. 40%). Many of these variables were also important contributors to the individual impairment profiles, although some additional variables were found to be important distinguishers. Compared to the unimpaired profile:

- Profile 1-VS (n = 129): sequencing (ROC = 0.89, Testing Accuracy = 0.89, Testing Sensitivity = 0.84, Testing Specificity = 1.0) were more likely to have a lower annual household income (48 vs. 40%), depressive symptoms (30 vs. 21%), and higher perceived (40 vs. 26%) and post-traumatic stress (25 vs. 13%).

- Profile 2-VS (n = 144): speed (ROC = 0.90, Testing Accuracy = 0.90, Testing Sensitivity = 0.85, Testing Specificity = 1.0) were more likely to be unemployed (71 vs. 51%) and have depressive symptoms (35 vs. 21%).

- Profile 3-VS (n = 137): learning and recognition (ROC = 0.90, Testing Accuracy = 0.88, Testing Sensitivity = 0.83, Testing Specificity = 1.0) were more likely to have depressive symptoms (34 vs. 21%) and be on an integrase inhibitor (INSTI)-based regimen (27 vs. 19%).

- Profile 4-VS (n = 86): learning and memory (ROC = 0.88, Testing Accuracy = 0.89, Testing Sensitivity = 0.87, Testing Specificity = 0.96) were more likely to be unemployed (73 vs. 51%, P<0.001), have a lower annual household income (70 vs. 40%), be on INSTI-based regimen (28 vs. 19%), atazanavir (ATZ, 24 vs. 15%), and non-ART medications with higher anticholinergic burden (22 vs. 11%).

- Profile 5-VS (n = 122): learning, processing speed, and executive function (ROC = 0.91, Testing Accuracy = 0.86, Testing Sensitivity = 0.81, Testing Specificity = 1.0) were less likely to currently use marijuana (15 vs. 20%).


[image: Figure 2]
FIGURE 2. Variable Importance results from the Random Forest Models in virally suppressed women with HIV (VS-WWH). The length of the bars indicates the relative importance of the variable in that model. The top 10 variables in each model have been highlighted in black. 3TC, lamivudine; ABC, abacavir; ART, antiretroviral therapy; ATV, atazanavir; BMI, body mass index; COBI, cobicistat; DRV, darunavir; DTG, dolutegravir; EFV, efavirenz; EVG, elvitegravir; FTC, emtricitabine; INSTI, integrase inhibitor; PI, protease inhibitor; RAL, raltegravir; RPV, rilpivirine; RTV, ritonavir; TDF, tenofovir disoproxil fumarate; ZDV, Zidovudine; NCAE, non-ART medications with neurocognitive adverse effects.




Predictors of Cognitive Profiles in HIV-Uninfected Women

In RF models (Figure 3), the top 10 variables distinguishing the impaired profiles from unimpaired profiles (ROC = 0.93) included: clinic site, cohort wave, sociodemographic factors (age, education, race, employment status), behavioral (smoking, marijuana, crack, cocaine, and/or heroin use), and clinical factors (BMI). Many of these factors were also important contributors to the individual impairment profiles, with some differences. Compared to women in the unimpaired profile:

- Profile 1-UN (n = 68): visual and motor speed (ROC = 0.83, Testing Accuracy = 0.67, Testing Sensitivity = 0.90, Testing Specificity = 0.63) were more likely to have diabetes (22 vs. 16%), depressive symptoms (44 vs. 25%), high perceived stress (43 vs. 34%), use antidepressants (9 vs. 7%), and more non-ART drugs with anticholinergic properties (3 vs. 1%).

- Profile 2-UN (n = 58): learning, recall, and verbal fluency (ROC = 0.72, Testing Accuracy = 0.71, Testing Sensitivity = 1.0, Testing Specificity = 0.67) were more likely to have a lower annual household income (47 vs. 41%), have had an oophorectomy (17 vs. 13%), depressive symptoms (33 vs. 25%), high perceived stress (45 vs. 34%), diabetes (21 vs. 16%), and hypertension (36 vs. 38%).

- Profile 3-UN (n = 72): motor speed (ROC = 0.85, Testing Accuracy = 0.75, Testing Sensitivity = 1.0, Testing Specificity = 0.71) were more likely to have depressive symptoms (47 vs. 25%), perceived stress (47 vs. 34%) and post-traumatic symptoms (28 vs. 19%), HCV (18 vs. 10%), and less likely to have had an oophorectomy (9 vs. 13%).

- Profile 4-UN (n = 75): learning and memory (ROC = 0.79, Testing Accuracy = 0.76, Testing Sensitivity = 0.95, Testing Specificity = 0.73) were less likely to have ever been pregnant (88 vs. 91%).

