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Abstract

Antiretroviral therapy (ART) is inconsistently associated with depression. These associations may 

depend on factors such as biological sex, age, and health status. Identifying such factors may help 

optimize treatment of HIV and depression. We implemented a novel approach to examine 

interindividual variability in the association between ART agents and depressive symptoms. 3,434 

women living with HIV (WLWH) from the Women’s Interagency HIV Study (WIHS) were 

computationally divided into subgroups based on sociodemographic (e.g., age) and longitudinal 

(from 1995 to 2016) behavioral and clinical profiles (e.g., substance use, HIV RNA, CD4 counts). 

Five subgroups (n’s ranged from 482 to 802) were identified and characterized as those with: 

controlled HIV/vascular comorbidities; profound HIV legacy effects; younger women [<45 years 

of age] with hepatitis C; primarily 35–55 year olds; and poorly controlled HIV/substance use. 

Within each subgroup, we examined associations between ART agents used over the past 6 months 

and item-level depressive symptoms on the Center for Epidemiologic Studies Depression Scale. 

Tenofovir (4 of 5 subgroups) followed by efavirenz, emtricitabine, stavudine, lopinavir, etravirine, 

nelfinavir, ritonavir, and maraviroc were the most common agents associated with depressive 

symptoms, although the pattern and directionality varied by subgroup. For example, lopinavir was 

associated with fewer symptoms among the subgroup with a legacy HIV effect but more 

symptoms among the subgroup with well-controlled HIV/vascular comorbidities. Unexpectedly, 

dolutegravir and raltegravir were not associated with depressive symptoms among any subgroup. 

Findings underscore marked interindividual variability in ART agents on depression in WLWH. 

Sociodemographic, clinical, and behavioral factors are important determinants of the relationship 

between ART agents and depressive symptoms in WLWH.
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Introduction

Major depressive disorder (MDD) is one of the most common psychiatric disorders among 

people living with HIV (PLWH), who show higher rates of MDD compared to the general 

population (Ciesla and Roberts 2001; Cook 2008; Do et al. 2014). The prevalence of 

depression is twice as high in women as men in the general population (Kessler et al. 1993), 

a sex difference often (Semple et al. 1996; Rabkin and Rabkin 1997; Robertson et al. 2014; 

Aljassem et al. 2016), but not always, found among PLWH (Rubin et al. 2019). Depression 

is a syndrome, and individuals diagnosed with depression may exhibit markedly different 

profiles of emotional, cognitive, somatic, and interpersonal symptoms. The determinants of 

depression after HIV infection are multifactorial. They may be attributed in part to HIV 

itself, viral proteins (e.g., Tat, gp120), HIV-associated CNS inflammation and alterations in 

brain white matter, psychosocial factors including stigma, occupational disability, history of 

psychiatric illness (Rabkin 2008; Sherr and Cluver 2017), and antiretroviral therapy (ART)-

related neurotoxicity (Robertson et al. 2012; Underwood et al. 2015; Shah et al. 2016). ART 

is a potentially modifiable risk factor for depression. When evaluating the association 

between ART and depression, it is important to consider biological sex, as the efficacy, 

mechanisms of action, and adverse side effects for many ART drugs may differ by sex 

(Feinberg 1993; Gandhi et al. 2004; Mangoni and Jackson 2004; Lee et al. 2014).

The ART agents most commonly associated with somatic (e.g., sleep disturbances) and non-

somatic depressive symptoms (e.g., feelings of depression and sadness, suicidal ideation) 

include the non-nucleoside reverse transcriptase inhibitor [NNRTI] efavirenz (EFV) (Mollan 

et al. 2014; Bengtson et al. 2017; Arenas-Pinto et al. 2018) and the integrase inhibitors (IIs) 

dolutegravir (DTG) (de Boer et al. 2016; Borghetti et al. 2017; Elzi et al. 2017; Fettiplace et 

al. 2017; Hoffmann et al. 2017; Menard et al. 2017; Penafiel et al. 2017; Borghetti et al. 

2018; Revuelta-Herrero et al. 2018) and raltegravir (RAL) (Madeddu et al. 2012; Hoffmann 

et al. 2017; Penafiel et al. 2017). Little is known about the effects of other ART agents on 

depressive symptoms, particularly in WLWH. Possible mechanisms for the negative effects 

of ART drugs on depressive symptoms include direct effects on neuronal function (e.g., 

neuronal shrinkage, dendritic pruning), mitochondrial function (e.g., depletion of 

mitochondrial DNA), blood brain barrier permeability and indirect effects on cerebral blood 

flow, interference with neurotransmitters, inhibition of microglial innate immune responses, 

and astrocyte metabolism (Schweinsburg et al. 2005; Ellis et al. 2007; Kohler and Lewis 

2007; Liner et al. 2010; Giunta et al. 2011; Manda et al. 2011; Underwood et al. 2015; Shah 

et al. 2016; Cohen et al. 2017).

In the present analysis, we focus on ART-related depressive symptomatology among 

WLWH, a group that may be more vulnerable to mood related effects of ART agents 

(Hoffmann et al. 2017). To accomplish our aim, we leveraged advances in computational 

modeling and bioinformatics to examine the associations between ART agents and 

depressive symptomatology among subgroups of WLWH with similar socio-demographic 

and longitudinal behavioral and clinical characteristics. This subgrouping is important as not 

only sex but other inter-individual difference factors, including age, body mass index, and 

compliance influence the effects of ART drugs (Feinberg 1993; Gandhi et al. 2004; Mangoni 

and Jackson 2004; Lee et al. 2014). We hypothesized that the pattern of associations 

WILLIAMS et al. Page 3

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between ART agents and item-level depressive symptomatology (negative affect, i.e., 

feelings of depression and sadness, and somatic symptoms i.e., sleep) would depend on 

socio-demographic, clinical, and behavioral characteristics of WLWH. Additionally, we 

expected that EFV and the IIs (DTG, RAL) would be most strongly associated with greater 

item-level depressive symptomatology in WLWH.

