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Abstract

Background—Residual systemic inflammation, which is associated with non-AIDS clinical 

outcomes, may persist despite viral suppression. We assessed the effect of antiretroviral (ART) 

adherence interruptions on systemic inflammation among Ugandans living with HIV who were 

virally suppressed.

Setting—We evaluated adults initiating first-line ART at a regional referral hospital clinic in 

Mbarara, Uganda.

Methods—Plasma concentrations of interleukin-6 (IL-6), D-dimer, soluble sCD14, sCD163, the 

kynurenine/tryptophan (K/T) ratio, and CD8+ T-cell activation (HLA-DR+/CD38+ co-expression) 

were measured at baseline and 6 months following ART initiation among participants who 

achieved viral suppression (VL<400) at 6 months. ART adherence was monitored electronically. 

Time spent in an adherence interruption was computed as the percentage of days when the running 

average adherence was ≥10%. We fit adjusted linear regressions to evaluate the effect of time spent 

in an interruption on the log-transformed plasma concentrations of the inflammation biomarkers.

Results—Of 282 participants, 70% were female and median age was 34 years. At baseline, 

median CD4 and median log viral load were 135 cells/μl and 5.1 copies/ml, respectively. In the 
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adjusted analysis, a running average adherence <10% was associated with higher sCD14 (+3%, 

p<0.008), sCD163 (+5%, p=0.002), D-dimer (+10%, p=0.007), HLA-DR+/CD8+ (+3%, p<0.025), 

IL-6 (+14%, p=0.008), and K:T ratio (+5%, p=0.002). These findings were largely robust to 

adjustment for average adherence, as well as higher thresholds of running average adherence, 

albeit with decreased statistical significance.

Conclusion—Increased time spent in adherence interruptions is associated with increased levels 

of inflammation despite viral suppression above and beyond average adherence.
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Introduction

Antiretroviral therapy (ART) prevents HIV from progressing to AIDS, decreases mortality, 

and reduces HIV transmission [1, 2]. Suppression of HIV viral load achieved through 

sustained ART adherence is a major predictor of ART effectiveness [3, 4]. However, even 

when viral suppression has been achieved, residual systemic inflammation may persist, as 

has been shown with biomarkers of inflammation (i.e., IL-6, IFN-gamma), immune 

activation (i.e., sCD14, sCD163 and KT ratio) [5, 6] coagulation (i.e., d-dimer) [7, 8], and T-

cell activation (i.e., percentage of HLA-DR-CD38 among CD4 and CD8+ T cells) [9, 10]. 

Such inflammation may lead to non-AIDS mortality and morbidity, including cardiovascular 

disease [11-14].

Recently, we demonstrated an inverse association between average ART adherence and 

biomarkers of inflammation among Ugandans living with HIV who had achieved virologic 

suppression early after initiation of ART [15]. These findings suggest that incomplete 

adherence may lead to intermittent low-level replication despite clinically undetectable 

plasma HIV RNA levels at the time of sampling. Importantly, we and others have shown that 

sustained ART adherence interruptions can be more strongly associated with loss of viral 

suppression than average adherence [16] (i.e., number of missed doses over a given time 

period), and that this relationship can be independent of the level of average adherence [17]. 

It is also possible that prolonged interruptions might have an even greater impact on 

persistent inflammation than poor average adherence (i.e., missing 8 days in a row vs. one 

missed day per week for 8 weeks). For example, once sustained viral replication occurs, 

extracellular virions can be deposited and persist on follicular dendritic cells in secondary 

lymphoid tissue, where they may persist for several months after viral replication is re-

suppressed [18].

Based on these considerations, we hypothesized that time spent in adherence interruptions 

may be strongly associated with heightened inflammatory biomarker levels, even in the 

setting of viral suppression, and that this association may persist independent of the number 

of missed doses (average adherence). We explore this hypothesis in the same prospective 

cohort of Ugandans living with HIV and initiating ART as we used in our initial analysis 

[15].
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Methods

Participants

We evaluated adults living with HIV and initiating first-line ART between 2005 and 2010 at 

a regional referral hospital clinic in Mbarara, Uganda; all participants were enrolled in the 

Uganda AIDS Rural Treatment Outcomes (UARTO) prospective cohort study (; [19, 20]). In 

the UARTO study, participants were seen by study staff every 3–4 months and at each visit a 

questionnaire was administered and blood drawn for plasma and cell isolation. This analysis 

involves all participants who had a) inflammatory biomarker levels measured prior to 

treatment initiation and after 6 (±1) months on ART, b) an HIV viral load <400 copies/ml at 

the 6-month blood draw and, c) ART adherence data for at least the first 3 months after 

enrolment [15].