- Profile 5-UN (n = 44): learning, memory, and speed (ROC = 0.76, Testing Accuracy = 0.73, Testing Sensitivity = 1.0, Testing Specificity = 0.70) were more likely to have diabetes (32 vs. 16%) and hypertension (53 vs. 38%).
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FIGURE 3. Variable Importance results from the Random Forest Models in HIV-uninfected (UN) women. The length of the bars indicates the relative importance of the variable in that model. The top 10 variables in each model have been highlighted in black. BMI, body mass index; NCAE, non-ART medications with neurocognitive adverse effects; OOPH, oopherectomy.






DISCUSSION

We used machine learning models to identify distinct homogenous subgroups (profiles) in the largest dataset to date in VS-WWH and HIV-uninfected women. Separate patterns of cognitive performance, as well as associated factors of those patterns among each subgroup of women, were identified. The factors identified allow for screening and intervention, including potentially changing non-ART medications, as well as mental health and substance use screening and intervention.

In the context of viral suppression, we identified several profiles with distinct patterns of performance across 17 NP outcomes. While these profiles are statistically-derived, some of the profiles found here parallel commonly identified patterns in other neurological conditions or processes. Among the virally suppressed group, Profile 1-VS revealed a unique pattern reflecting exclusive weaknesses in cognitive sequencing (LNS Attention and Working Memory) and motor set-shifting (TMT-Part B). While to our knowledge, this combination of isolated deficits in cognitive sequencing and motor set-shifting has not been appreciated in other disease populations, specific deficits in cognitive sequencing/verbal working memory have been observed in individuals with schizophrenia and their first-degree relatives (25). Additionally, McDonald et al. (26) identified specific problems with motor set-shifting (TMT-Part B) in individuals with frontal lobe epilepsy. In contrast to the very specific weaknesses identified in Profile 1-VS, Profile 2-VS reflects general slowing, which is most often associated with typical (i.e., “healthy”) aging (27). Profile 3-VS, characterized by poor encoding and recognition with intact retention, is more of a typical HIV-associated profile (28) compared to mild cognitive impairment due to Alzheimer's disease (AD) (29). Profile 4-VS showed a mostly amnestic profile with some evidence of cognitive slowing, as can be observed in AD or in AD with vascular contributions (30). This profile is similar to Profile 4-UN, which reflected an amnestic profile that is often observed in typical AD (31). Profile 5-VS, showing intact memory storage and manual speed/dexterity, but weak or impaired attention, processing speed, learning, and executive functioning is similar to what is observed in individuals with diffuse frontal-subcortical small vessel disease (32). Interestingly, a profile did not emerge among VS-WWH reflecting specific motor slowing which has been linked to HIV infection. This is consistent with prior cross-sectional WIHS analyses, where motor slowing was not a prominent feature among WWH but rather verbal learning and memory (13).

Among the seronegative group, Profile1-UN was more likely to have diabetes, raising the possibility that their specific visual and motor deficits could be related to physical complications of diabetes, including diabetic retinopathy and neuropathy (33, 34). Profile2-UN reflects unique impairments on the most verbally mediated tasks (i.e., verbal learning and recall, and verbal fluencies). While we are unaware of any specific disease process or syndrome that shows the same pattern, this group of individuals has clear weakness in verbal skills, which could be due to many factors, including learning differences or damage to brain regions associated with verbally mediated tasks. Profile 3-UN, reflecting specific motor slowing, is commonly observed in individuals with basal ganglia dysfunction, such as Parkinson's disease (35). Profile 5-UN, revealing rather generalized cognitive weaknesses or impairments, but relatively preserved attention and visual processing, does not reflect any specific disease process or syndrome to our knowledge.

Even though the HIV group was virally suppressed, the dominant profiles did not fully align with the HIV-uninfected women, suggesting that HIV affects cognitive function even in the era of effective ART. There is a wealth of literature postulating neuronal damage as a result of ART agents (36), a viral reservoir that persists possibly due to poor CNS penetration of ART (37), or even legacy effects of damage occurring earlier during infection (38). Indeed, in the VS-WWH RF model where all impaired groups were grouped together, nadir CD4 was a top predictor of group membership. This also points to how existing studies that consider impairment to be a unidimensional construct may only be able to detect differences in these variables and miss those associated more strongly with some profiles than others.

Despite different cognitive profiles among VS-WWH, the most discriminative factors between each impaired profile vs. the unimpaired profile were similar and included a number of well-established sociodemographic cognitive correlates, such as years of education, age, and race/ethnicity (39). Clinic site location also emerged, a factor that we have also seen using more standard statistical approaches in the WIHS (13, 14). The factors underlying this rather robust association is unknown but may involve neighborhood factors, such as violence and food insecurity. Additionally, common behavioral correlates of cognition emerged including illicit substance use (40, 41), which in the case of marijuana was more likely to be used in the unimpaired profile compared to the impaired profile demonstrating weaknesses in learning, processing speed, and executive function (Profile 5-VS). This finding is consistent with some studies demonstrating the protective effects of marijuana use on cognition in PWH (42). We also found common clinical correlates of cognition that distinguished cognitive profiles among VS-WWH including BMI (43, 44) and PI use (45). Likely proxies of HIV disease burden, including nadir CD4 count and years of ART use, were also discriminators (38, 46, 47). In contrast, sociodemographic and medical variables were unable to distinguish cognitive profiles based on seven major cognitive domains (48).