Methods

Study Population

The WIHS is a multi-center, longitudinal, study of the natural and treated history of women 

with HIV. 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 have been previously published (Barkan et al. 1998; Bacon et al. 2005; Adimora 

et al. 2018). In brief, WIHS participants complete “core” visits every 6 months and at each 

of these visits they undergo clinical examination, extensive medical interview (including the 

collection of ART medications), questionnaires (including the CES-D), and a blood draw. 

This analysis was restricted to data collected at all WIHS study visits where ART and CES-

D scores were collected. Participants were excluded from analysis if ART use “at study 

visit” and “since last study visit” (~ past 6 months) were discordant as we wanted to ensure 

stability on ART drugs for the previous 6 months. After excluding 6,943 observations (out of 

54,320, 12.79%), 47,377 observations from 3,434 participants remained for analysis with 

not all women contributing the same number of visits (mean number of visits/participant= 

13.8; range 1 to 44). Longitudinal data (sociodemographic, clinical, and behavioral 

characteristics) was used to divide participants into subgroups so that the clustering is based 

on each participant’s entire history. Within subgroups, cross-sectional data was used to 

examine associations between ART agents and depressive symptoms among each subgroup.

Depressive symptomatology

The CES-D is a 20-item self-administered questionnaire measuring how often (0=“rarely” to 

3=“most of the time”) participants experience depressive symptomatology which can 

include emotional, somatic, and interpersonal symptoms in the past two weeks (Radloff 

1977). Emotional symptoms on the CES-D include the lack of positive affect (or anhedonia) 

and the presence of negative affect. Positive affect reflects positive emotions, such as 

hopefulness and feelings that life is enjoyable, whereas negative affect refers to the 

experience of feeling negative emotions, including fearfulness, loneliness, sadness, and 

failure. Somatic symptoms on the CES-D include states of depressive mood that comprise 

unpleasant or worrisome bodily sensations, including sleep, appetite, and concentration 

(Kapfhammer 2006). Finally, interpersonal symptoms on the CES-D reflect interpersonal 

challenges (“people were unfriendly”, “I felt people disliked me”). The CES-D has excellent 

reliability, validity, and factor structure (Radloff 1977) and is commonly used in HIV studies 

often using a clinical cutoff score of 16 to indicate depression (Moore et al. 1999; Ickovics et 
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al. 2001; Cook et al. 2002; Cook et al. 2007; Rubin et al. 2011; Maki et al. 2012). The 

primary outcomes used for analysis were the item-level responses which are discussed in 

terms consistent with previous factor analyses where CES-D items often cluster into 

negative, lack of positive, somatic, and interpersonal symptoms (Kim et al. 2011). 

Importantly, the four items reflecting positive affect were reversed scored so that higher 

values on each item reflected more symptoms.

Covariates

Covariates were selected based on prior studies demonstrating links between the following 

list of covariates and depressive symptomatology in WLWH (Cook et al. 2002; Cook et al. 

2007; Rubin et al. 2011; Maki et al. 2012). Covariates (see Table 1) included clinic site (11 

sites), enrollment wave (4 waves), sociodemographic, behavioral, and clinical factors. 

Sociodemographic factors (self-reported) included age, race/ethnicity, years of education, 

employment status, average annual household income, and marital status. Behavioral factors 

(self-reported) included current smoking status, recent alcohol use, marijuana, and crack, 

cocaine, and/or heroin use. Clinical factors included Hepatitis C antibody positive, as well as 

metabolic and cardiovascular factors, including body mass index (BMI), hypertension 

(systolic blood pressure ≥140, diastolic blood pressure ≥90, self-report or use of anti-

hypertensive medications), and diabetes (self-reported anti-diabetic medication or any of 

fasting glucose ≥126 or HgbA1C >6.5% or self-reported diabetes is confirmed). HIV-related 

clinical factors included HIV RNA (copies/ml), CD4 count (current and nadir; cells per 

mm3), and self-reported previous AIDS diagnosis.

Statistical Analyses

To study ART-associated effects on depressive symptomatology among similar groups of 

WLWH, we initially clustered 3,434 WIHS women based on their longitudinal covariates, 

such as BMI, CD4 count, age, etc. using a semi-parametric latent class trajectory model 

called k-means for longitudinal data with covariates using the R package kmlcov, version 

1.0.1 (Mickaël et al. 2013), which clusters longitudinal data using likelihood as a the 

distance metric. Selection for the optimal number of clusters was based on model fit 

statistics including the Akaike information criterion and the Bayesian information criterion. 

The advantage of clustering based on the longitudinal data compared to cross-sectional data 

is that we can take into account the entire history of a participant rather than treating each 

visit of one participant independently. Essentially, clustering based on cross-sectional data 

ignores the intrinsic link among the visits associated with the same corresponding 

participant. Clustering based on cross-sectional data often results in information loss as well 

as increases the difficulty of interpreting each cluster as participants could be classified into 

multiple clusters. For each subgroup, we then fitted a constrained continuation ratio (CCR) 

model via penalized maximum likelihood using the ART use information as independent 

variables (X) as well as other covariates (e.g., age, BMI) and each CES-D items as the 

dependent variable (Y). Data fit and precision were optimized using the lasso penalty and 

cross-validation. For robustness of the inference on ART drug and item-level depressive 

symptom associations, we employed a bootstrap aggregation procedure to generate 100 

bootstrapping datasets by randomly sampling half of the number of observations without 

replacement. For robustness of the inference on ART drug and item-level depressive 
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symptom associations and adjustment of multiple comparisons, we employed a bootstrap 

aggregation procedure to control the false discovery rate (FDR)(Benjamini and Hochberg 

1995). Specifically, we generated 100 bootstrapping datasets by randomly sampling half of 

the number of observations without replacement. We then applied the CCR model to the 100 

datasets separately and obtained significant drug-depression associations for each of the 

datasets. The association of a specific drug-depression item pair was designated as 

significant if that drug was selected as an important predictor for that depression item in at 

least 90% of the bootstrapped datasets.

