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Abstract

:

Objective: Methamphetamine and cannabis are two widely used substances among people living with HIV (PLWH). Whereas methamphetamine use has been found to worsen HIV-associated neurocognitive impairment, the effects of combined cannabis and methamphetamine use disorder on neurocognition in PLWH are not understood. In the present study, we aimed to determine the influence of these substance use disorders on neurocognition in PLWH and to explore if methamphetamine-cannabis effects interacted with HIV status. Method and Participants: After completing a comprehensive neurobehavioral assessment, PLWH (n = 472) were stratified by lifetime methamphetamine (M−/M+) and cannabis (C−/C+) DSM-IV abuse/dependence disorder into four groups: M−C− (n = 187), M−C+ (n = 68), M+C−, (n = 82), and M+C+ (n = 135). Group differences in global and domain neurocognitive performances and impairment were examined using multiple linear and logistic regression, respectively, while holding constant other covariates that were associated with study groups and/or cognition. Data from participants without HIV (n = 423) were added, and mixed-effect models were used to examine possible interactions between HIV and substance use disorders on neurocognition. Results: Compared with M+C+, M+C− performed worse on measures of executive functions, learning, memory, and working memory and were more likely to be classified as impaired in those domains. M−C− performed better than M+C+ on measures of learning and memory but worse than M−C+ on measures of executive functions, learning, memory, and working memory. Detectable plasma HIV RNA and nadir CD4 < 200 were associated with lower overall neurocognitive performance, and these effects were greater for M+C+ compared with M−C−. Conclusions: In PLWH, lifetime methamphetamine use disorder and both current and legacy markers of HIV disease severity are associated with worse neurocognitive outcomes. There was no evidence of an HIV × M+ interaction across groups, but neurocognition was most impacted by HIV among those with polysubstance use disorder (M+C+). Better performance by C+ groups is consistent with findings from preclinical studies that cannabis use may protect against methamphetamine’s deleterious effects.
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1. Introduction


Despite advances in HIV treatment improving life expectancy [1] and showing possible efficacy for improving neurocognitive outcomes [2], neurocognitive impairment (NCI) continues to affect 25–50% of people living with HIV [3,4,5,6]. NCI has been associated with functional impairments [7,8,9,10,11] and may increase the risk of more rapid HIV progression and earlier mortality [12,13]. Understanding the factors that increase the risk for and/or exacerbate neurocognitive impairment in people living with HIV (PLWH) is of particular clinical importance.



Studies have shown that there are complex relationships between HIV treatment, neurocognitive impairment, and substance use: HIV progression and substance use are independently associated with neurocognitive impairment [7,9,14,15,16,17], and substance use is associated with worse adherence to combination antiretroviral therapy (cART) regimen [18,19]. Additionally, cART regimen interference is associated with increased NCI risk [20], which itself is associated with poorer medication adherence and more clinically severe substance use [21,22,23]. Methamphetamine and cannabis are two substances of particular relevance, as cannabis use prevalence in PLWH is three times as high as in the general population [24], and methamphetamine use is closely related to HIV infection risk [25,26,27]. Overall, use of these substances together is quite prevalent in the US, as past-month self-report data from the National Survey on Drug Use and Health (NSDUH) indicate that the majority (62.2%) of people who used methamphetamine also used cannabis [28].



The evidence linking methamphetamine use to neurocognitive deficits is robust, with lower relative performance and greater rates of impairment being observed in memory, executive functioning, information-processing speed, and visuospatial abilities [29,30,31,32,33].



In studies of PLWH, methamphetamine use has been associated with a greater likelihood of displaying neurocognitive impairment [15,17,34] and loss of independent functioning [14,35].



The data on cannabis, neurocognition, and HIV are mixed. Regarding the effects of cannabis, independent of HIV disease, an early meta-analytic study suggested that long-term cannabis use was not associated with general neurocognitive impairment except for a small effect on memory [36]. More recent evidence and meta-analytic efforts suggest that after removing the influence of acute and/or brief residual effects, there were no significant differences in neurocognition attributable to histories of cannabis use [37,38]. In PLWH, a review conducted between 2000 and 2013 found that cannabis use was associated with poorer memory task performance in a subset of examined studies [39]. More recent studies suggest that cannabis use does not exacerbate neurocognitive performance deficits resulting from HIV disease progression [40], and significant lifetime cannabis exposure has even been linked to a lower likelihood of neurocognitive impairment in PLWH [41].



Despite the high prevalence at which methamphetamine and cannabis use co-occur, the effects of combined methamphetamine and cannabis use in HIV have received less attention, though it is possible that anti-inflammatory and other neuroprotective mechanisms attributable to cannabis might attenuate the additive injury posed by methamphetamine and HIV [32]. In a non-methamphetamine-exposed, cannabis-using PLWH cohort, there was evidence of less neuro- and systemic inflammation, and possibly better neurocognitive performance [41,42].



Preclinical and clinical studies have identified neurocognitive deficits resulting from HIV disease progression and methamphetamine use, but the evidence is mixed regarding cannabis effects and is especially limited in understanding how cannabis interacts with methamphetamine and HIV disease processes. The aims of the present study were to (1) examine the impact of lifetime methamphetamine and/or cannabis use disorder histories and characteristics on neurocognitive outcomes in people living with HIV and (2) determine if the patterns or severity of neurocognitive effects of methamphetamine and cannabis use histories differed in PLWH vs. those without HIV.




2. Method


2.1. Sample


Participants included 472 PLWH enrolled in NIH-funded research studies (see Funding section for details) conducted at the UCSD HIV Neurobehavioral Research Program (HNRP). Participants provided written informed consent to undergo study procedures, which were approved by the UCSD Institutional Review Board. Participants’ data were included in this secondary analysis if they completed a comprehensive neuromedical, neurocognitive, psychiatric, and substance use assessment. Stratifying participants by the presence or absence of lifetime methamphetamine (M+/M−) and cannabis (C+/C−) use, abuse, or dependence diagnoses [43] yielded four study groups: M−C− (n = 187), M−C+ (n = 68), M+C− (n = 82), and M+C+ (n = 135).



Participants were excluded from analyses according to the following criteria: (1) Participants presented for their assessment with a positive breathalyzer test for alcohol or urine drug screen for substances other than methamphetamine or cannabis. (2) Participants met the criteria for DSM-IV alcohol or other (non-cannabis, non-METH) substance abuse/dependence within one year of assessment. (3) Presence of any known active major neurological (e.g., seizure, stroke) or psychiatric (e.g., psychosis) conditions, learning disabilities, or dementia diagnosis that may confound their performance on neurocognitive measures. (4) Wide Range Achievement Test-4 (WRAT-4; [44]) reading subtest standard scores < 80.



Also included for initial modeling of the interaction between HIV status and substance use disorder group contrasts were data from 423 people living without HIV (PLWoH) who completed comprehensive assessments as part of their participation in UCSD HNRP-associated NIH-funded studies, and whose data have been analyzed and reported [45]. These data were subject to the same inclusion/exclusion criteria and the same substance use disorder group stratification paradigm. Descriptive statistics for the whole sample, split by PLWH and PLWoH, are provided in Supplementary Table S1, and stratification of the PLWoH sample by substance use disorder group is provided in Supplementary Table S2.




2.2. Measures


Data were collected using standardized neuromedical, neurocognitive, and psychiatric evaluations. A medical history interview was used to assess for current and past medical conditions (e.g., Hepatitis C Virus [HCV], diabetes, hypertension, hyperlipidemia). A breathalyzer assessment was used to screen for recent alcohol use, and blood and urine specimens were collected for routine clinical labs, diagnostic (e.g., HIV, HCV) tests, and urine toxicology screening. No participants had a positive breathalyzer test on the morning of the evaluation.



2.2.1. HIV Disease Characteristics


Antiretroviral (ARV) usage history was measured using a structured, clinician-administered questionnaire, and the duration of HIV disease was measured as the intervening time between the first positive HIV test and the date of the neuromedical examination. HIV-infection status was determined by rapid vertical flow HBc/HIV/HCV serum antibody test (Miriad POU+, MedMira, Halifax, NS, Canada). HBc data were not available at the time of this study, with the exception of a subset of participants (n = 92, 19.5%). Of the available data, only 5% were HBV+. Complete blood counts, rapid plasma reagin, hepatitis C virus antibody, and CD4+ T cells were measured using routine clinical chemistry panels. Levels of HIV viral load in plasma and CSF were measured using reverse transcriptase polymerase chain reaction (Amplicor, Roche Diagnostics, Indianapolis, IN, USA), with a lower limit of quantitation (LLQ) of 50 copies/mL above which point HIV viral load was categorized as detectable in plasma. Because participants’ data were derived from multiple studies, some assays used to measure plasma and CSF HIV had LLQs of 20 copies/mL–40 copies/mL. In these cases, HIV viral load was dichotomized as undetectable if the viral load value fell below the LLQ of the given assay. RNA polymerase chain reaction kits were standardized for the detection of HIV from CSF.




2.2.2. Psychiatric and Substance Use History


Criteria for current and lifetime substance use (i.e., DSM-IV Substance Abuse/Dependence) and mood disorders were assessed using the Composite International Diagnostic Interview [46]. Lifetime histories of cannabis [47] and methamphetamine [48] use were detailed using a semi-structured Timeline Follow-Back substance use interview. Variables derived from the Timeline Follow-Back included the following: age at first use, years since last use, age at first and the most recent cannabis/methamphetamine use disorder diagnosis. The Beck Depression Inventory—2nd version [49] was used to assess participants’ current depressive symptoms.