Adherence measurement and time spent in adherence interruption

ART adherence was measured by the medication event monitoring system (MEMS, (Aardex 

Group, Switzerland), a pill bottle with an electronic microchip in the cap that records the 

date and time at each bottle opening. As with our initial analysis [15], periods of participant-

reported device non-usage were censored from adherence computations and average ART 

adherence was computed as the total number of openings within the 6-month study period 

divided by the total prescribed doses within the period. Adherence was capped at 100% 

when the numerator exceeded the denominator.

Our primary predictor variable of interest was the time spent in adherence interruptions 

during the first six months of therapy. To define time spent in an interruption, we first 

computed a running average adherence per participant per day as the average of the 

surrounding 9 days, starting at 4 days prior and ending 4 days after the day in question. The 

time spent in an interruption was defined as the proportion of days when the running average 

was less than or equal 10%. Unlike the more standard, simple count of interruptions longer 

than a certain length (e.g., 72 hours), the running average mitigates the effects of variations 

in the duration of adherence interruptions, which may impact treatment outcomes differently 

[16]. Specifically, our prior research indicates odds of 1.25 (95% CI: 1.06, 1.47) for viral 

replication with each day of an adherence interruption beyond 48 hours [17]. Moreover, the 

duration of the interruption and dose resumption should be considered in light of plausible 

virological effects. The hypothetical data in Figure 1 provides further explanation of this 

technique. Adherence pattern “A” shows consistent daily adherence (average 100%), while 

patterns “B”, “C”, “D” and “E” all show 18/28 missed doses in different patterns (average 

36%). For example, pattern “E” shows the longest sustained adherence interruption, which is 

more likely to lead to viral replication than pattern “B”, which shows isolated missed doses. 

Additionally, pattern “D” shows a two-day separation of two otherwise sustained 

interruptions. Treating this interruption as two distinct interruptions may not reflect the same 

impact on viral replication as the more temporally separated interruptions in pattern “C”. 

The final two columns of the figure show the distinction between the standard and the 

running average approaches to computing treatment interruptions. In the former, adherence 

is lower with increased number of treatment interruptions regardless of temporal separation 

between the interruptions. With the latter, the longer the interruption is sustained, the lower 

Musinguzi et al. Page 3

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the adherence. In the Appendix Table 4a, we demonstrate how the running averages are 

computed based on the hypothetical adherence patterns described in Figure 1. In the analysis 

dataset, a 1% increase in the primary predictor, time spent in an adherence interruption, 

corresponds to 1.8 days or 1% of 180 days (6 months). Since the effect of a 1% increase 

would be small and of unclear clinical significance, we report a 5% increase in ART 

adherence interruption, which is equivalent to 9 days (i.e., 1.8 days x 5).

Biomarkers of inflammation, coagulopathy and CD8+ T-cell activation

As previously reported [9, 15, 21, 22], D-dimer (Diagnostico Stago), interleukin 6 (IL-6; 

Human IL-6 Ultra-Sensitive Kit, Meso Scale Diagnostics), soluble (s)CD14 (sCD14; R&D 

Systems), sCD163 (sCD163; Trillium Diagnostics), and the kynurenine/tryptophan ratio 

(K/T ratio) were measured in thawed plasma samples and the percentage of HLA-DR+/

CD38+ CD8+ T-cells measured in fresh whole-blood specimens processed on the day of 

collection. About 95% of samples were stored in acid citrate dextrose (ACD) and the rest in 

ethylenediaminetetraacetic acid. All plasma collected in ACD was diluted by 1.5ml for 

storage; we therefore used an adjustment factor of 1.276 for these biomarkers to reflect the 

true concentration. Plasma was centrifuged and stored at −80°C until analysis [21].