Results

Overall Study Population Characteristics

Our study population included 3,434 WLWH who contributed 47,377 visits in WIHS from 

April 1995 to September 2017. Based on the initial study visit, 74% of WLWH ranged in 

age from 26–46 years, and 37% had less than a high school education (Table 1). Minority 

representation was high, with 62% identifying as Black, non-Hispanic and 21% identifying 

as Hispanic. The average annual household income was low, with 61% being below $12,000. 

Sixteen percent reported crack, cocaine, and/or heroin use and 20% reported marijuana use 

since the previous study visit 6 months earlier. With respect to HIV-related clinical 

characteristics, 39% had a current CD4+ lymphocyte count greater than 500 cells/μL and 

plasma HIV RNA was not detected in 26%. Twenty-three percent had a previous diagnosis 

of AIDS.

Overall, the most commonly used nucleoside reverse-transcriptase inhibitors (NRTI) across 

all visits were tenofovir disoproxil fumarate (TDF; 60%), lamivudine (3TC; 59%), and 

emtricitabine (FTC; 54%). The most common NNRTIs were efavirenz (EFV; 29%) and 

nevirapine (NVP; 18%). The most common protease inhibitors (PIs) were ritonavir (RTV; 

36%) and atazanavir (ATV; 24%) (Table 2; see Supplemental Table 1 for number of visits 

that ART drugs were being used). IIs were less common, with raltegravir (RAL; 12%) being 

the most common. Only 1% were on an entry inhibitor (maraviroc, MVC). With respect to 

depressive symptom scores, 35% of women had CES-D scores greater than 16, and the 

average CES-D score in the sample was 13.9 (SD=12.4). The most common symptoms 

endorsed (item mean >0.80) were effort, restlessness, lack of happiness, feeling depressed, 

and lack of feeling hopeful about the future (Table 4).

Identification of Similar Subgroups of WLWH

Using longitudinal covariates (see Methods), the semi-parametric latent class trajectory 

model identified five subgroups of WLWH that differed on socio-demographic, behavioral, 

and clinical factors (Table 1; Supplemental Tables 2 and 3). Factors best distinguishing 

subgroups (P’s<0.001) included age, race/ethnicity, current smoking, crack, cocaine, and/or 

heroin use, hepatitis C RNA positive, hypertension, diabetes, CD4 current and nadir, HIV 

RNA, and a prior AIDS diagnosis (Table 3; Supplemental Figures 1 and 2). Women in 

Subgroup 1 (controlled HIV/vascular comorbidities) had the highest frequency of vascular 

and metabolic comorbidities (46% hypertension, 11% diabetes) and the highest percentage 

of undetectable HIV RNA (<500 cp/mL, 49%). Women in Subgroup 2 (profound HIV 
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legacy effects) were primarily 26–45 year olds (95%) with a high frequency of CD4 nadir 

<250 cells/μL(61%). Women in Subgroup 3 (younger women/hepatitis C) were primarily 

≤45 years of age (90%) and a high prevalence of Hepatitis C (31%). Age was the only 

identifying factor for Subgroup 4 (primarily 35–55 year olds), where 68% were between 36–

55 years of age. Subgroup 5 (poorly controlled HIV/substance use) was primarily comprised 

of 36–45 year old women (84%), with a higher percentage of current smokers (56%) and 

crack, cocaine, and/or heroin use (21%). This subgroup also had the worst HIV-related 

clinical characteristics (30% prior AIDS diagnosis, 67% CD4 nadir <250, 70% current CD4 

count <250 cells/μL, and 56% HIV RNA >5000 cp/mL).

Associations between Individual ART Drugs and Item-level Depressive Symptoms in 
Subgroups of WLWH

Figure 1 provides the results of the association between ART drug and item-level depressive 

symptoms in subgroups of WLWH. Blue lines indicate that the ART drug is associated with 

less symptomatology and red lines indicate that the ART drug is associated with more 

symptomatology. The weight of the line indicates the magnitude of the association. Table 5 

provides the magnitude of the association (or edge weight) between ART drug and item-

level depressive symptoms (ordinal scale 0 to 3) in subgroups of WLWH, whereby a 

negative edge weight is associated with less symptomatology and a positive edge indicates 

that the ART drug is associated with more symptomatology.

The most commonly used NRTI in the sample, TDF (60% of women at 36% of visits), was 

associated with less severe item-level depressive symptoms in all subgroups (4 out of 5), 

except the group of women with primarily controlled HIV with vascular comorbidities 

(Subgroup 1). Of these subgroups where TDF was linked to fewer symptoms, the most 

common indicated less negative affective symptoms (seen in all 4 subgroups), followed by 

less positive affective symptoms (seen in 3 out of 4 subgroups). Among one of the 4 

subgroups, use of TDF was associated with less somatic and less interpersonal symptoms. 

Specifically, in the subgroup termed HIV legacy effects (Subgroup 2), use of TDF was 

associated with less negative and a lack of positive symptoms. In the subgroup primarily <45 

years of age with high rates of hepatitis C (Subgroup 3), use of TDF was associated with 

less negative, a lack of positive, and interpersonal symptoms. In the group of WLWH 

primarily between 36–55 years of age (Subgroup 4), use of TDF was associated with less 

negative and somatic symptoms. In the subgroup with highest rates of substance abuse and 

poorly controlled HIV (Subgroup 5), use of TDF was associated with less negative and less 

positive symptoms.