2.2.3. Neurocognitive Performance


Participants completed a standardized battery of tests to evaluate neurocognitive functioning, which included an estimate of premorbid verbal IQ (i.e., Wide Range Achievement Test-4 [WRAT-4] Reading subtest). The battery included 14 tests assessing 7 domains relevant to methamphetamine and/or cannabis [41,48] including verbal fluency, information-processing speed, executive functions, learning, memory, working memory, and motor skills (for a list of tests, see [4]). Raw scores from individual tests were converted to T scores (Mean = 50; SD = 10), which were demographically adjusted for age, education, sex, and race/ethnicity as appropriate based on published normative samples [50,51,52]. Individual test T scores were averaged within the domain to obtain domain neurocognitive T scores and together to obtain a global neurocognitive T score. Global and domain neurocognitive T scores were used to assess neurocognitive performance across the study groups, where higher values indicated better performance.




2.2.4. Neurocognitive Impairment (NCI)


Demographically corrected T scores from individual tests were also converted into deficit scores, ranging from 0 (T score > 39, no impairment) to 5 (T score < 20, severe impairment) and averaged to create domain deficit scores (DDS) and a global deficit score (GDS), which were used as outcome variables in analyses. To classify global impairment, we used a cutoff of greater than or equal to 0.5, a score that represents performance that is at least mildly impaired on at least half of the tests in the battery [52,53]; domain impairment DDS cutoff is >0.5.





2.3. Data Analysis


All analyses were conducted using R (version 4.2.1). For neuromedical and psychiatric variables listed in we used Kruskal-Wallis analysis of variance for continuous variables and chi-square tests for categorical variables to determine which variables differed between substance use groups. For those that were found to significantly differ, we generated Pearson correlation matrices (point-biserial correlations for categorical variables) with global and neurocognitive domain T scores to determine which variables warranted inclusion as covariates in subsequent modeling procedures. Current depressive symptoms (BDI-II Total Score), detectable plasma HIV RNA, nadir CD4+ T-cell count, current antiretroviral therapy status, estimated premorbid verbal IQ, metabolic syndrome, and lifetime alcohol use disorder, cocaine use disorder, and opioid use disorder were observed to significantly correlate with neurocognitive outcomes and were, therefore, included as covariates in all inferential models. Covariates were subsequently trimmed from individual models if they did not significantly improve model fit, as evidenced by likelihood ratio tests and descriptive fit indices (Akaike & Bayesian Information Criteria).



Multiple linear regression models of global and domain neurocognitive T scores were used to examine differences in performance across groups. Substance use group contrasts were determined from two primary comparisons of interest (i.e., M+C+ vs. M+C− and M+C+ vs. M−C−). We were initially interested in determining how people with both lifetime methamphetamine and cannabis use disorder differed from those with lifetime methamphetamine use disorder and from those with neither use disorder. Additionally, to examine whether lifetime cannabis use disorder was associated with neurocognitive performance for those with no methamphetamine use history, we compared M−C+ and M−C−. The same strategy was applied to multiple logistic models to examine if differences in impairment rates could be attributed to substance use disorder groups. C+ and M+ subgroup analyses were conducted to examine whether group differences in lifetime substance use characteristics influenced results. Variance inflation factors were examined for all models to ensure that multiple collinearities did not inflate model error, and where applicable, all models were estimated using robust standard error procedures [54].



Pooling data with a sample of PLWoH analyzed elsewhere [45], we used generalized linear mixed-effect (GLMER) models to examine the association between HIV status (PLWH vs. PLWoH) and neurocognitive performance/impairment across domains, and whether these associations differed by substance use group. Neurocognitive performance (i.e., T scores) and impairment (i.e., dichotomous Y/N modeled with binomial distribution and logit link function) were used as response variables. Further PLWH subgroup models were used to test for interactions between HIV disease characteristics and substance use group contrasts. The primary explanatory variables of interest were consistent with those used in multiple regression models, with additional examination of interactions between substance use group contrasts and HIV disease characteristic variables (i.e., detectable plasma HIV RNA, nadir CD4+ T-cell count, antiretroviral therapy (ART) use). Unsuppressed (detectable in plasma) HIV RNA and nadir CD4+ counts lower than 200 cells/mm3 were used as categorical explanatory variables, as these cut-off points have been shown to meaningfully distinguish risk for neurocognitive impairment in a large clinical study of people living with HIV [4]. Explanatory variables were initially entered as fixed-effect covariates and were retained if chi-square model comparison tests indicated that they significantly improved the model fit. Models were tested for overdispersion by comparing Pearson residuals extracted from each model with a chi-square distribution with the same degrees of freedom. Akaike (AIC) and Bayesian information criteria (BIC) were used to evaluate the goodness of model fit, and intraclass correlation coefficients (ICCs) were used to estimate the proportion of variance accounted for by model random effects [55]. The “lme4” R package used for this analysis employs adaptive Gauss–Hermite quadrature for maximum likelihood approximation [56].





3. Results


3.1. Participant Characteristics


Table 1 provides participants’ demographic, medical comorbidity, and psychiatric characteristics split by the substance use group. The sample of PLWH consisted of 472 participants who were on average 45.6 ± 11.5 years of age, majority male (n = 408, 86.4%), non-Hispanic white (n = 286, 60.6%), and educated (13.9 ± 2.5 years). Hypertension (n = 153, 32.5%) and hyperlipidemia (n = 135, 28.7%) were the most prevalent medical comorbidities, and hepatitis C infection was the only major medical comorbidity to significantly differ between groups, being most prevalent in the M+C+ group (p < 0.001). BDI-II scores and the prevalence of current major depressive disorder significantly differed between groups. M−C+ and M−C− displayed significantly lower current depressive symptom scores than the M+ groups (p < 0.001), but M+C− displayed a lower base rate of current major depressive disorder diagnoses (p = 0.045) than the other groups. The groups also significantly differed in the frequency of detectable plasma HIV RNA (unsuppressed viral load; p = 0.014), with M−C+ having a lower frequency than the other three groups.



Group and overall sample substance use characteristics are provided in Table 2. Lifetime DSM-4 abuse/dependence diagnoses at least five years removed from the data collection significantly differed between groups for alcohol (p < 0.001), cocaine (p < 0.001), and opioids (p < 0.001). M+C+ displayed higher rates of lifetime alcohol, cocaine, and opioid use disorder diagnoses than all other groups, and M−C+ displayed higher rates of lifetime alcohol and cocaine use disorder, compared with M+C− and M−C−. Between cannabis use disorder groups, M+C+ displayed more days since the most recent cannabis use epoch and younger age at first cannabis use disorder diagnosis based on the history provided. Methamphetamine use disorder groups were statistically equivalent for all methamphetamine use characteristic variables.




3.2. Neurocognitive Performance


Neurocognitive domain performance (i.e., T scores) model results for substance use group contrasts are provided in the top half of Table 3. A profile plot of domain T scores is displayed in Figure 1. M+C− displayed lower performance relative to M+C+ on measures of executive functions (Mdiff = −3.71), learning (Mdiff = −3.95), memory (Mdiff = −5.58), and working memory (Mdiff = −4.05). M−C− performed worse than M+C+ on measures of verbal fluency (Mdiff = −3.64) but performed better on measures of learning (Mdiff = 3.46) and memory (Mdiff = 5.19). M−C− performed worse than M−C+ on measures of executive function (Mdiff = −3.90), learning (Mdiff = −3.32), memory (Mdiff = −3.38), and working memory (Mdiff = −3.38). No group differences were observed on the global index or for information-processing speed and motor domains.



Neurocognitive domain performance model results for HIV disease characteristics are provided in the top half of Table 4. Detectable plasma HIV RNA was associated with lower memory performance (Mdiff = −1.91). Low nadir CD4 T-cell count was associated with lower global (Mdiff = −1.27), information-processing speed (Mdiff = −1.82), and motor (Mdiff = −2.81) performance. Substance use subgroup analyses indicated that cannabis and methamphetamine use characteristics (i.e., age at first use/disorder, recency of use/disorder, estimated total quantity used, estimated total duration of use) were not significantly related to the neurocognitive performance.



Initial mixed-effect modeling of the interaction between the substance use disorder group and HIV status (PLWH vs. PLWoH) on neurocognitive performance resulted in no significant interactions. Description of a model examining the main effects of the substance use disorder group and HIV disease characteristics on neurocognitive performance is provided in Supplementary Table S3. Interaction effects are displayed in Figure 3. Person-level random effects (ICC = 0.40) and neurocognitive domain-level random effects (ICC = 0.03) accounted for approximately 40% and 3% of T score variance. Controlling for premorbid verbal IQ, current depressive symptoms, metabolic syndrome, and current antiretroviral therapy use, M+C− displayed lower performance across neurocognitive score profiles than those of M+C+ (β = −2.23) and likewise for M−C− compared with M−C+ (β = −1.15). Independent of these substance use group effects, detectable plasma HIV RNA (β = −1.85) and low nadir CD4 T-cell counts (β = −1.07) were also associated with lower performance across neurocognitive score profiles. There was a significant interaction between substance use group contrasts and HIV plasma RNA detectability (see Figure 3), such that detectable HIV RNA was associated with lower performance in M+C+ compared with M−C− (β = 4.38, p = 0.011).




3.3. Neurocognitive Impairment


Neurocognitive domain impairment model results for substance use group contrasts are provided in the bottom half of Table 3. A profile plot of domain impairment probability fitted values from binomial regression models is displayed in Figure 2. Higher likelihood of impairment among M+C− participants was particularly evident in their greater odds of learning (OR = 2.93), memory (OR = 5.24), and working memory (OR = 2.48) impairment compared with the M+C+ group. M−C− was significantly less likely to display learning (OR = 0.29) and memory (OR = 0.17) impairment compared with M+C+, but they were also more likely than M−C+ to display learning (OR = 3.06) and memory (OR = 2.70) impairment.