Statistical Analysis

Participant demographic and clinical characteristics were summarized using medians 

(interquartile range [IQR]) for continuous variables and frequencies (percent) for categorical 

variables. Our dependent variables of interest were inflammatory biomarker concentrations, 

and our main predictor of interest was time spent in the adherence interruption computed as 

the percentage of days during the first 6 months of observation when the 9-day running 

average adherence was ≥10%. We assessed the effect of the time spent in adherence 

interruptions on the inflammatory biomarker using several different modeling approaches.

Effect of time spent in adherence interruptions

First, we fit multivariable linear regression models with each biomarker as the outcome of 

interest and the time spent in the adherence interruption as the primary explanatory variable 

of interest plus the following potential confounders that have been shown to influence 

adherence in prior analyses: baseline inflammation [23], use of a nevirapine-based regimen 

versus efavirenz [24], duration of viral suppression [25], age [26], gender [27], CD4+ T-cell 

count [26], baseline log viral load [28], depression [27, 29] as assessed by the Hopkin’s 

depression check list [30], and heavy alcohol use [27, 31] as assessed by the AUDIT-C 

(score≤4 for males or score≤3 for females). These models are hereinafter referred to as the 

primary models.

Effect of average percentage adherence

In the secondary models, we refit the multivariable linear regression models above for each 

biomarker, but with average percentage adherence as the explanatory variable of interest.
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Next, to assess the effect of time spent in adherence interruptions adjusted for average 

percentage adherence and vice versa, we fit models including both explanatory variables (i.e 

time spent in an adherence interruption and average percentage adherence).

In all the models, duration of viral suppression at month 6 was measured as the number of 

days since viral suppression at month 3; participants with an unsuppressed or missing month 

3 viral load were considered unsuppressed (0 suppression days).

Sensitivity analyses

We performed sensitivity analyses on the primary models in which the time spent in 

adherence interruptions was computed as the percentage of days when the running average 

was ≥20%, ≥30%, and ≥50%. Additionally, we provide results from the models using the 

standard ≤72-hour treatment interruptions as the outcome of interest. Finally, we performed 

an additional sensitivity analysis on the primary models, in which participants without 

month 3 viral suppression data were excluded from the models.

Model diagnostics

The distribution of all biomarker concentrations was assessed for normality by normal plots; 

all biomarker concentrations were log-transformed prior to performing the regressions. To 

assess for linear regression model fit, we performed sensitivity analyses, on the primary 

models, excluding high influence observations with DFBETA values outside the ± 2/√n 

range or Cook’s D value >1.0 [15]. Statistical analysis was performed using Stata 13 

(StataCorp, College Station, TX).

Ethical Considerations

UARTO study procedures were approved by the Ugandan National Council of Science and 

Technology, and the institutional review boards of Mbarara University of Science and 

Technology, and Partners Healthcare/Massachusetts General Hospital. All participants 

provided written informed consent.

Results

Participant characteristics

Among the 282 participants who met eligibility criteria, 196 (70%) were female and the 

median age was 34 years (29, 39). As shown in Figure 2, the median (IQR) adherence at 

month 6 was 93% (85, 99). At baseline, the median (IQR) CD4 was 135 cells/μl (83, 199) 

and median log viral load 5.1 copies/ml (4.6, 5.5). The majority (80%) were literate, less 

than half (43%) were married, and a quarter (25%) unemployed. At enrollment, 262 (93%) 

were on nevirapine-based regimen, 93 (33%) were depressed and 39 (14%) were heavy 

drinkers. Pre-treatment and 6-month inflammation samples were present for at least 95% of 

the participants for all biomarkers except HLA-DR+/CD8+ (Appendix Table 1). At the 

Month 3 study visit, 231 (82%) were virologically suppressed, 21 (7%) were unsuppressed, 

and 30 (11%) did not have viral load data.
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Effect of time spent in adherence interruptions

In the primary models, as shown in Table 1, each unit increase (equivalent to 9 days) in the 

time spent in an adherence interruption was associated with higher levels of sCD14 (2.6%, 

p<0.008), sCD163 (4.6%, p=0.002), D-dimer (10.1%, p=0.007), HLA-DR+/CD8+ (+2.7%, 

p=0.025), IL-6 (14.1%, p=0.008), and K:T ratio (4.9%, p=0.002). When we adjust for 

average percentage adherence, the effect sizes for sCD14 (4.4%, p=0.014), sCD163 (9.8%, 

p<0.001), and K/T ratio (8.3%, p=0.006) increased while maintaining statistical 

significance; other effect sizes decreased and lost statistical significance, but remained 

positive.