FTC, the third most commonly used NRTI in the overall sample (54% of women at 29% of 

visits), was also associated with less severe item-level depressive symptoms. Links were 

seen among two of the five subgroups (Subgroups 1 and 5), with the most common 

symptoms being lack of positive and somatic symptoms. Specifically, in Subgroup 1, use of 

FTC was associated with less negative, positive, and somatic symptoms. In Subgroup 2, use 

of FTC was associated with less positive and somatic symptoms.

The only other NRTI that was associated with item-level depressive symptoms was 

stavudine (D4T) which was used by 32% of women at 10% of visits. In contrast to TDF and 
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FTC, use of D4T was associated with increased item-level depressive symptoms, including 

negative and somatic symptoms for women with primarily controlled HIV with vascular 

comorbidities (Subgroup 1). There were no associations between D4T and item-level 

depressive symptomology for women in the other subgroups.

EFV was the most commonly used NNRTI among women (29% at 15% of visits), and was 

associated with item-level depressive symptoms in 2 of 5 subgroups (Subgroups 4 and 5). 

Use of EFV was commonly linked to less negative and somatic symptoms. Specifically, in 

primarily young-to-middle-aged women (Subgroup 4), use of EFV was associated with less 

sadness (negative symptoms), better concentration, and less restless sleep (both somatic 

symptoms). In the subgroup with highest rates of substance abuse and poorly controlled HIV 

(Subgroup 5), use of EFV was associated with less blues, sadness, feeling depressed and 

fearful (negative symptoms) and less somatic items (bothered, appetite, concentration, 

restless sleep, energy). The only other NNRTI linked to item-level depressive symptoms was 

etravirine (ETR; 4% of women at 1% of visits) in Subgroup 2. Use of ETR was only 

associated with less feeling of being bothered, a somatic item.

Among the PIs, lopinavir (LPV) was the most common ART drug associated with item-level 

depressive symptoms. Used by 15% of women at 7% of visits, LPV was associated with 

greater feelings of fearfulness (negative symptom) in the subgroup with primarily controlled 

HIV with vascular comorbidities (Subgroup 1), whereas use of LPV was associated with less 

feelings of restlessness (somatic symptom) and less loneliness (negative symptom) among 

the subgroup termed HIV legacy effects (Subgroup 2). The only other two PIs linked to 

item-level depressive symptoms, specifically negative symptoms, were RTV (36% of women 

used at 18% of visits) and nelfinavir (NFV; 20% of women used at 5% of visits). In the 

subgroup of young women with high rates of hepatitis C (Subgroup 3), use of NFV was 

associated with greater feelings of restlessness (somatic symptom), whereas in primarily 

young-to-middle-aged women (Subgroup 4), use of RTV was associated with less feelings 

of fearfulness (negative symptom).

Unexpectedly, none of the IIs, including DTG, were associated with any item-level 

depressive symptoms across subgroups. MVC, an entry inhibitor used by 1% of women at 

<1% of visits was associated with less feeling that everything was an effort (somatic item) in 

the subgroup with primarily controlled HIV with vascular comorbidities.

Discussion

We performed a prospective study to evaluate the effects of ART on item-level depressive 

symptomatology among five computationally driven subgroups of WLWH with respect to 

socio-demographic, behavioral, and clinical characteristics. Consistent with our first 

hypothesis, our primary finding was that the prospective associations (including 

directionality), or lack thereof, between specific ART agents and depressive symptoms were 

dependent on subgroup membership. Our second hypothesis was not supported as we 

expected that EFV and the IIs would be among the ART drugs most frequently associated 

with greater depressive symptoms. Rather, EFV was only associated with less negative and 

somatic symptoms for women in only 2/5 subgroups (Subgroups 4 and 5) and IIs were not 
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associated with depressive symptoms. Unexpectedly, TDF was the ART drug that was most 

frequently associated with depressive symptoms, which was linked to less item-level 

depressive symptomatology (less negative and more positive affective symptoms) in 4/5 

subgroups of women. These findings highlight the importance of evaluating the 

heterogeneous effects of ART on depressive symptoms in WLWH.

Among the different types of depressive symptoms examined, we determined that most ART 

drugs were associated with negative and positive affective symptoms. There were stronger 

associations between ART drugs and negative affect with 27 medications associated with 

less negative affect symptoms and six medications associated with less positive affect. 

Specifically, many of the ART drugs were associated with less negative affective symptoms. 

ART was also associated with somatic symptoms (17 associations) across all WLWH 

subgroups. The most common symptoms were feelings of restlessness, being bothered, lack 

of appetite, and concentration. Unlike that which occurred for negative affect, the 

associations with somatic symptoms differed in directionality across the ART drugs. Many 

ART drugs were associated with less somatic symptoms (i.e. FTC, ETR, LPV TDF, and 

EFV). However, some ART drugs that were associated with more somatic symptoms (D4T, 

LPV, NFV, and MVC) were highly dependent on the subgroup analyzed. These findings 

demonstrate that individual ART drugs have differing effects on the direction (i.e. a less or 

more symptoms) and category of depressive symptoms (i.e. positive or negative affect vs. 

somatic) that are unique to differing groups of WLWH. This reflects what has been shown 

historically in the clinical psychiatry literature and practice for the treatment of depression in 

the absence of HIV. The indication for use of specific antidepressants for treatment of major 

depressive disorder can be symptom-dependent (Cleare et al. 2015). Our data suggest that 

likewise this consideration should be made when treating depression in PLWH. Furthermore, 

these findings caution against oversimplifying depression analyses in association with ART, 

despite the common primary indication of all ART drugs to treat HIV infection by lowering 

HIV viral load, a peripheral (vs. central) phenomenon. Despite having a common end goal 

of inhibiting HIV replication, ART drugs have differing mechanisms of action, 

pharmacokinetic properties, and potential CNS toxicities that must be taken into 

consideration when evaluating associations with psychiatric manifestations among PLWH.