Neurocognitive domain impairment model results for HIV disease characteristics are provided in the bottom half of Table 4. Low nadir CD4 T-cell counts were associated with greater odds of motor impairment (OR = 1.61), and detectable plasma HIV RNA was not significantly associated with global or domain neurocognitive impairment. Substance use subgroup analyses indicated that cannabis and methamphetamine use characteristics (i.e., age at first use/disorder, recency of use/disorder, estimated total quantity used, estimated total duration of use) were not significantly related to the likelihood of displaying neurocognitive impairment.



Initial modeling of the interaction between the substance use disorder group and HIV status (PLWH vs. PLWoH) resulted in no significant interactions. Description of the model examining the main effects of the substance use disorder group and HIV disease characteristics on neurocognitive impairment is provided in Supplementary Table S2. Interaction effects are displayed in Figure 3. Person-level random effects (ICC = 0.31) and neurocognitive domain-level random effects (ICC = 0.04) accounted for approximately 31% and 4% of the variance in the probability of neurocognitive impairment, respectively. Controlling for premorbid verbal IQ, current depressive symptoms, metabolic syndrome, and current antiretroviral therapy, M+C− was more likely than M+C+ to display neurocognitive impairment (OR = 1.72). Independent of substance use group effects, among people with HIV, low nadir CD4 T-cell counts were associated with greater odds of overall neurocognitive impairment (OR = 1.37). There was a significant interaction between substance use group contrasts and HIV plasma RNA detectability (see Figure 3), such that having detectable HIV RNA in plasma was associated with greater odds of impairment for M+C+ than M−C− participants (OR = 1.81, p = 0.023).




3.4. Temporality of Substance Use among M+C+ Participants


Because the temporality of drug use (e.g., if cannabis and methamphetamine use epochs coincided among those meeting the criteria for both substance use disorders) is conceptually relevant to the potential mechanisms underlying the substances’ combined effects on neurocognition, we examined M+C+ participants’ lifetime cannabis and methamphetamine use epochs. Substance initiation and continued use timelines indicate that methamphetamine use disorder epochs fell within cannabis use epochs for 123 (91.1%) M+C+ participants, indicating that use of the two substances was likely cotemporaneous. We conducted a sensitivity analysis, removing participants for whom cannabis and methamphetamine use was not cotemporaneous. These results did not differ statistically or descriptively from those reported here, indicating that this discrepancy in temporality for 8.9% of the sample did not influence the results.





4. Discussion


Our results indicate that in PLWH with a history of a methamphetamine use disorder, people without contemporaneous cannabis use disorder (M+C−) displayed worse neurocognitive performance and greater rates of impairment than those who had contemporaneous cannabis use disorder (M+C+). Differences in neurocognitive performance and impairment between M+C+ and M+C− suggest a possible neuroprotective effect of cannabis use in the context of methamphetamine use disorder and HIV infection. M+C− displayed performance deficits relative to M+C+ in the summary measures (T scores) of executive functions, learning, memory, and working memory domains. Based on the application of published normative data, M+C− showed greater rates of impairment in learning, memory, and working memory domains. This independent effect of contemporaneous cannabis use was observed while controlling for HIV disease characteristics, including viral suppression, premorbid verbal IQ, other lifetime substance use disorders, and other relevant medical comorbidities. The groups’ methamphetamine use characteristics (e.g., age of first use, age of first SUD diagnosis, estimated total grams used, etc.) were statistically equivalent and not found to be associated with group neurocognitive differences.



Both the methamphetamine use disorder without accompanying cannabis use and markers of more severe HIV disease were associated with worse neurocognitive performance and higher rates of impairment, but results from our models indicate that these factors are additive rather than multiplicative. We observed no significant interactions between M+ or C+ group comparisons and HIV disease status or characteristics, but we did observe a greater association between HIV viral load and worse neurocognition in M+C+, specifically (see Figure 3). This finding may be at least partially explained by the greater rates of other lifetime substance use disorders among M+C+, as polysubstance use in PLWH has been linked to worse neurocognitive outcomes. Non-significant interaction terms between M+C− and M−C− reinforce the notion that no HIV × M+ interaction was present, and rather polysubstance use disorder or some unobserved third variable better explains the greater impact of HIV disease on neurocognition among M+C+ participants with detectable HIV RNA in plasma.



In terms of magnitude, methamphetamine use disorder without cotemporaneous cannabis use was associated with greater neurocognitive T score differences than detectable HIV viral load (−2.23 vs. −1.85) and low CD4 counts (−2.23 vs. −1.85). Because most M+ participants were abstinent for at least one month prior to data collection and were, on average, over two years abstinent, observed effects of methamphetamine use disorder on neurocognition likely represent a conservative estimate of those who would be seen with an acute use disorder. Similar results were observed for neurocognitive impairment, with methamphetamine use disorder being associated with a greater odds ratio than low CD4 counts (1.72 vs. 1.37). These results are consistent with previous studies, which have shown adverse independent and additive NC effects of HIV disease markers and methamphetamine use [32,48,58]. An additive risk model is also consistent with the evidence, suggesting that substance dependence and HIV may affect different aspects of neurocognitive functioning [59]. The fact that HIV infection status alone was not associated with any neurocognitive measures in this study may be indicative of the effectiveness of antiretroviral treatment in improving neurocognitive outcomes for people living with HIV, as a substantial majority (81.9%) of participants utilizing an antiretroviral therapy regimen displayed undetectable HIV RNA in plasma (70.0%), and displayed CD4 T cell counts > 500.



People living with HIV who meet the criteria for lifetime cannabis use disorder displayed better neurocognitive performance and lower rates of impairment than those without lifetime substance use disorder diagnoses. Compared with M−C−, M−C+ performed better on measures of executive functions, learning, memory, and working memory, and they displayed lower odds of learning and memory impairment. Descriptively, there is some evidence to suggest that a history of cannabis use was associated with a larger positive difference in people living with HIV than what was observed in an HIV-negative sample (i.e., having displayed better performance in four domains compared with three). However, in terms of statistical significance, our results indicate that better performance displayed by people with a history of the cannabis use disorder or absent methamphetamine use disorder was not conditional upon HIV infection status, a detectable HIV viral load, or nadir CD4 counts.



The potential for a beneficial effect of cannabis use in this sample is consistent with a limited body of preclinical evidence indicating that cannabis may ameliorate methamphetamine-related damage in the central nervous system [32,60]. If cotemporaneous cannabis use is beneficially influencing neurocognitive outcomes for people with methamphetamine use disorder, current evidence suggests that it may be through Δ9-tetrahydrocannabinol action at both CB1 and CB2 receptors. CB1 activation has been suggested to be neuroprotective via the reduction in dopamine release and through the downregulation of glutamate-mediated excitotoxic cascades [61,62]. In addition, CB2 stimulation has anti-inflammatory effects that include a shift of macrophage phenotype from the proinflammatory M1 to anti-inflammatory M2 [32,60,63,64,65]. While these are plausible mechanisms whereby cannabis might exert protective effects against methamphetamine-induced neural injury, further preclinical studies are needed to clarify these interactions.




5. Limitations


While the results here support the notion that cannabis use might attenuate neural injury related to methamphetamine, several limitations need to be borne in mind in interpreting these data. While the large sample size, coupled with consistent assessment methods, may be seen as a strength, it remains the case that these are data from a single point in time. Repeated assessments of the same participants with the same tools would add precision and possibly demonstrate temporal trends, especially with continued methamphetamine abstinence. Additionally, participants’ substance use histories were based on self-report, and memory of use experiences years ago can be flawed. On the other hand, since we have focused here on classifying participants based on descriptions of substance use that met (or not) DSM-IV criteria for substance abuse/dependence, this raises confidence that we are examining groups that represent meaningful differences in substantial exposure to methamphetamine and/or cannabis. We used DSM-IV substance use disorder criteria in this study as a substantial portion of the data were collected prior to DSM-5 publication in 2013, precluding the examination of whether substance use disorder severity (i.e., mild, moderate, or severe) influenced the findings. Because our study’s aim was to characterize neurocognitive performance in people who use cannabis and/or methamphetamine, our sampling method deliberately excluded people with recent histories of other substance use disorders. While M+C+ contained a high proportion of other lifetime substance use disorders, results may have limited generalizability to current polysubstance use in addition to cannabis and methamphetamine. Additionally, because our analyses focused on people with past, not current histories of major drug use, we cannot extrapolate to what might be the acute neurocognitive effects of cannabis and methamphetamine.



Though we observed higher rates of Hepatitis C positive tests in the M+C+ group, we observed no significant association between Hepatitis C infection status and neurocognitive outcomes when covarying for it in statistical models. The literature on neurocognitive impairment resulting from Hepatitis C infection is mixed [66,67,68,69], but progression to more advanced liver disease may be a key differentiating fact in neurocognitive functioning among dually diagnosed HIV/HCV [70]. In the present sample, participants presenting with markers of at least mild liver disease were very few (n = 6, 0.13%), and this may, at least partially, explain why we observed no Hepatitis C–related effects.



As in any human research, unmeasured factors can contribute to group differences that we attribute here to the variables of interest. For example, unmeasured factors may motivate people to use methamphetamine or cannabis more exclusively, while other factors might lead to polysubstance use. Some reassurance is provided by the steps we took to model likely sources of confounds, like age, race/ethnicity, premorbid academic achievement, and various medical comorbidities, but such adjustments are never perfect. Of interest, the M+C+ group performed better neurocognitively than M+C−, despite having more extensive histories of abuse of other substances such as alcohol, cocaine, and opioids. When interpreting these results, it is important to note that our sample of people living with HIV was predominantly male (86.4%), and findings may not generalize to women living with HIV. We did not characterize the specific cannabis formulations used; therefore, we cannot attribute the effects seen here to specific cannabis components such as cannabidiol or tetrahydrocannabinol.