Effect of average percentage adherence

In the secondary models (Appendix Table 2), those biomarkers that were significantly 

associated with average adherence before accounting for time spent in adherence 

interruptions (i.e., D-dimer [−1.2%, p=0.008], HLA-DR+/CD8+ [−0.4%, p=0.023], IL-6 

[−1.6%, p=0.003]) lost statistical significance after we adjusted for time spent in adherence 

interruptions (i.e., D-dimer [−1.0%, p=0.22], HLA-DR+/CD8+ [−0.3%, p=0.23], IL-6 

[−1.0%, p=0.16]). However, while sCD163 was not significantly associated with adherence 

prior to accounting for time spent in adherence interruptions (−0.16%, p=0.45), we did see a 

significant association after accounting for time spent in adherence interruptions (0.7%, 

p=0.027).

Sensitivity analyses

When we redefined time spent in a adherence interruption as the percentage of days when 

the running average was ≥20%, ≥30%, and ≥50%, biomarker effect sizes attenuated in size 

towards the null and lost statistical significance with increasing thresholds (Appendix Table 

3b). As shown in Appendix Table 4b, the higher the threshold (especially beyond 30%), the 

more similar the patterns of interruption (B, C, D, and E) become and therefore the less 

effective the running average approach becomes in distinguishing among these patterns. Of 

note, biomarker effect sizes from the standard ≤72-hour adherence interruptions show a 

pattern similar to that from the running average approach (Appendix Table 3b), with D-

dimer and IL-6 having the largest estimates, while the rest showed relatively smaller sizes.

Results from the sensitivity analyses excluding the records without month 3 viral 

suppression data were not materially different than those from the primary analyses with the 

exception of D-dimer, which was no longer statistically significant and whose effect size 

attenuated (Appendix Table 3a).

Model diagnostics

In exploring the influence of outliers, only one record for IL6 was excluded for a Cook’s 

distance >1 and no significant differences were seen in our results. However, when 

considering the DFBETA for the running average >2/√n, we excluded 7–14 records for the 

various biomarkers. Effect estimates were stable for all biomarkers, although statistical 

significance was lost (results not shown).
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Discussion

Among individuals who achieved virologic suppression 6 months after ART initiation, an 

increase in the time spent in an ART adherence interruption was associated with increased 

levels of biomarkers of inflammation, coagulopathy, and CD8+ T-cell activation. For all 

biomarkers assessed, a unit (9-day) increase in adherence interruption was associated with a 

2.6–14.1% increase in the level of the biomarker. This association almost doubled and 

maintained statistical significance for sCD14, sCD163, and K/T ratio, after controlling for 

average adherence. Our findings suggest that among those who have achieved virologic 

suppression, increased time spent in ART adherence interruptions may result in higher 

residual inflammation and immune activation regardless of the number of doses missed 

(average adherence).

Our present findings expand on our previous work, which demonstrated an inverse 

relationship between average adherence and biomarkers of inflammation, immune activation 

and coagulopathy [15], in the broader sense that adherence is associated with biomarker 

levels. However, these new findings differ in that they underscore the importance of 

adherence interruptions as potentially the bigger driver of the association between ART 

adherence and inflammatory biomarkers. When adherence interruptions were accounted for; 

average adherence was no longer significantly associated with levels of biomarkers in all but 

one biomarker, even though the effect sizes remained relatively similar. Importantly, the 

effect sizes were also similar, but reduced, when considering standard adherence 

interruptions (i.e., ≤72 hours) and higher thresholds for the running average; indeed, a dose-

dependent relationship was seen with the latter. These findings highlight the more sensitive 

nature of the running average for identifying adherence patterns that can reflect the 

biological effects on the virus. To our knowledge, this is the first demonstration of a direct 

relationship between adherence interruptions and residual inflammation. Among the 

potential explanations for our findings is that longer adherence interruptions could lead to 

increased seeding of virus in lymph node follicles, which retain virus much longer than it 

persists in plasma after ART re-initiation [12, 18]. Intermittently missed doses likely will not 

have time for such effects, particularly with the long half-lives of modern ART regimens.