In contrast to our hypothesis, none of the IIs were associated with depressive symptoms for 

WLWH in any of the subgroups. IIs have been linked previously to psychiatric phenomenon, 

such as depression, anxiety, and psychosis, and have been reported by multiple groups as a 

primary reasons for stopping II treatment (Cohen et al. 2011; Madeddu et al. 2012; Abers et 

al. 2014; de Boer et al. 2016; Fettiplace et al. 2017). Associations between II and increased 

depressive symptoms have been reported previously in WLWH. However, in this study, II 

were not evaluated specifically and were instead analyzed collectively with other ART drugs 

(Todd et al. 2017). This categorical classification approach of assigning ART treatment into 

a binary status (yes/no) may have contributed to the discrepant results between this study 

evaluating II and depressive symptoms in WLWH and our study. This suggests that our 

approach of evaluating the associations between depressive symptoms and individual ART 

drugs provides results that are highly sensitive and less likely to bias, as compared to 

assigning groups based on ART class or the yes/no binary of ART status. Alternative 

explanations for the lack of association between any II drugs and depressive symptoms 

WILLIAMS et al. Page 9

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



could also be related to the combinations in which the ART drugs were given, that other 

studies investigated the ART initiation, or the relative low sample size for II among the 

women in the study.

Our findings indicated that, unexpectedly, TDF was the ART drug most associated with 

depressive symptomatology in 4/5 subgroups of WLWH. We found that TDF had a 

neuropsychiatric benefit as it was associated with reduced item-level depressive 

symptomatology (less negative and more positive affective symptoms). It is unclear why 

TDF was so frequently associated with less depressive symptomatology among the WLWH 

in our study, with the exception of those in Subgroup 1 for whom no associations with TDF 

occurred. However, it is not completely surprising as TDF is considered to have a minimal 

potential for neurotoxicity, as compared to other ART drugs, because of its low CNS 

penetrance due to a high polarity and low lipid solubility (Anthonypillai et al. 2006; 

Letendre et al. 2008; Best et al. 2012). With a restricted CNS penetrance, TDF is unlikely to 

result in neurotoxic CNS effects and clinical trials demonstrate that TDF had limited 

neuropsychiatric effects (Gallant et al. 2006; Cassetti et al. 2007).

Our findings provide preliminary insight into the underlying mechanisms by which ART 

promotes CNS toxicity. Neural circuits related to emotional behavior are involved in the 

development of negative, and the lack of positive, affective symptoms and involve limbic-

cortical-striatal-pallidal-thalamic circuits, formed by connections between the orbital and 

medial prefrontal cortex, amygdala, hippocampal subiculum, ventromedial striatum, 

mediodorsal and midline thalamic nuclei, and ventral pallidum (Drevets et al. 2008; Price 

and Drevets 2010). The neural circuitry for somatic symptomatology involves striatum, 

anterior cingulate cortex, insula, amygdala, and hippocampus (Perez et al. 2015), as well as 

motor cortex, midfrontal gyrus, anterior cingulate cortex, insula, and posterior cingulate 

cortex (Boeckle et al. 2016). Therefore, our findings indicate that these brain regions may be 

sensitive to ART neurotoxicity in the context of depressive symptoms. Indeed, the ART 

drugs that we evaluated may promote low-level neurotoxicity through dendritic spine injury, 

dysregulated mitochondrial function, oxidative and endoplasmic reticulum stress, and 

impaired neurite growth in in vitro settings (Robertson et al. 2012; Shah et al. 2016). 

Additionally, ART can promote both peripheral and central neurotoxicity in PLWH as 

evidenced by peripheral neuropathy, neuropsychiatric symptoms, lethal toxicity in patients 

with AIDS, and improved cognition upon ART discontinuation (Shah et al. 2016), although 

the literature is mixed with other studies suggesting ART has beneficial or stabilizing effects 

for cognition (Robertson et al. 2004). We identified only one association between ART and 

more interpersonal symptoms, which occurred for TDF in primarily young women with high 

rates of hepatitis C (Subgroup 3). This suggests a specificity for ART neurotoxicity that 

affects the neural circuits specific for affective and somatic symptoms, but not interpersonal 

domains, that underlie depression.

The present study has a number of limitations including the fact that we only examined the 

cross-sectional associations of ART drugs on depressive symptoms rather than the longer-

term effects of ART or ART drug switches on item-level depressive symptoms 

longitudinally. For this, new analytic methods need to be developed and we are currently in 

the process of addressing this challenge. Here, our analyses focused on each ART drug in 
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relation to depressive symptoms. We acknowledge that ART drugs are typically given in 

combination and as such we are also working to develop methodologies to handle drug 

combinations, both HIV- and non-HIV-related, and their link to CNS function. Our large 

sample size; however, allows for a preliminary look at individual drugs. Additional 

limitations to the present study include the availability of certain ART agents over the 

longitudinal course of the study which confines the clinical applicability of the findings. For 

example, given the epochs of the study, not all WLWH at all visits had the opportunity to be 

evaluated on all of the ART agents. This concern is somewhat mitigated as the distribution 

of enrollment epochs and follow-up time/dropout was not substantially different between the 

identified cluster groups. In addition, WLWH who are the most ill might be those that access 

some of the less commonly prescribed ART medications and thus may confound the results. 

Our findings are also only generalizable to WLWH and the pattern of associations may not 

be the same among men living with HIV (MLWH). We plan to extend our analytics to 

MLWH so that we can compare the pattern of associations between men and women. We 

also did not include non-ART drugs that have known CNS effects in WLWH (e.g., common 

drugs with anticholinergic burden (Rubin et al. 2018), the influence of genetic 

polymorphisms of drug metabolism (e.g., cytochrome P450 (CYP)3A4, CYP2B6) (Rathbun 

and Liedtke 2011), and other factors, including menopausal stage as covariates. Menopause 

stage may be an important factor distinguishing Subgroup 4 (mostly 36 to 55 year olds); 

however, staging of menopause began in 2005 in the WIHS and is ongoing work, future 

studies will examine these factors as well as drug-drug interactions in smaller subsets of 

WIHS women.