6. Conclusions


In our examination of substance abuse and neurocognition in people living with HIV (n = 472) and without HIV (n = 423), lifetime methamphetamine use disorder and both current and legacy markers of HIV disease severity were associated with worse neurocognitive outcomes. A combined history of a methamphetamine and cannabis use disorder does not appear to exacerbate methamphetamine-related deficits in people living with HIV. Instead, results are consistent with findings from preclinical studies showing that cannabis use may protect against methamphetamine’s deleterious effects. Profile analysis models showed that HIV seropositivity itself was not associated with worse neurocognitive performance, but markers of more advanced HIV disease or poorer viral suppression (i.e., nadir CD4 T cell < 200, HIV RNA detectable at ≥50 copies/mL) were associated with poorer neurocognitive performance. There was no evidence of an HIV × methamphetamine use disorder interaction; rather, our results support previous findings that methamphetamine use disorder and HIV may confer independent and additive risk for worse neurocognitive outcomes. The mechanisms underlying cannabinoids’ apparent effect on attenuating methamphetamine-abuse-associated neurocognitive impairment may relate to cannabinoids’ downregulation of excitotoxic signaling (e.g., modification of glutamatergic or dopaminergic excitotoxicity), specific anti-inflammatory actions, or possibly other neuroprotective mechanisms that deserve further exploration via animal and/or ex vivo models.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v15030674/s1. Table S1: Demographic, medical comorbidity, and psychiatric characteristics of people living with HIV (PLWH) and people without HIV (PLWoH); Table S2: Demographic, medical comorbidity, and psychiatric characteristics, split by substance use group and for the overall sample of people living without HIV (PLWoH); Table S3: Model fit indices, fixed effects estimates, and random effects estimates for generalized linear mixed effect regression (GLMER) models examining overall neurocognitive performance (T scores) and rates of impairment in participants living with HIV (n = 472).





Author Contributions


J.E.I., I.G., M.C.G.M., E.E.M., M.C., R.J.E., S.L.L. and R.K.H. were all instrumental in designing and executing the original studies, providing the data presented here. J.M.R. conducted all statistical analyses and drafted the manuscript under the supervision of I.G. and J.E.I., who also wrote portions of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


Data from this study were collected with support from the following National Institutes of Health (NIH) awards: NIMH P30MH062512, HIV Neurobehavioral Research Center (HNRC; Heaton); NIDA P50DA026306, Translational Methamphetamine AIDS Research Center (TMARC; Grant); NIDA P01DA012065, NeuroAIDS: Effects of Methamphetamine (Grant); and R01DA047879, Identification of Biomarkers of CNS injury and resilience related to HIV-1 and methamphetamine (Iudicello). J.M.R. is a predoctoral fellow supported by NIDA TRAIN T32DA031098.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of the University of California San Diego (#804977).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


A synthetic data set and statistical software syntax used to generate the results presented in this manuscript will be made available upon request.




Acknowledgments


MCGM is funded by NIH/NIDA R01 DA047822.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Nakagawa, F.; May, M.; Phillips, A. Life Expectancy Living with HIV: Recent Estimates and Future Implications. Curr. Opin. Infect. Dis. 2013, 26, 17–25. [Google Scholar] [CrossRef] [PubMed]

	



Michael, H.U.; Naidoo, S.; Mensah, K.B.; Ramlall, S.; Oosthuizen, F. The Impact of Antiretroviral Therapy on Neurocognitive Outcomes Among People Living with HIV in Low- and Middle-Income Countries (LMICs): A Systematic Review. AIDS Behav. 2021, 25, 492–523. [Google Scholar] [CrossRef] [PubMed]

	



Caruana, G.; Vidili, G.; Serra, P.A.; Bagella, P.; Spanu, A.; Fiore, V.; Calvisi, D.F.; Manetti, R.; Rocchitta, G.; Nuvoli, S.; et al. The Burden of HIV-Associated Neurocognitive Disorder (HAND) in Post-HAART Era: A Multidisciplinary Review of the Literature. Eur. Rev. Med. Pharmacol. Sci. 2017, 21, 2290–2301. [Google Scholar] [PubMed]

	



Heaton, R.K.; Clifford, D.B.; Franklin, D.R.; Woods, S.P.; Ake, C.; Vaida, F.; Ellis, R.J.; Letendre, S.L.; Marcotte, T.D.; Atkinson, J.H.; et al. HIV-Associated Neurocognitive Disorders Persist in the Era of Potent Antiretroviral Therapy: CHARTER Study. Neurology 2010, 75, 2087–2096. [Google Scholar] [CrossRef] [PubMed]

	



Sacktor, N.; Skolasky, R.L.; Seaberg, E.; Munro, C.; Becker, J.T.; Martin, E.; Ragin, A.; Levine, A.; Miller, E. Prevalence of HIV-Associated Neurocognitive Disorders in the Multicenter AIDS Cohort Study. Neurology 2016, 86, 334–340. [Google Scholar] [CrossRef] [PubMed]

	



Wei, J.; Hou, J.; Su, B.; Jiang, T.; Guo, C.; Wang, W.; Zhang, Y.; Chang, B.; Wu, H.; Zhang, T. The Prevalence of Frascati-Criteria-Based HIV-Associated Neurocognitive Disorder (HAND) in HIV-Infected Adults: A Systematic Review and Meta-Analysis. Front. Neurol. 2020, 11, 581346. [Google Scholar] [CrossRef]

	



Christensen, B.; Qin, Z.; Byrd, D.A.; Yu, F.; Morgello, S.; Gelman, B.B.; Moore, D.J.; Grant, I.; Singer, E.J.; Fox, H.S.; et al. Measures of Physical and Mental Independence among HIV-Positive Individuals: Impact of Substance Use Disorder. AIDS Res. Hum. Retrovir. 2017, 33, 1048–1055. [Google Scholar] [CrossRef]

	



Doyle, K.L.; Morgan, E.E.; Morris, S.; Smith, D.M.; Little, S.; Iudicello, J.E.; Blackstone, K.; Moore, D.J.; Grant, I.; Letendre, S.L.; et al. Real-World Impact of Neurocognitive Deficits in Acute and Early HIV Infection. J. Neurovirol. 2013, 19, 565–573. [Google Scholar] [CrossRef]

	



Grant, I.; Franklin, D.R.; Deutsch, R.; Woods, S.P.; Vaida, F.; Ellis, R.J.; Letendre, S.L.; Marcotte, T.D.; Atkinson, J.H.; Collier, A.C.; et al. Asymptomatic HIV-Associated Neurocognitive Impairment Increases Risk for Symptomatic Decline. Neurology 2014, 82, 2055–2062. [Google Scholar] [CrossRef]

	



Oppenheim, H.; Paolillo, E.W.; Moore, R.C.; Ellis, R.J.; Letendre, S.L.; Jeste, D.V.; Grant, I.; Moore, D.J.; HIV Neurobehavioral Research Program (HNRP). Neurocognitive Functioning Predicts Frailty Index in HIV. Neurology 2018, 91, e162–e170. [Google Scholar] [CrossRef]

	



Paolillo, E.W.; Pasipanodya, E.C.; Moore, R.C.; Pence, B.W.; Atkinson, J.H.; Grelotti, D.J.; Grant, I.; Heaton, R.K.; Moore, D.J. Cumulative Burden of Depression and Neurocognitive Decline Among Persons With HIV: A Longitudinal Study. J. Acquir. Immune Defic. Syndr. 2020, 84, 304–312. [Google Scholar] [CrossRef] [PubMed]

	



Naveed, Z.; Fox, H.S.; Wichman, C.S.; Alam, M.; May, P.; Arcari, C.M.; Meza, J.; Totusek, S.; Baccaglini, L. Neurocognitive Status and Risk of Mortality among People Living with Human Immunodeficiency Virus: An 18-Year Retrospective Cohort Study. Sci. Rep. 2021, 11, 3738. [Google Scholar] [CrossRef]

	



Patel, S.; Parikh, N.U.; Aalinkeel, R.; Reynolds, J.L.; Dmello, R.; Schwartz, S.A.; Mahajan, S.D. United States National Trends in Mortality, Length of Stay (LOS) and Associated Costs of Cognitive Impairment in HIV Population from 2005 to 2014. AIDS Behav. 2018, 22, 3198–3208. [Google Scholar] [CrossRef] [PubMed]

	



Blackstone, K.; Iudicello, J.E.; Morgan, E.E.; Weber, E.; Moore, D.J.; Franklin, D.R.; Ellis, R.J.; Grant, I.; Woods, S.P. Human Immunodeficiency Virus Infection Heightens Concurrent Risk of Functional Dependence in Persons with Long-Term Methamphetamine Use. J. Addict. Med. 2013, 7, 255–263. [Google Scholar] [CrossRef]

	



Iudicello, J.E.; Morgan, E.E.; Gongvatana, A.; Letendre, S.L.; Grant, I.; Woods, S.P.; Translational Methamphetamine AIDS Research Center (TMARC) Group. Detrimental Impact of Remote Methamphetamine Dependence on Neurocognitive and Everyday Functioning in Older but Not Younger HIV+ Adults: Evidence for a Legacy Effect? J. Neurovirol. 2014, 20, 85–98. [Google Scholar] [CrossRef] [PubMed]