Our findings have important clinical implications for chronic HIV care, because the effects 

of adherence interruptions on inflammation and immune activation are likely to occur over 

years, along with other diseases of aging (e.g., non-communicable diseases [NCDs] like 

cardiovascular disease). As more research explores the relationship of inflammation and 

NCDs in chronic HIV infection [8, 32, 33], the role of adherence (particularly interruptions) 

needs to be explored. Additionally, the effect might be different in drugs with different half-

lives and penetration into tissues and sanctuary sites.

In addition to these clinical implications, our findings also emphasize the importance of 

robust adherence monitoring in promoting sustained and durable adherence and avoiding 

adherence interruptions. Importantly, these results suggest that viral load monitoring might 

not be sufficient to detect effects of non-adherence that occur without viral replication. 

Adherence methods usually employed to detect non-adherence in clinical care, which 

typically include self-report and pharmacy refill, do not assess patterns of adherence such as 
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sustained non-adherence [34]. Electronic adherence monitoring [35] and more recently 

developed ingestion monitors [36] allow for detection of day-to-day adherence patterns, 

often in real-time, and are readily linked to interventions to those in need of support. 

Additionally, future advancements in viral load assay technology with lower detection 

thresholds might aid in combating low-level replication, which is not detectable with current 

HIV RNA monitoring.

Some strengths of this analysis include the use of an objective adherence measure and 

consideration of multiple biomarkers of systemic inflammation, immune activation and 

coagulopathy. Among the main limitations is the use of a high plasma viral load cutoff 

(<400 copies/mL) to define viral suppression. However, heightened inflammation has been 

shown to be associated with lower adherence among virally suppressed individuals at lower 

thresholds [23, 37]. Another is the limited generalizability of our findings which may only 

be specific to participants from similar settings and who have been on non-nucleoside 

reverse transcriptase-based ART regimen for only 6 months and with only two viral load 

measurements (i.e., at months 3 and 6 following ART initiation). Additionally, our findings 

may have biases from residual confounding from variables not included in our regression 

models including those omitted because of a high prevalence of missing data. Future studies 

may explore lower viral load cutoffs, longer duration of viral suppression and associations 

with alternative ART regimen formulations.

In conclusion, this analysis indicates that during the first 6 months of ART, increasing time 

spent in ART adherence interruptions is associated with increased levels of biomarkers of 

systemic inflammation, immune activation and coagulopathy among treatment-naïve 

Ugandans who achieved suppression after the first 6 months of treatment. This relationship 

persisted for some biomarkers after controlling for average ART adherence. These findings 

underscore the importance of sustained ART adherence support with lifelong ART therapy 

even among individuals who achieve virologic suppression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The symbol “√” indicates that a pill was taken on a given day; “-” indicates no pill taken. 

Adherence pattern “A” represents 100% adherence, while patterns “B”, “C”, “D” and 

“E“ represent varying distributions of the same number of missed doses (18/28, or 36%). 

The final three columns show the average adherence, the number of ≤72-hour interruptions, 

and the percentage of days when the running average adherence was <10% (See Appendix 

Table 4a and 4b for further details). For simplicity’s sake, we assume perfect adherence prior 

to and after these 28 days.
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Figure 2: 
Distribution of the 6-month average percentage adherence.
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Table 1:

Effect of adherence interruptions on inflammatory biomarkers. Both sets of models adjust for potential 

confounders (baseline inflammation level, use of a nevirapine versus efavirenz-based regimen, duration of 

viral suppression, age, gender, baseline log viral load, depression, and heavy alcohol use); the second model 

also adjusts for average adherence.

Effect of treatment interruption on
biomarkers of inflammation

Biomarker Without adjustment for average
adherence

With adjustment for average
adherence

Effect (95% CI) P Effect (95% CI) P

sCD14 2.6 (0.7, 4.6) 0.008 4.4 (0.9, 8.0) 0.014

sCD163 4.6 (1.7, 7.6) 0.002 9.8 (5.0, 14.9) <0.001

D-dimer 10.1 (2.6, 18.0) 0.007 2.4 (−9.4, 15.8) 0.70

HLA−DR+/CD8+ 2.7 (0.3, 5.1) 0.025 0.7 (−3.2, 4.7) 0.74

IL-6 14.1 (3.5, 25.8) 0.008 5.9 (−8.5, 22.6) 0.44

K/T ratio 4.9 (1.9, 8.1) 0.002 8.3 (2.3, 14.6) 0.006
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