In summary, we identified heterogeneity in ART-related effects on item-level depressive 

symptoms by evaluating the associations of individual ART drugs across WLWH in five 

subgroups that differed based on sociodemographic, behavioral, and clinical factors. We 

determined that the effects of ART on depressive symptoms varied according to subgroup, 

where some effects occurred uniquely in one group of WLWH, but not others. Additionally, 

we identified associations between other ART drugs, specifically TDF, that occurred more 

broadly and were associated with lower depressive symptoms among almost all subgroups. 

These findings provide insight into the heterogeneous effects of ART on brain events that 

may lead to depressive symptoms among homogeneous subgroups of WLWH. More 

importantly, our findings provide potential clinical utility. Specifically, in the context of 

ART, physicians have the option of prescribing from a host of potentially effective 

medications to achieve virologic suppression. Our findings suggest that the patients’ 

background, including her socio-demographic, clinical, and behavioral characteristics, 

should be taken into account so the physician can prescribe the combination of ART drugs 

that is least likely to be associated with specific depression-related symptomatology.
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Figure 1. 
Results of the association between ART drugs and item-level depressive symptoms in each 

subgroup of women living with HIV, whereby blue lines indicate that the ART drug is 

associated with less symptomatology and red lines indicate that the ART drug is associated 

with more symptomatology. The weight of the line indicates the magnitude of the 

association. The circle colors reflect the ART agent type (e.g., integrase inhibitor, etc) and 

depression symptom type (e.g., somatic and non-somatic symptoms). NRTI= nucleoside 

reverse-transcriptase inhibitors; NNRTI= non-nucleoside reverse-transcriptase inhibitor; II= 

integrase inhibitor; PI= protease inhibitor; EI=entry inhibitor.
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Table 1.

Demographic, behavioral, and clinical characteristics at the initial WIHS visit among the overall sample and 

among subgroups of women living with HIV.

Variable

Overall 
(n=3434) n 

(%)

Subgroup

P-value
1 (n=658) n 

(%)
2 (n=802) n 

(%)
3 (n=482) n 

(%)
4 (n=762) n 

(%)
5 (n=730) n 

(%)

Site <0.001

  Brooklyn, NY 455 51 125 90 98 91

  Bronx, NY 544 95 138 65 104 142

  Chicago, IL 415 64 107 58 99 87

  Los Angeles, CA 532 88 109 100 119 116

  San Francisco, CA 459 72 102 72 103 110

  Washington, DC 412 59 113 71 67 102

  Chapel Hill, NC 148 55 19 12 43 19

  Atlanta, GA 188 81 27 3 50 27

  Miami, FL 109 34 31 8 22 14

  Birmingham, AL 87 31 11 2 34 9

  Jackson, MS 85 28 20 1 23 13

Enrollment Wave <0.001

  1994–1995 1815 255 461 282 347 470

  2001–2002 735 88 196 155 174 122

  2011–2013 277 86 40 22 72 57

  2013–2015 607 229 105 23 169 81

Age <0.001

  <25 219 (6) 7 (1) 7 (<1) 161 (33) 39 (5) 5 (1)

  26–35 1222 (36) 164 (25) 614 (76) 172 (36) 174 (23) 98 (13)

  36–45 1295 (38) 43 (7) 156 (19) 102 (21) 378 (49) 616 (84)

  45–55 603 (17) 383 (58) 21 (3) 45 (9) 143 (19) 11 (2)

  >55 95 (3) 61 (9) 4 (<1) 2 (<1) 28 (4) 0 (0)

Years of education 0.06

 Less than high school 1261 (37) 250 (38) 291 (37) 183 (38) 244 (32) 293 (40)

 High school 1051 (31) 193 (29) 255 (32) 141 (29) 241 (32) 221 (31)

 College or above 1116 (32) 215 (33) 251 (31) 158 (33) 277 (36) 215 (29)

Race/ethnicity <0.001

  White, non-Hispanic 452 (13) 94 (14) 107 (13) 37 (8) 130 (17) 84 (11)

  White, Hispanic 242 (7) 72 (11) 32 (4) 26 (5) 39 (5) 73 (10)

 Black, non-Hispanic 2140 (62) 406 (62) 525 (65) 271 (56) 510 (67) 428 (59)

 Black, Hispanic 71 (2) 5 (<1) 24 (3) 11 (2) 18 (2) 13 (2)

 Other, Hispanic 424 (12) 68 (10) 88 (11) 114 (24) 51 (7) 103 (14)

 Asian or Pacific 
Islander 35 (1) 3 (<1) 12 (1) 10 (2) 2 (<1) 8 (1)

 Native American or 
Alaskan 23 (<1) 3 (<1) 2 (<1) 1 (<1) 6 (<1) 11 (1)
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Variable

Overall 
(n=3434) n 

(%)

Subgroup

P-value
1 (n=658) n 

(%)
2 (n=802) n 

(%)
3 (n=482) n 

(%)
4 (n=762) n 

(%)
5 (n=730) n 

(%)

 Other 47 (1) 7 (1) 12 (1) 12 (2) 6 (<1) 10 (1)

Average annual 
household income 0.05

  <$6000 881 (26) 154 (23) 212 (27) 122 (25) 191 (25) 202 (28)

  $6001–12000 117 (35) 254 (39) 246 (31) 160 (33) 261 (34) 258 (36)

  $12001–18000 438 (13) 69 (10) 114 (14) 72 (15) 95 (12) 88 (12)

  $18001–24000 285 (8) 67 (10) 65 (8) 40 (8) 67 (9) 46 (6)

  $24001–30000 189 (5) 26 (4) 52 (6) 32 (7) 38 (5) 41 (6)

  $30001–36000 150 (4) 33 (5) 41 (5) 19 (4) 31 (4) 26 (4)