	



Norman, L.; Basso, M. An Update of the Review of Neuropsychological Consequences of HIV and Substance Abuse: A Literature Review and Implications for Treatment and Future Research. CDAR 2015, 8, 50–71. [Google Scholar] [CrossRef]

	



Weber, E.; Morgan, E.E.; Iudicello, J.E.; Blackstone, K.; Grant, I.; Ellis, R.J.; Letendre, S.L.; Little, S.; Morris, S.; Smith, D.M.; et al. Substance Use Is a Risk Factor for Neurocognitive Deficits and Neuropsychiatric Distress in Acute and Early HIV Infection. J. NeuroVirol. 2013, 19, 65–74. [Google Scholar] [CrossRef]

	



Hinkin, C.H.; Barclay, T.R.; Castellon, S.A.; Levine, A.J.; Durvasula, R.S.; Marion, S.D.; Myers, H.F.; Longshore, D. Drug Use and Medication Adherence among HIV-1 Infected Individuals. AIDS Behav. 2007, 11, 185–194. [Google Scholar] [CrossRef]

	



Thaler, N.S.; Sayegh, P.; Kim, M.S.; Castellon, S.A.; Hinkin, C.H. Interactive Effects of Neurocognitive Impairment and Substance Use on Antiretroviral Non-Adherence in HIV Disease. Arch. Clin. Neuropsychol. 2015, 30, 114–121. [Google Scholar] [CrossRef]

	



Woods, S.P.; Dawson, M.S.; Weber, E.; Gibson, S.; Grant, I.; Atkinson, J.H.; THE HIV NEUROBEHAVIORAL RESEARCH CENTER GROUP. Timing Is Everything: Antiretroviral Nonadherence Is Associated with Impairment in Time-Based Prospective Memory. J. Int. Neuropsychol. Soc. 2009, 15, 42–52. [Google Scholar] [CrossRef]

	



Anand, P.; Springer, S.A.; Copenhaver, M.M.; Altice, F.L. Neurocognitive Impairment and HIV Risk Factors: A Reciprocal Relationship. AIDS Behav. 2010, 14, 1213–1226. [Google Scholar] [CrossRef] [PubMed]

	



Heaton, R.K.; Marcotte, T.D.; Mindt, M.R.; Sadek, J.; Moore, D.J.; Bentley, H.; Mccutchan, J.A.; Reicks, C.; Grant, I.; THE HNRC GROUP. The Impact of HIV-Associated Neuropsychological Impairment on Everyday Functioning. J. Int. Neuropsych. Soc. 2004, 10, 317–331. [Google Scholar] [CrossRef] [PubMed]

	



Moore, D.J.; Blackstone, K.; Woods, S.P.; Ellis, R.J.; Atkinson, J.H.; Heaton, R.K.; Grant, I.; The HNRC Group and The TMARC Group. Methamphetamine Use and Neuropsychiatric Factors Are Associated with Antiretroviral Non-Adherence. AIDS Care 2012, 24, 1504–1513. [Google Scholar] [CrossRef] [PubMed]

	



Pacek, L.R.; Towe, S.L.; Hobkirk, A.L.; Nash, D.; Goodwin, R.D. Frequency of Cannabis Use and Medical Cannabis Use Among Persons Living With HIV in the United States: Findings From a Nationally Representative Sample. AIDS Edu. Prevent. 2018, 30, 169–181. [Google Scholar] [CrossRef] [PubMed]

	



Grov, C.; Westmoreland, D.; Morrison, C.; Carrico, A.W.; Nash, D. The Crisis We Are Not Talking About: One-in-Three Annual HIV Seroconversions Among Sexual and Gender Minorities Were Persistent Methamphetamine Users. JAIDS J. Acquir. Immune Defic. Syndr. 2020, 85, 272–279. [Google Scholar] [CrossRef]

	



Nerlander, L.M.C.; Hoots, B.E.; Bradley, H.; Broz, D.; Thorson, A.; Paz-Bailey, G. HIV Infection among MSM Who Inject Methamphetamine in 8 US Cities. Drug Alcohol Depend. 2018, 190, 216–223. [Google Scholar] [CrossRef]

	



Shoptaw, S.; Li, M.J.; Javanbakht, M.; Ragsdale, A.; Goodman-Meza, D.; Gorbach, P.M. Frequency of Reported Methamphetamine Use Linked to Prevalence of Clinical Conditions, Sexual Risk Behaviors, and Social Adversity in Diverse Men Who Have Sex with Men in Los Angeles. Drug Alcohol Depend. 2022, 232, 109320. [Google Scholar] [CrossRef]

	



NSDUH. Substance Abuse and Mental Health Services Administration (SAMHSA)’s Public Online Data Analysis System (PDAS); NSDUH: Rockville, MD, USA, 2020.

	



Daldegan-Bueno, D.; Maia, L.O.; Glass, M.; Jutras-Aswad, D.; Fischer, B. Co-Exposure of Cannabinoids with Amphetamines and Biological, Behavioural and Health Outcomes: A Scoping Review of Animal and Human Studies. Psychopharmacology 2021. [Google Scholar] [CrossRef]

	



Naveed, Z.; Fox, H.S.; Wichman, C.S.; May, P.; Arcari, C.M.; Meza, J.; Baccaglini, L. An Assessment of Factors Associated with Neurocognitive Decline in People Living with HIV. Int. J. STD AIDS 2022, 33, 38–47. [Google Scholar] [CrossRef]

	



Pope, L.G.; Manseau, M.W.; Kelley, M.E.; Compton, M.T. Symptomatology and Neurocognition among First-Episode Psychosis Patients with and without Cannabis Use in the Three Months Prior to First Hospitalization. Schizophr. Res. 2021, 228, 83–88. [Google Scholar] [CrossRef]

	



Saloner, R.; Fields, J.A.; Marcondes, M.C.G.; Iudicello, J.E.; von Känel, S.; Cherner, M.; Letendre, S.L.; Kaul, M.; Grant, I.; The Translational Methamphetamine AIDS Research Center (TMARC) Group. Methamphetamine and Cannabis: A Tale of Two Drugs and Their Effects on HIV, Brain, and Behavior. J. Neuroimmune Pharmacol. 2020, 15, 743–764. [Google Scholar] [CrossRef]

	



Scheffler, F.; Phahladira, L.; Hendrikse, C.B.; Plessis, S.; Asmal, L.; Luckhoff, H.K.; Smit, A.M.; Olivier, M.R.; Emsley, R. The Associations of Cannabis and Methamphetamine Use with Cognitive Performance over the First 2 Years of Treatment in Schizophrenia Spectrum Disorders. Early Interv. Psychiatry 2022, 16, 1230–1239. [Google Scholar] [CrossRef] [PubMed]

	



Heaton, R.K.; Franklin, D.R.; Deutsch, R.; Letendre, S.; Ellis, R.J.; Casaletto, K.; Marquine, M.J.; Woods, S.P.; Vaida, F.; Atkinson, J.H.; et al. Neurocognitive Change in the Era of HIV Combination Antiretroviral Therapy: The Longitudinal CHARTER Study. Clin. Infect. Dis. 2015, 60, 473–480. [Google Scholar] [CrossRef]

	



Cattie, J.E.; Woods, S.P.; Iudicello, J.E.; Posada, C.; Grant, I.; TMARC Group. Elevated Neurobehavioral Symptoms Are Associated with Everyday Functioning Problems in Chronic Methamphetamine Users. J. Neuropsychiatry Clin. Neurosci. 2012, 24, 331–339. [Google Scholar] [CrossRef] [PubMed]

	



Grant, I.; Gonzalez, R.; Carey, C.L.; Natarajan, L.; Wolfson, T. Non-Acute (Residual) Neurocognitive Effects of Cannabis Use: A Meta-Analytic Study. J. Int. Neuropsychol. Soc. 2003, 9, 679–689. [Google Scholar] [CrossRef] [PubMed]

	



Schreiner, A.M.; Dunn, M.E. Residual Effects of Cannabis Use on Neurocognitive Performance after Prolonged Abstinence: A Meta-Analysis. Exp. Clin. Psychopharmacol. 2012, 20, 420–429. [Google Scholar] [CrossRef]

	



Scott, J.C.; Slomiak, S.T.; Jones, J.D.; Rosen, A.F.G.; Moore, T.M.; Gur, R.C. Association of Cannabis With Cognitive Functioning in Adolescents and Young Adults: A Systematic Review and Meta-Analysis. JAMA Psychiatry 2018, 75, 585. [Google Scholar] [CrossRef] [PubMed]

	



Skalski, L.M.; Towe, S.L.; Sikkema, K.J.; Meade, C.S. The Impact of Marijuana Use on Memory in HIV-Infected Patients: A Comprehensive Review of the HIV and Marijuana Literatures. CDAR 2017, 9, 126–141. [Google Scholar] [CrossRef]

	



Thames, A.D.; Kuhn, T.P.; Williamson, T.J.; Jones, J.D.; Mahmood, Z.; Hammond, A. Marijuana Effects on Changes in Brain Structure and Cognitive Function among HIV+ and HIV− Adults. Drug Alcohol Depend. 2017, 170, 120–127. [Google Scholar] [CrossRef]

	



Watson, C.W.-M.; Paolillo, E.W.; Morgan, E.E.; Umlauf, A.; Sundermann, E.E.; Ellis, R.J.; Letendre, S.; Marcotte, T.D.; Heaton, R.K.; Grant, I. Cannabis Exposure Is Associated With a Lower Likelihood of Neurocognitive Impairment in People Living with HIV. JAIDS J. Acquir. Immune Defic. Syndr. 2020, 83, 56–64. [Google Scholar] [CrossRef]