Mental health factors also emerged as important profile discriminators among VS-WWH, including depressive and stress-related symptoms. Depressive symptoms differentiated a number of impaired profiles (4 of 5 profiles) compared to the unimpaired profile, whereas stress-related symptoms only emerged for two profiles including Profile 1-VS (sequencing) and Profile 4-VS (learning and memory). These findings align with our WIHS studies demonstrating numerous cognitive correlates of depressive symptoms (19, 49, 50), whereas stress-related symptoms related most strongly to learning and memory in the context of HIV (49, 51). Importantly, mental health factors are an unmet medical need and are modifiable targets to improve cognition in WWH (52).

INSTI use discriminated both Profile3-VS (learning and recognition) and Profile 4-VS (learning and memory) from the unimpaired profile. This finding is consistent with a number of recently published studies indicating INSTI use as a contributor to NP function. One study demonstrated an association between INSTI use and poorer learning and memory but not any other cognitive domains (53). A second study also demonstrated that switching or starting an INSTI was primarily associated with poorer learning among WWH (54). A third study demonstrated that long-term INSTI exposure distinguished two impaired profiles from an unimpaired profile (55).

Our study also allows us to investigate female-specific factors that are often ignored and identify the importance of oophorectomy and/or hysterectomy (Profile2-UN[Learning, Recall, Verbal Fluency], and Profile3-UN[Motor Speed]) and menopause status (Profile4-UN[Learning and Memory]). Interestingly, these female-specific factors only emerged as important profile discriminators among HIV-uninfected women. As the proportion of menopause-inducing and non-inducing oophorectomy and/or hysterectomy was similar across VS-WWH and HIV-uninfected women, one possible explanation is that the virus itself and clinical factors, such as ART may explain more of the variance in cognitive function in VS-WWH. However, in the absence of HIV, negative effects of oophorectomy and/or hysterectomy on cognition may become more apparent. Overall, these female-specific factors are potential contributions that are missed in other studies, which are predominately male. Future studies of women should evaluate these variables in a similar stratified form to identify potential mechanistic contributions.

The existence of distinctive patterns of cognitive performance, as well as distinct factors associated with those patterns, also adds to existing evidence of differing neuropathological mechanisms. The dominant profiles often contained patterns of weaknesses that were subclinical, yet still lower than the unimpaired profiles. In many cases, the associated factors are intervenable and should be followed up with mechanistic and longitudinal studies.

Differences between the profiles identified here and previous efforts to identify cognitive patterns can be attributed to both the methods used and the study population. To identify meaningful cognitive patterns, we used a combination of SOM and MClust, which is a slight deviation from tradition k-means clustering. The nature of k-means is that it yields clusters where the most dramatic differences are shown, which may ignore subtle differences in patterns. Even Molsberry et al. (7) and Amusan et al. (55) who used latent profile analysis using domain T-scores had their fit dominated by a high-performing and a low-performing group. Using SOM for dimension reduction on the T-scores for individual tests prevented us from following pre-conceived notions about the latent structures of cognitive domains, which have been shown to be different in HIV (56). Another reason that we may have found different profiles than prior studies is that we focused on a diverse sample of underserved lower-income, African-American and Hispanic WWH where social correlates of health are common (e.g., low educational attainment, poverty, food insecurity, etc.) (8, 57) and may lead to more heterogeneous patterns of cognitive function. Of importance, this demographic is a more accurate reflection of the HIV epidemic as opposed to the predominantly White populations evaluated in other cohorts.

The addition of machine learning models to traditional univariate statistics to identify dominating predictor variables is another distinguishing aspect of the current study. It is important to point out that RF modeling is a non-linear model, and that the variable importance measure does not take into account directionality. Therefore, it is possible to have a top predictor variable from RF that does not have P < 0.05 using a t-test. RF models are also multivariate; instead of, the predictive capabilities of variables are always observed within the context of other variables. This is important considering that none of these factors exist in isolation. This makes the model more powerful, but one limitation of this statistical approach is that it becomes more difficult to interpret and should be used as a springboard for more mechanistic studies and interventions, which is why machine learning models are often thought of as “hypothesis-generating” models.

In conclusion, in the largest sample of women to date in the United States, we have used a novel pipeline of machine learning methods to identify subgroups of patterns in NP performance and created predictive models to identify the factors that distinguish each pattern from an overall “unimpaired” group. We identified distinct patterns of cognitive weaknesses in VS-WWH that differed from the distinct patterns in HIV-uninfected women. We also identified factors that may contribute to these specific profiles as a springboard for mechanistic or interventional studies. Future studies should also investigate the stability of these profiles over time, and identify the ones, if any, that are prone to future decline.
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