  $36001–75000 216 (6) 41 (6) 52 (6) 29 (6) 48 (6) 46 (6)

  >$75000 68 (1) 10 (1) 14 (2) 4 (<1) 24 (3) 16 (2)

Currently employed 930 (27) 151 (23) 226 (28) 144 (30) 219 (29) 190 (26) 0.04

Married 1212 (35) 221 (34) 307 (38) 168 (35) 263 (35) 253 (35) 0.36

Currently smoking 1697 (49) 299 (45) 401 (50) 220 (46) 364 (48) 413 (56) <0.001

Recent use

  Alcohol 0.008

 Abstainer 1886 (55) 370 (56) 441 (22) 255 (53) 426 (56) 394 (54)

 0–7 drinks/wk 1183 (34) 220 (33) 284 (35) 191 (40) 252 (33) 236 (32)

 7–12 drinks/wk 101 (3) 23 (3) 23 (3) 9 (2) 27 (3) 19 (3)

 >12 drinks/wk 261 (8) 45 (7) 52 (6) 26 (5) 57 (7) 81 (11)

  Marijuana 707 (20) 120 (18) 157 (19) 107 (22) 173 (23) 150 (20) 0.23

  Crack, cocaine, and/or 
heroin 539 (16) 103 (16) 106 (13) 58 (12) 119 (16) 153 (21) <0.001

Hepatitis C RNA 
positive 855 (25) 93 (14) 158 (20) 150 (31) 193 (25) 261 (36) <0.001

Body mass index 
(kg/m2) 0.002

  <18.5 114 (3) 15 (2) 26 (3) 17 (3) 31 (4) 25 (3)

  18.5–24.9 1119 (33) 194 (30) 253 (32) 180 (38) 218 (29) 274 (38)

  25–29.9 954 (28) 187 (29) 217 (27) 138 (29) 203 (27) 209 (29)

  30–34.9 568 (17) 114 (17) 142 (18) 69 (14) 144 (19) 99 (14)

  35–39.9 304 (9) 73 (11) 65 (8) 34 (7) 75 (10) 57 (8)

  ≥40 337 (10) 65 (10) 92 (11) 38 (8) 84 (11) 58 (8)

Hypertension 993 (29) 303 (46) 152 (19) 88 (18) 257 (34) 193 (26) <0.001

Diabetes 201 (6) 73 (11) 28 (3) 15 (3) 51 (7) 34 (5) <0.001

CD4 count, median 
(IQR) <0.001

  Current

 <250 906 (26) 154 (23) 223 (28) 109 (23) 163 (21) 257 (35)

 251–500 1193 (35) 240 (36) 277 (35) 160 (33) 258 (34) 258 (35)

 501–1000 1126 (33) 221 (33) 246 (31) 177 (37) 285 (37) 197 (27)

 >1001 205 (6) 43 (6) 53 (7) 36 (7) 55 (7) 18 (2)
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Variable

Overall 
(n=3434) n 

(%)

Subgroup

P-value
1 (n=658) n 

(%)
2 (n=802) n 

(%)
3 (n=482) n 

(%)
4 (n=762) n 

(%)
5 (n=730) n 

(%)

  Nadir <0.001

  <250 1905 (55) 291 (44) 490 (61) 251 (52) 380 (50) 493 (67)

  251–500 1018 (30) 223 (34) 220 (28) 162 (34) 233 (31) 180 (25)

  501–1000 469 (14) 133 (20) 84 (10) 59 (12) 137 (18) 56 (8)

  >1001 40 (1) 11 (2) 6 (<1) 10 (2) 12 (1) 1 (<1)

HIV RNA (copies/mL) <0.001

 Undetectable 884 (26) 243 (37) 172 (22) 100 (20) 238 (31) 131 (18)

 <500 366 (10) 82 (12) 73 (9) 46 (10) 84 (11) 81 (11)

 501–5000 549 (16) 89 (13) 148 (18) 86 (18) 118 (15) 108 (5)

 5001–50000 921 (27) 141 (21) 230 (29) 153 (32) 191 (25) 206 (28)

 >50001 710 (21) 103 (16) 177 (22) 97 (20) 129 (17) 204 (28)

Prior AIDS diagnosis 800 (23) 130 (20) 194 (24) 104 (21) 151 (20) 221 (30) <0.001

Median number of 
visits (IQR) 10 (20) 6 (10) 14 (22) 15 (19) 10 (18) 10 (20) 0.01

Note. Current, refers to within the past week; recent, refers to within 6 months of the most recent WIHS visit. Variables reported as n (%) were 
analyzed with Chi-square tests. IQR=interquartile range
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Table 4.

Item level and total score on the CES-D averaged over all visits for the overall sample and for each subgroup 

of women living with HIV.

Subgroup

# Items Description Overall M (SD)
1 (n=658) M 

(SD)
2 (n=802) M 

(SD)
3 (n=482) M 

(SD)
4 (n=762) M 

(SD)
5 (n=730) M 

(SD) P-value

1 Bothered 0.73 (0.97) 0.68 (0.93) 0.78 (0.99) 0.69 (0.95) 0.70 (0.96) 0.78 (0.97) 0.04

2 Appetite 0.62 (0.94) 0.60 (0.93) 0.62 (0.94) 0.59 (0.93) 0.58 (0.92) 0.68 (0.98) <0.001

3 Blues 0.65 (0.96) 0.61 (0.94) 0.68 (0.97) 0.59 (0.92) 0.62 (0.94) 0.71 (0.98) <0.001

4
†

Good as others 0.66 (1.05) 0.60 (1.02) 0.72 (1.07) 0.59 (1.01) 0.63 (1.05) 0.69 (1.06) 0.15