	



Ellis, R.J.; Peterson, S.; Cherner, M.; Morgan, E.; Schrier, R.; Tang, B.; Hoenigl, M.; Letendre, S.; Iudicello, J. Beneficial Effects of Cannabis on Blood–Brain Barrier Function in Human Immunodeficiency Virus. Clin. Infect. Dis. 2021, 73, 124–129. [Google Scholar] [CrossRef] [PubMed]

	



American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders: DSM-IV, 4th ed.; American Psychiatric Association: Washington, DC, USA, 1994. [Google Scholar]

	



Wilkinson, G.S.; Robertson, G.J. Wide Range Achievement Test (WRAT4); Psychological Assessment Resources: Lutz, FL, USA, 2006. [Google Scholar]

	



Rogers, J.M.; Grant, I.; Marcondes, M.C.G.; Morgan, E.E.; Cherner, M.; Ellis, R.J.; Letendre, S.L.; Heaton, R.K.; Iudicello, J.E. Cannabis Use May Attenuate Neurocognitive Performance Deficits Resulting from Methamphetamine Use Disorder. J. Int. Neuropsychol. Soc. 2023. under review. [Google Scholar]

	



Robins, L.N.; Wing, J.; Wittchen, H.U.; Helzer, J.E.; Babor, T.F.; Burke, J.; Farmer, A.; Jablenski, A.; Pickens, R.; Regier, D.A. The Composite International Diagnostic Interview: An Epidemiologic Instrument Suitable for Use in Conjunction with Different Diagnostic Systems and in Different Cultures. Arch. Gener. Psychiatry 1988, 45, 1069–1077. [Google Scholar] [CrossRef]

	



Robinson, S.M.; Sobell, L.C.; Sobell, M.B.; Leo, G.I. Reliability of the Timeline Followback for Cocaine, Cannabis, and Cigarette Use. Psychol. Addict. Behav. 2014, 28, 154–162. [Google Scholar] [CrossRef]

	



Rippeth, J.D.; Heaton, R.K.; Carey, C.L.; Marcotte, T.D.; Moore, D.J.; Gonzalez, R.; Wolfson, T.; Grant, I.; Group, T.H. Methamphetamine Dependence Increases Risk of Neuropsychological Impairment in HIV Infected Persons. J. Int. Neuropsych. Soc. 2004, 10, 1–14. [Google Scholar] [CrossRef]

	



Beck, A.T.; Steer, R.A.; Brown, G.K. Beck Depression Inventory (BDI-II); Pearson: London, UK, 1996; Volume 10. [Google Scholar]

	



Heaton, R.K. Revised Comprehensive Norms for an Expanded Halstead-Reitan Battery: Demographically Adjusted Neuropsychological Norms for African American and Caucasian Adults, Professional Manual; Psychological Assessment Resources: Lutz, FL, USA, 2004. [Google Scholar]

	



Heaton, R.K.; Taylor, M.J.; Manly, J. Demographic Effects and Use of Demographically Corrected Norms with the WAIS-III and WMS-III. In Clinical Interpretation of the WAIS-III and WMS-III; Elsevier: Amsterdam, The Netherlands, 2003; pp. 181–210. ISBN 978-0-12-703570-3. [Google Scholar]

	



Norman, M.A.; Moore, D.J.; Taylor, M.; Franklin, D.; Cysique, L.; Ake, C.; Lazarretto, D.; Vaida, F.; Heaton, R.K.; The HNRC Group. Demographically Corrected Norms for African Americans and Caucasians on the Hopkins Verbal Learning Test–Revised, Brief Visuospatial Memory Test–Revised, Stroop Color and Word Test, and Wisconsin Card Sorting Test 64-Card Version. J. Clin. Exp. Neuropsychol. 2011, 33, 793–804. [Google Scholar] [CrossRef]

	



Carey, C.L.; Woods, S.P.; Gonzalez, R.; Conover, E.; Marcotte, T.D.; Grant, I.; Heaton, R.K. Predictive Validity of Global Deficit Scores in Detecting Neuropsychological Impairment in HIV Infection. J. Clin. Exp. Neuropsychol. 2004, 26, 307–319. [Google Scholar] [CrossRef] [PubMed]

	



Hayes, A.F.; Cai, L. Using Heteroskedasticity-Consistent Standard Error Estimators in OLS Regression: An Introduction and Software Implementation. Behav. Res. Methods 2007, 39, 709–722. [Google Scholar] [CrossRef]

	



Hox, J.J.; Moerbeek, M.; Van de Schoot, R. Multilevel Analysis: Techniques and Applications; Routledge: Abingdon, UK, 2017; ISBN 1-315-65098-3. [Google Scholar]

	



Bates, D.; Mächler, M.; Bolker, B.; Walker, S. Fitting Linear Mixed-Effects Models Using Lme4. J. Stat. Soft. 2015, 67, 1–48. [Google Scholar] [CrossRef]

	



Heaton, R.K.; Grant, I.; Butters, N.; White, D.A.; Kirson, D.; Atkinson, J.H.; McCutchan, J.A.; Taylor, M.J.; Kelly, M.D.; Ellis, R.J.; et al. The HNRC 500-Neuropsychology of Hiv Infection at Different Disease Stages. J. Int. Neuropsychol. Soc. 1995, 1, 231–251. [Google Scholar] [CrossRef]

	



Carey, C.L.; Woods, S.P.; Rippeth, J.D.; Gonzalez, R.; Heaton, R.K.; Grant, I.; The HIV Neurobehavioral Research Center (HNRC) Group. Additive Deleterious Effects of Methamphetamine Dependence and Immunosuppression on Neuropsychological Functioning in HIV Infection. AIDS Behav. 2006, 10, 185–190. [Google Scholar] [CrossRef] [PubMed]

	



Martin, E.M.; Gonzalez, R.; Vassileva, J.; Bechara, A. Double Dissociation of HIV and Substance Use Disorder Effects on Neurocognitive Tasks Dependent on Striatal Integrity. AIDS 2019, 33, 1863–1870. [Google Scholar] [CrossRef] [PubMed]

	



Razavi, Y.; Shabani, R.; Mehdizadeh, M.; Haghparast, A. Neuroprotective Effect of Chronic Administration of Cannabidiol during the Abstinence Period on Methamphetamine-Induced Impairment of Recognition Memory in the Rats. Behav. Pharmacol. 2020, 31, 385–396. [Google Scholar] [CrossRef] [PubMed]

	



Sánchez-Blázquez, P.; Rodríguez-Muñoz, M.; Garzón, J. The Cannabinoid Receptor 1 Associates with NMDA Receptors to Produce Glutamatergic Hypofunction: Implications in Psychosis and Schizophrenia. Front. Pharmacol. 2014, 4, 169. [Google Scholar] [CrossRef]

	



Vahidinia, Z.; Joghataei, M.T.; Beyer, C.; Karimian, M.; Tameh, A.A. G-Protein-Coupled Receptors and Ischemic Stroke: A Focus on Molecular Function and Therapeutic Potential. Mol. Neurobiol. 2021, 58, 4588–4614. [Google Scholar] [CrossRef]

	



Beltramo, M.; Grundy, R.I.; Rabuffetti, M. Cannabinoids and Neuroprotection. Mol. Neurobiol. 2001, 24, 029–052. [Google Scholar] [CrossRef] [PubMed]

	



Ellis, R.J.; Wilson, N.; Peterson, S. Cannabis and Inflammation in HIV: A Review of Human and Animal Studies. Viruses 2021, 13, 1521. [Google Scholar] [CrossRef]

	



Watson, C.W.-M.; Campbell, L.M.; Sun-Suslow, N.; Hong, S.; Umlauf, A.; Ellis, R.J.; Iudicello, J.E.; Letendre, S.; Marcotte, T.D.; Heaton, R.K.; et al. Daily Cannabis Use Is Associated With Lower CNS Inflammation in People With HIV. J. Int. Neuropsychol. Soc. 2021, 27, 661–672. [Google Scholar] [CrossRef] [PubMed]

	



Clifford, D.B.; Vaida, F.; Kao, Y.-T.; Franklin, D.R.; Letendre, S.L.; Collier, A.C.; Marra, C.M.; Gelman, B.B.; McArthur, J.C.; Morgello, S.; et al. Absence of Neurocognitive Effect of Hepatitis C Infection in HIV-Coinfected People. Neurology 2015, 84, 241–250. [Google Scholar] [CrossRef]

	



Devlin, K.N.; Gongvatana, A.; Clark, U.S.; Chasman, J.D.; Westbrook, M.L.; Tashima, K.T.; Navia, B.; Cohen, R.A. Neurocognitive Effects of HIV, Hepatitis C, and Substance Use History. J. Int. Neuropsychol. Soc. 2012, 18, 68–78. [Google Scholar] [CrossRef]

	



Gupta, S.; Iudicello, J.E.; Shi, C.; Letendre, S.; Knight, A.; Li, J.; Riggs, P.K.; Franklin, D.R.; Duarte, N.; Jin, H.; et al. Absence of Neurocognitive Impairment in a Large Chinese Sample of HCV-Infected Injection Drug Users Receiving Methadone Treatment. Drug Alcohol Depend. 2014, 137, 29–35. [Google Scholar] [CrossRef] [PubMed]

	



Vivithanaporn, P.; Nelles, K.; DeBlock, L.; Newman, S.C.; Gill, M.J.; Power, C. Hepatitis C Virus Co-Infection Increases Neurocognitive Impairment Severity and Risk of Death in Treated HIV/AIDS. J. Neurolog. Sci. 2012, 312, 45–51. [Google Scholar] [CrossRef] [PubMed]

	



Barokar, J.; McCutchan, A.; Deutsch, R.; Tang, B.; Cherner, M.; Bharti, A.R. Neurocognitive Impairment Is Worse in HIV/HCV-Coinfected Individuals with Liver Dysfunction. J. Neurovirol. 2019, 25, 792–799. [Google Scholar] [CrossRef] [PubMed]








[image: Viruses 15 00674 g001 550] 





Figure 1. Profile plot of domain T score–predicted values in 472 PLWH from generalized linear regression models, controlled for medical comorbidities, HIV disease/treatment characteristics, current depressive symptoms, estimated premorbid verbal IQ, and other lifetime substance use. Groups represent lifetime DSM-IV substance abuse/dependence diagnoses for cannabis (C+/C−) and methamphetamine (M+/M−). 
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Figure 2. Profile plot of predicted probability of domain impairments in PLWH (n = 472) from binomial regression models, controlled for medical comorbidities, HIV disease/treatment characteristics, current depressive symptoms, estimated premorbid verbal IQ, and other lifetime substance use. Groups represent lifetime DSM-IV substance abuse/dependence diagnoses for cannabis (C+/C−) and methamphetamine (M+/M−). 






Figure 2. Profile plot of predicted probability of domain impairments in PLWH (n = 472) from binomial regression models, controlled for medical comorbidities, HIV disease/treatment characteristics, current depressive symptoms, estimated premorbid verbal IQ, and other lifetime substance use. Groups represent lifetime DSM-IV substance abuse/dependence diagnoses for cannabis (C+/C−) and methamphetamine (M+/M−).
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Figure 3. GLMER model interaction (conditional) effects estimates and 95% confidence intervals from generalized linear mixed-effect regression (GLMER) models examining overall neurocognitive performance (T scores, left) and rates of impairment (right) in PLWH (n = 472). 
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Table 1. Demographic, medical comorbidity, and psychiatric characteristics split by substance use group and for the sample of people living with HIV (PLWH). Demographic and other characteristics of the sample of people living without HIV (PLWoH) are provided in Supplementary Table S1.
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Demographic Characteristics

	
M+C+ (n = 135)

	
M−C+ (n = 68)

	
M+C− (n = 82)

	
M−C− (n = 187)

	
Total (n = 472)

	
p-Value a






	
Age (Years)

	
46.3 (10.3)

	
46.3 (10.5)

	
45.5 (7.5)

	
44.8 (14)

	
45.6 (11.5)

	
0.384




	
Sex-Male, n (%)

	
121 (89.6%)

	
56 (82.4%)

	
75 (91.5%)

	
156 (83.4%)

	
408 (86.4%)

	
0.147




	
Education (Years)

	
13.3 (2.5)

	
13.6 (2.5)

	
14.2 (2.2)

	
14.4 (2.5)

	
13.9 (2.5)

	
0.003




	
Race/Ethnicity

	

	

	

	

	

	
0.189




	
White, n (%)

	
87 (64.4%)

	
43 (63.2%)

	
55 (67.1%)

	
101 (54.0%)

	
286 (60.6%)

	




	
Black, n (%)

	
26 (19.3%)

	
18 (26.5%)

	
11 (13.4%)

	
43 (23.0%)

	
98 (20.8%)

	




	
Hispanic, n (%)

	
16 (11.9%)

	
7 (10.3%)

	
11 (13.4%)

	
34 (18.2%)

	
68 (14.4%)

	




	
Asian, n (%)

	
1 (0.7%)

	
0 (0.0%)

	
3 (3.7%)

	
3 (1.6%)

	
7 (1.5%)

	




	
Other, n (%)

	
5 (3.7%)

	
0 (0.0%)

	
2 (2.4%)

	
6 (3.2%)

	
13 (2.8%)

	




	
Sexual Orientation

	

	

	

	

	

	
0.045




	
Bisexual, n (%)

	
18 (13.3%)

	
6 (8.8%)

	
2 (2.5%)

	
15 (8.1%)

	
41 (8.7%)

	




	
Heterosexual, n (%)

	
32 (23.7%)

	
18 (26.5%)

	
12 (14.8%)

	
39 (21.1%)

	
101 (21.5%)

	




	
Homosexual, n (%)

	
85 (63.0%)

	
44 (64.7%)

	
67 (82.7%)

	
131 (70.8%)

	
327 (69.7%)

	




	
Estimated Premorbid Verbal IQ b

	
102 (11.3)

	
103.2 (10.9)

	
102 (11.8)

	
103.8 (12.5)

	
102.9 (11.8)

	
0.518




	
Medical Comorbidity




	
Hypertension, n (%)

	
40 (29.6%)

	
22 (32.4%)

	
27 (33.3%)

	
64 (34.2%)

	
153 (32.5%)

	
0.853




	
Hyperlipidemia, n (%)

	
35 (25.9%)

	
24 (35.3%)

	
17 (21.0%)

	
59 (31.6%)

	
135 (28.7%)

	
0.168




	
Diabetes, n (%)

	
9 (6.7%)

	
11 (16.2%)

	
8 (9.8%)

	
23 (12.3%)

	
51 (10.8%)

	
0.175




	
Hepatitis C Infection, n (%)

	
33 (24.4%)

	
9 (13.2%)

	
14 (17.1%)

	
18 (9.6%)

	
74 (15.7%)

	
0.004




	
Depression and Depressive Symptoms




	
Lifetime Major Depressive Disorder, n (%)

	
88 (65.2%)

	
37 (54.4%)

	
43 (52.4%)

	
95 (50.8%)

	
263 (55.7%)

	
0.068




	
Current Major Depressive Disorder, n (%)

	
23 (17.0%)

	
9 (13.2%)

	
4 (4.9%)

	
19 (10.2%)

	
55 (11.7%)

	
0.045




	
BDI-II Total Score c

	
14.0 (11.1)

	
9.2 (10.4)

	
12.9 (11.7)

	
9.4 (9.6)

	
11.3 (10.7)

	
<0.001




	
HIV Disease and Treatment




	
Detectable Plasma HIV RNA (≥50 copies/mL; n, %)

	
46 (35.4%)

	
10 (15.6%)

	
29 (37.7%)

	
49 (28.0%)

	
134 (30.0%)

	
0.014




	
AIDS Status, n (% AIDS)

	
67 (49.6%)

	
43 (63.2%)

	
50 (61.7%)

	
104 (55.9%)

	
264 (56.2%)

	
0.191




	
Estimated Duration of HIV Infection (years)

	
13.5 (9.1)

	
13.5 (8.9)

	
12.8 (8.5)

	
13.2 (9.9)

	
13.2 (9.3)

	
0.89




	
Nadir CD4+ T-Cell Count

	
223.5 (192.6)

	
230.7 (245.1)

	
227.5 (218.5)

	
244.9 (184.2)

	
233.7 (202)

	
0.263




	
Current CD4+ T-Cell Count

	
571.7 (296.8)

	
632.9 (364.6)

	
529.5 (307.8)

	
599.1 (283.1)

	
584.1 (304.8)

	
0.198




	
Antiretroviral Therapy (ART) Use, n, % on)

	
110 (81.5%)

	
57 (85.1%)

	
72 (87.8%)

	
145 (78.4%)

	
384 (81.9%)

	
0.268




	
ART Adherence ≥ 90% (%; n = 384)

	
98 (89.1%)

	
48 (81.4%)

	
61 (85.9%)

	
137 (93.8%)

	
344 (89.1%)

	
0.051




	
Months on current ART Regimen (n = 384)

	
26.5 (26.3)

	
30.6 (26.1)

	
20.6 (22.7)

	
25 (28.3)

	
25.4 (26.5)

	
0.032








Note. a Descriptive statistics were computed and compared using non-parametric tests: Kruskal-Wallis analysis of variance for continuous variables and non-parametric chi-square tests for categorical variables. b Determined by the reading subtest of the Wide Range Achievement Test-4th edition (WRAT-4). c BDI-II: Beck Depression Inventory-2nd edition. Medical comorbidity variables indicate the presence or absence of the conditions in participants’ medical history.
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Table 2. Other lifetime substance use disorder (DSM-IV abuse or dependence) diagnoses, current substance use disorder diagnoses, lifetime cannabis exposure characteristics, and lifetime methamphetamine exposure characteristics split by substance use group and for the overall sample.






Table 2. Other lifetime substance use disorder (DSM-IV abuse or dependence) diagnoses, current substance use disorder diagnoses, lifetime cannabis exposure characteristics, and lifetime methamphetamine exposure characteristics split by substance use group and for the overall sample.