5 Concentration 0.73 (0.96) 0.72 (0.94) 0.74 (0.96) 0.67 (0.93) 0.70 (0.94) 0.80 (0.99) <0.001

6 Depressed 0.82 (1.02) 0.77 (0.99) 0.84 (1.05) 0.74 (0.98) 0.80 (1.02) 0.88 (1.04) <0.001

7 Effort 1.18 (1.22) 1.12 (1.20) 1.27 (1.23) 1.17 (1.24) 1.09 (1.20) 1.21 (1.22) 0.15

8
†

Hopeful of future 0.80 (1.07) 0.80 (1.09) 0.83 (1.07) 0.71 (1.04) 0.76 (1.06) 0.85 (1.09) 0.32

9 Failure 0.46 (0.85) 0.45 (0.82) 0.50 (0.87) 0.41 (0.81) 0.42 (0.82) 0.52 (0.89) 0.07

10 Fearful 0.52 (0.86) 0.47 (0.82) 0.57 (0.88) 0.47 (0.84) 0.48 (0.85) 0.56 (0.89) 0.08

11 Restless 1.06 (1.12) 1.09 (1.13) 1.04 (1.12) 0.96 (1.09) 1.05 (1.13) 1.14 (1.14) <0.001

12
†

Happy 0.85 (1.04) 0.81 (1.03) 0.88 (1.03) 0.80 (1.02) 0.81 (1.03) 0.92 (1.07) <0.001

13 Talked less 0.68 (0.96) 0.67 (0.94) 0.70 (0.97) 0.64 (0.96) 0.66 (0.95) 0.74 (0.98) <0.001

14 Lonely 0.72 (1.00) 0.70 (0.97) 0.74 (1.01) 0.64 (0.95) 0.67 (0.98) 0.79 (1.03) <0.001

15 People unfriendly 0.42 (0.81) 0.43 (0.82) 0.42 (0.80) 0.36 (0.76) 0.41 (0.80) 0.46 (0.84) 0.06

16
†

Enjoyed life 0.68 (0.99) 0.63 (0.98) 0.71 (1.00) 0.62 (0.96) 0.65 (0.98) 0.73 (1.02) <0.001

17 Crying spells 0.59 (0.93) 0.55 (0.90) 0.64 (0.96) 0.54 (0.89) 0.58 (0.92) 0.61 (0.94) 0.28

18 Sadness 0.76 (0.96) 0.72 (0.93) 0.81 (0.99) 0.69 (0.92) 0.74 (0.95) 0.80 (0.98) 0.16

19 People disliked me 0.37 (0.77) 0.36 (0.76) 0.39 (0.79) 0.31 (0.71) 0.35 (0.76) 0.41 (0.81) 0.03

20 Energy 0.65 (0.93) 0.67 (0.95) 0.66 (0.94) 0.55 (0.88) 0.62 (0.92) 0.71 (0.96) 0.26

Total CES-D score 13.93(12.40) 13.44 (11.98) 14.56 (12.60) 12.75 (11.92) 13.32 (12.19) 14.98 (12.84) <0.001

CES-D ≥16 0.35 (0.48) 0.34 (0.47) 0.38 (0.48) 0.31 (0.46) 0.33 (0.47) 0.38 (0.49) <0.001

# of CES-D ≥16, n (%) 16645 (35) 2301 (34) 4779 (38) 2402 (31) 3359 (33) 3804 (38)

†
Reversed scored item
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Table 5.

Edge weights (ART drug-depressive symptoms) for the data depicted in Figure 1 for each subgroup of women 

living with HIV.

Drug Class Edge Subgroup CES-D Category CES-D Item Weight

NRTI Tenofovir (TDF) 2 Positive Enjoy life −0.14

Positive Hopeful −0.11

Negative Fearful −0.11

Negative Blues −0.11

Negative Failure −0.10

Negative Depressed −0.08

Negative Lonely −0.06

3 Negative Fearful −0.20

Negative Lonely −0.19

Positive Enjoyed life −0.13

Interpersonal Disliked −0.12

Negative Depressed −0.09

4 Somatic Bothered −0.13

Negative Lonely −0.11

5 Negative Depressed −0.08

Negative Sadness −0.08

Negative Crying spells −0.07

Negative Lonely −0.06

Positive Hopeful −0.07

Emtricitabine (FTC) 1 Negative Fearful −0.27

Positive Enjoyed Life −0.17

Somatic Energy −0.17

Negative Depressed −0.16

Negative Failure −0.15

Negative Sadness −0.13

Somatic Concentration −0.08

5 Somatic Concentration −0.11

Somatic Appetite −0.10

Positive Enjoy life −0.10

Stavudine (d4T) 1 Somatic Appetite 0.21

Negative Depressed 0.17

Negative Blues 0.14

NNRTI Efavirenz (EFV) 4 Negative Sadness −0.14

Somatic Restless −0.13

Somatic Concentration −0.12

5 Somatic Energy −0.24

Negative Fearful −0.22

Somatic Concentration −0.22
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Drug Class Edge Subgroup CES-D Category CES-D Item Weight

Negative Depressed −0.19

Somatic Restless −0.13

Negative Sadness −0.12

Negative Blues −0.11

Somatic Appetite −0.11

Somatic Bothered −0.09

Etravirine (ETR) 2 Somatic Bothered −0.27

PI Lopinavir (LPV) 1 Negative Fearful 0.21

2 Negative Lonely −0.18

Somatic Restless −0.16

Nelfinavir (NFV) 3 Somatic Restless 0.22

Ritonavir (RTV) 4 Negative Fearful −0.14

EI Maraviroc 1 Somatic Effort 1.08

NRTI= nucleoside reverse-transcriptase inhibitors; NNRTI= non-nucleoside reverse-transcriptase inhibitor; II= integrase inhibitor; PI= protease 
inhibitor; EI=entry inhibitor; CES-D=Center for Epidemiologic Studies Depression Scale; Negative weights indicates that the ART drug is 
associated with less symptomatology and positive weights indicate that the ART drug is associated with more symptomatology.
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