	Substance Use Disorder
	M+C+ (n = 135)
	M−C+ (n = 68)
	M+C− (n = 82)
	M−C− (n = 187)
	Total (n = 472)
	p-Value a





	Lifetime-Alcohol
	105 (77.8%)
	47 (69.1%)
	42 (51.2%)
	56 (29.9%)
	250 (53.0%)
	<0.001



	Lifetime-Cocaine
	76 (56.3%)
	19 (27.9%)
	17 (20.7%)
	18 (9.6%)
	130 (27.5%)
	<0.001



	Lifetime-Opioid
	16 (11.9%)
	1 (1.5%)
	5 (6.1%)
	4 (2.1%)
	26 (5.5%)
	<0.001



	Current-Alcohol
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	NA



	Current-Cocaine
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	NA



	Current-Opioid
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	NA



	Cannabis-M (SD)
	M+C+ (n = 135)
	M−C+ (n = 68)
	M+C− (n = 0)
	M−C− (n = 0)
	Total (n = 203)
	 p  -Value



	Age of First Use
	15.6 (2.3)
	16.0 (2.3)
	
	
	15.7 (2.3)
	0.248



	Days Since Last Use
	353.3 (325.6)
	281.1 (327)
	
	
	329.1 (327)
	0.026



	Age of First CUD
	19.9 (4.1)
	21.6 (4.4)
	
	
	20.5 (4.3)
	0.009



	Years Since CUD
	13.8 (9.7)
	12.1 (9.8)
	
	
	13.2 (9.8)
	0.285



	Current CUD
	8 (5.9%)
	6 (8.8%)
	
	
	14 (3.0%)
	0.442



	Methamphetamine-M (SD)
	M+C+ (n = 135)
	M−C+ (n = 0)
	M+C− (n = 82)
	M−C− (n = 0)
	Total (n = 217)
	 p  -Value



	Age of First Use
	26.1 (6.3)
	
	26.9 (6.0)
	
	26.4 (6.2)
	0.259



	Days Since Last Use
	763.8 (779)
	
	668 (735.3)
	
	727.6 (762.5)
	0.999



	Age of First MUD
	31.1 (6.4)
	
	31.5 (6.1)
	
	31.2 (6.2)
	0.631



	Years Since MUD
	5.3 (4.9)
	
	4.6 (4.5)
	
	5 (4.7)
	0.455



	Current MUD
	19 (14.1%)
	
	6 (7.3%)
	
	25 (5.3%)
	0.131







Note. CUD = Cannabis Use Disorder; MUD = Methamphetamine Use Disorder. a Descriptive statistics were computed and compared using non-parametric tests: Kruskal-Wallis analysis of variance for continuous variables and non-parametric chi-square tests for categorical variables.
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Table 3. A sample of people living with HIV (n = 472): the lifetime substance use disorder group contrast estimates from multiple linear regression models (β) and multiple logistic regression models (OR) with 95% confidence intervals.






Table 3. A sample of people living with HIV (n = 472): the lifetime substance use disorder group contrast estimates from multiple linear regression models (β) and multiple logistic regression models (OR) with 95% confidence intervals.





	
T Score Generalized Linear Models

	
M+C+ vs. M+C−

	
M+C+ vs. M−C−

	
M−C+ vs. M−C−

	




	
β

	
95% CI

	
β

	
95% CI

	
β

	
95% CI

	
Ps-R2






	
Global

	
−2.09 a

	
[−4.19, 0.01]

	
0.97

	
[−1.33, 3.28]

	
−1.80

	
[−4.08, 0.47]

	
0.12




	
Verbal Fluency

	
0.84

	
[−2.13, 3.81]

	
−3.64 *

	
[−6.90, −0.39]

	
0.71

	
[−2.50, 3.93]

	
0.09




	
Executive Functions

	
−3.17 *

	
[−6.12, −0.22]

	
1.49

	
[−1.74, 4.73]

	
−3.90 *

	
[−7.09, −0.70]

	
0.10




	
Information-Processing Speed

	
−0.86

	
[−3.65, 1.93]

	
−0.38

	
[−3.44, 2.68]

	
−0.86

	
[−3.88, 2.16]

	
0.09




	
Learning

	
−3.95 **

	
[−6.91, −0.99]

	
3.46 *

	
[0.22, 6.70]

	
−3.32 *

	
[−6.52, −0.12]

	
0.07




	
Memory

	
−5.58 ***

	
[−8.48, −2.67]

	
5.19 **

	
[2.05, 8.33]

	
−3.38 *

	
[−6.52, −0.24]

	
0.07




	
Working Memory

	
−4.05 *

	
[−7.09, −1.02]

	
3.21

	
[−0.12, 6.53]

	
−3.38 *

	
[−6.66, −0.09]

	
0.10




	
Motor

	
−0.12

	
[−3.56, 3.33]

	
0.98

	
[−2.80, 4.76]

	
0.88

	
[−2.85, 4.61]

	
0.07




	
NC Impairment Binomial Models

	
M+C+ vs. M+C−

	
M+C+ vs. M−C−

	
M−C+ vs. M−C−

	




	
OR

	
95% CI

	
OR

	
95% CI

	
OR

	
95% CI

	
Ps-R2




	
Global

	
1.61 b

	
[0.67, 3.84]

	
0.84

	
[0.31, 2.25]

	
1.06

	
[0.40, 2.84]

	
0.15




	
Verbal Fluency

	
1.18

	
[0.46, 2.99]

	
2.06

	
[0.72, 5.92]

	
0.87

	
[0.31, 2.45]

	
0.11




	
Executive Functions

	
1.46

	
[0.63, 3.38]

	
1.43

	
[0.55, 3.72]

	
1.03

	
[0.40, 2.64]

	
0.08




	
Information-Processing Speed

	
1.07

	
[0.42, 2.75]

	
1.21

	
[0.41, 3.56]

	
2.32

	
[0.74, 7.29]

	
0.08




	
Learning

	
2.93 **

	
[1.37, 6.28]

	
0.29 **

	
[0.12, 0.67]

	
3.06 *

	
[1.26, 7.43]

	
0.06




	
Memory

	
5.24 ***

	
[2.41, 11.39]

	
0.17 ***

	
[0.07, 0.40]

	
2.70 *

	
[1.12, 6.51]

	
0.10




	
Working Memory

	
2.48 *

	
[1.12, 5.50]

	
0.61

	
[0.24, 1.53]

	
1.76

	
[0.69, 4.51]

	
0.11




	
Motor

	
1.03

	
[0.44, 2.39]

	
0.94

	
[0.37, 2.39]

	
1.09

	
[0.43, 2.73]

	
0.05








Note: *** p < 0.001; ** p < 0.01; * p < 0.05. Models were estimated using heteroskedasticity-consistent standard errors [57]. Group contrast terms are orthogonal, and effects were estimated from models holding constant medical comorbidities, HIV disease/treatment characteristics, and other lifetime substance use. a β estimates are equivalent to the difference in T scores between groups (e.g., compared to M+C+, M+C− displayed [β = −2.09] lower T scores). b OR represents the odds ratio, or comparative difference in odds of displaying domain impairment (e.g., compared with M+C+, M+C− displayed 61% greater odds of global impairment). Ps-R2 = Pseudo R-squared.
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Table 4. HIV disease characteristics effect estimates from multiple linear regression models (β) and multiple logistic regression models (OR) with 95% confidence intervals.






Table 4. HIV disease characteristics effect estimates from multiple linear regression models (β) and multiple logistic regression models (OR) with 95% confidence intervals.





	
T Score Generalized Linear Models

	
Detectable Plasma HIV RNA

	
Nadir CD4 < 200 Cells/mm3

	




	
β

	
95% CI

	
β

	
95% CI

	
Ps-R2






	
Global

	
−1.04 a

	
[−2.37, 0.29]

	
−1.27 *

	
[−2.38, −0.16]

	
0.02




	
Verbal

	
−1.23

	
[−3.09, 0.64]

	
−0.77

	
[−2.33, 0.78]

	
0.01




	
Executive Functions

	
−1.57

	
[−3.43, 0.28]

	
−0.62

	
[−2.17, 0.93]

	
0.01




	
Information-Processing Speed

	
0.27

	
[−1.46, 2.01]

	
−1.82 *

	
[−3.27, −0.37]

	
0.02




	
Learning

	
−1.73

	
[−3.55, 0.09]

	
−1.01

	
[−2.53, 0.51]

	
0.01




	
Memory

	
−1.91 *

	
[−3.71, −0.11]

	
−1.24

	
[−2.74, 0.27]

	
0.02




	
Working Memory

	
−0.66

	
[−2.59, 1.28]

	
−0.92

	
[−2.51, 0.68]

	
0.02




	
Motor

	
−0.44

	
[−2.59, 1.72]

	
−2.81 **

	
[−4.59, −1.04]

	
0.03




	
NC Impairment Binomial Models

	
Detectable Plasma HIV RNA

	
Nadir CD4 < 200 cells/mm3

	




	
OR

	
95% CI

	
OR

	
95% CI

	
Ps-R2




	
Global

	
1.40 b

	
[0.84, 2.32]

	
1.48

	
[0.95, 2.31]

	
0.02




	
Verbal Fluency

	
1.04

	
[0.60, 1.80]

	
1.06

	
[0.67, 1.69]

	
0.00




	
Executive Functions

	
0.92

	
[0.55, 1.54]

	
1.36

	
[0.89, 2.10]

	
0.01




	
Information-Processing Speed

	
0.91

	
[0.53, 1.57]

	
1.46

	
[0.93, 2.30]

	
0.01




	
Learning

	
1.16

	
[0.74, 1.83]

	
1.02

	
[0.70, 1.49]

	
0.00




	
Memory

	
1.45

	
[0.92, 2.28]

	
0.93

	
[0.63, 1.37]

	
0.02




	
Working Memory

	
1.00

	
[0.62, 1.63]

	
1.35

	
[0.90, 2.03]

	
0.01




	
Motor

	
1.34

	
[0.82, 2.19]

	
1.61 *

	
[1.05, 2.46]

	
0.03








Note: *** p < 0.001; ** p < 0.01; * p < 0.05. Models were estimated using heteroskedasticity-consistent standard errors [57]. Group contrast terms are orthogonal, and effects were estimated from models holding constant medical comorbidities, HIV disease/treatment characteristics, and other lifetime substance use. a β estimates are equivalent to the difference in T scores attributable to the condition (e.g., detectable HIV viral load was associated with [β = −1.04] lower T scores). b OR represents the odds ratio, or comparative difference in odds attributable to the condition (e.g., detectable HIV viral load was associated with 40% greater odds of global impairment). Ps-R2 = Pseudo R-squared.
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